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“The book of nature cannot be understood unless one first learns to
comprehend the language and read the characters in which it is written. It is
written in the language of mathematics ... without which it is not humanly

possible to understand a single word of it.” — Galileo



Schedule

Vectors. Vector sum and vector equation of a line. Scalar product, unit vectors,
vector equation of a plane. Vector product, vector area, vector and scalar triple
products. Orthogonal bases. Cartesian components. Spherical and cylindrical

polar coordinates. [5 lectures]

Complex numbers. Complex numbers and complex plane, vector diagrams.
Exponential function of a complex variable. exp iwt, complex representations of

cos and sin. Hyperbolic functions. [3]

Differential Calculus. Revision for functions of a single variable of differentia-
tion (including differentiation from first principles, product and chain rules) and
of stationary values. Elementary curve sketching. Brief mention of the ellipse
and its properties. Power series. Statement of Taylor's theorem. Examples to
include the binomial expansion, exponential and trigonometric functions, and

logarithm. Newton-Raphson method. [5]

Integral calculus. The integral as the limit of a sum. Methods of integra-
tion (including by parts and substitution). Examples to include odd and even

functions and trigonometric functions. Fundamental theorem of calculus. [3]

Probability. Elementary probability theory. Simple examples of conditional
probability. Probability distributions, discrete and continuous, normalisation.
Permutations and combinations. Binomial distribution, (p + ¢)", binomial co-
efficients. Normal distribution. Expectation values, mean, variance and its

expression in terms of first and second moments. [5]

Examples. Extended examples distributed through the course. [3]



Course websites

https://www.damtp.cam.ac.uk/research/aftha/lectures/NST_1A/

https://www.student-systems.admin.cam.ac.uk/moodle
(search for NST Part IA: Mathematics)

Lecture notes and example sheets

Lecture notes and slides will be available online — on the course webpage.

You will be given two examples sheets during Michaelmas term. These sheets
will contain a mixture of ‘basic skills’ questions, and some more challenging ques-
tions. Brief solutions will be uploaded to Moodle towards the end of Michaelmas

term and at the beginning of Lent term.


https://www.damtp.cam.ac.uk/research/afha/lectures/NST_1A/
https://www.student-systems.admin.cam.ac.uk/moodle

Textbooks

The following textbooks are recommended:

M. L. Boas (1983). Mathematical Methods in the Physical Sciences, 3rd
edition. Wiley.

K. F. Riley, M. P. Hobson and S. J. Bence (2006). Mathematical Methods
for Physics and Engineering, 3rd edition. Cambridge University Press

E. Kreyszig (2005). Advanced Engineering Mathematics, 9th edition. Wiley.

G. Stephenson (1973). Mathematical Methods for Science Students, 2nd

edition. Prentice Hall/Pearson.



Student representative

“The Faculty Board of Mathematics asked DAMTRP to set up a Staff-Student
Committee for Mathematics in the Natural Sciences to provide an opportunity
for discussion of matters relating to the courses. The Committee has four staff
and three student members, the latter being drawn from the A and B courses

in Part IA and from the Part IB course.”



Office Hours

o Office Hours: Tues, 10:15am-11:15am, Pav. F, F2.01, Centre for Mathe-

matical Sciences
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1 Vectors

Vectors are indispensible in science. Systems in more than one dimension are
most conveniently described using the formalism of vectors, while fluid dynamics
and electromagnetism are inherently vector theories.

Vectors provide a compact notation that helps facilitate both calculations and
physical understanding. Physical laws represented as vector equations are in-
dependent of the coordinate system; you can change your point of view (i.e.

reference frame) but a vector equation does not change.

1.1 Definitions and properties

e Scalars are quantities with magnitude only

e.g. speed, mass, time, temperature.

e Vectors have both magnitude and direction

e.g. displacement, velocity, force, momentum, magnetic field, electric field.
B +
&+
Figure 1: Three actual bee flights recorded by biologists. The instantaneous velocity

vector of the bee at each point on the flight is tangent to each curve at that point (indicated

by the red arrows).

e Geometrically, vectors are denoted with an arrow. The length of the arrow

represents the magnitude of the vector.

e Algebraically, vectors are usually denoted by bold letters, e.g. r, and some-

times as underlined letters, e.g. r (especially in handwriting). Then the
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magnitude of the vector is written as |r| or |r|.

e A vector of unit length is called a unit vector. Unit vectors are often denoted

with a hat, i.e. #. And so |7| = 1.

e Constant vectors are not necessarily tied to a place in space; they are ‘move-
able’ (cf. equipollent). Thus two vectors pointing in the same direction with

the same magnitude are the same.

0,

. —>
Figure 2: Displacement vector from the origin O to the point P, that is, » = OP.

One particular sort of vector is the displacement vector between two points,
say the displacement of the point P from the point O. It is often denoted
by the arrow over-bar notation 5]3 We might also refer to 5]3 as being the
displacement vector of the point P relative to the origin O, or as P's position

vector.

1.1.1 Multiplying vectors by scalars

A vector a can be multiplied by a scalar ), to give another vector \a.

a -II--'

A

Figure 3: Two vectors: a (solid line) and Aa (dashed line)
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e The vector \a is simply the vector a but with its length scaled by .

e For )\ positive, the direction of the vector remains the same but the magnitude

changes.
e Multiplying by a negative real scalar X reverses the direction of the vector.
e Two different vectors, a and b, pointing in the same direction must be related
by a = ub, where 11 is some scalar.
1.1.2 Adding and subtracting vectors

We can also add and subtract vectors. It is easiest to define this operation

geometrically.

a a

Figure 4: Adding and subtracting two vectors, a and b.

e To add a and b, arrange them so they form adjacent sides of a triangle, with
arrow-tip to tail. Then a + b is simply the third side of the triangle, with its

arrow head meeting b's arrow head.

e |f we construct a parallelogram from a and b, we see that

la+b=b+al, (1)

i.e. vector addition is commutative.
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e The difference of two vectors, a — b, should be understood as a + (=b). To

compute it, first multiply b by the scalar —1, then add to @ as normal.

o As well as being commutative, vector addition is also associative, i.e. the

order in which the vectors are added does not matter;

(a+b)+c=a+(b+c)|. (2)

b+c

B

Figure 5: Diagram illustrating the associativity of vector addition.

e Finally, scalar multiplication and vector addition obey the two distributive

laws; i.e.
AMa+b)=Xa+\b (3)
(A + p)a = Xa + pa (4)

1.1.3 Cartesian coordinate axes

Vector coordinates in two dimensions - simple case
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0 >

Figure 6: position vector 7 in the plane with Cartesian axes.

Consider the point P in the plane, with Cartesian coordinates (x,¥).

o
Next consider the position vector of this point » = OP, where O is the origin.

e We can represent such position vectors by the coordinate pair (z,v), and

actually write r = (z,y)

e We introduce two unit vectors, one along the x-axis, denoted by i (or some-
times &), and one along the y-axis, denoted by 7 (or §). These unit vectors
are orthogonal (perpendicular) to each other. They may be represented via

coordinates by

i=(1,0), 7=(01). (5)

—
e Via the laws of vector addition, our 2D vector OP can be represented as a

linear combination of these unit vectors
4 2 ~
OP=r=zxit+yyg, (6)

and we see now that the constant coefficients of 4 and j are, in fact, also

the coordinates of the point P.
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e This representation permits us to do vector algebra component-wise: If r| =

(x1,11) and 7y = (9, y,) are two position vectors,

ATy = /\(5171'z + ylj) = (Az1, Ayr), (7)
T+ Ty = $12 + y15 + ($2”2 + y25) = (21 + 5172)’z + (yr + 92)5,
= (21 + 29, y1 + Ya). (8)

e From Pythagoras’ Theorem, the length or magnitude of the vector r is

r=|r| =vaz*+y%. 9)

e The direction of the 2D vector r can be represented by the unit vector

lying in the same direction, that is,
A T B
ro= (7’ ?) =7t (10)

Alternatively we could also represent the direction using the angle 6 subtended

with the x-axis, where

7 = (cos 0, sinf) = cosf i +sinb j. (11)
Vector coordinates in three dimensions - general case

e The coordinates of a point P relative to three-dimensional Cartesian axes
are denoted x, ¥y, z and correspond to the lengths of the projections of the

—
vector O P onto the three axes.
. —_—
e As before, we can write OP = (x,v, 2).

e We introduce unit vectors % j k which are parallel to the three axes. They

are also commonly denoted by &, 4, 2, We have that

= (1,0,0) =(0,1,0) k=1(0,0,1), (12)
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Figure 7: Position vector r in 3D with Cartesian axes.

and then that
OP=r=xi1+yj+zk. (13)
The last equality follows from vector addition.

The vectors 2,3,1% are said to form a basis for three-dimensional space,
because any 3D vector can be written as a linear combination of these three

vectors.

Of course, this is not the only basis for three-dimensional space; we could
obtain an infinite number of other bases by simply rotating '2,3,12: by an
arbitrary angle about the origin or by moving (displacing) the origin. We will
come back to the idea of bases in section [1.11.

e As in 2D, vector algebra can be done component-wise in 3D. For example,

(21,91, 21) £ (@9, Y2, 22) = (@1 £ 22, y1 £ Y2, 21 £ 29).

e The length of the vector r can be obtained from Pythagoras’ Theorem and
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is given by

7| =\/x2+y2+z2 . (14)

e The distance between the two points 7y = (21,y1,2;) and 7y = (21, Y1, 21)

can be found by noting first that

ry—Te = (96'1—932,91—92,21—22),

so that from ([14)

|7y — 12| = \/(331 —29)? + (y1 — y2)? + (21 — 22)? . (15)

Example 1.1 An aeroplane flies from city A to city B, which is at a distance

of 1000km north-west of A. The average speed of the plane relative to the air
immediately around it is 800kmh™". For the journey in question, there is a wind
of speed 80kmh ™" from the south-west. What direction would the pilot need

to fly in, and how long does the journey take?

Let v, be the velocity of the plane relative to the air, and v, its velocity to
—
the ground. We denote by AB the displacement vector between the two cities,
—
and we want to set a course so that vy, is parallel to AB. Finally, vq is the

- - - é
wind velocity, perpendicular to AB.

The plane’s total velocity relative to the ground can be determine from vector
addition (the plane propels itself but is also carried by the wind around it) so
that

Vgr = Uye + Vwind-

g

The triangle so formed is a right angled triangle, so we can just use trigonometry

to get the angle between v, and wv,,, denoted ¢:

gr

|Uwind| _ 80
vl 800

sin ¢ = = 0.1,
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and so ¢ = sin~ ' (0.1) = 5.7°.
To determine how long the flight takes we need to know wy,, which follows from

Pythagoras:

[V, = V|Vl |? = |0ing]? = V8002 — 802 = 80 - V99 ~ 796.0
g

The flight time is distance divided by speed = 1000/796 = 1.2563 hours.
(If there was no wind, the flight time is 1.25 hours, and so the 80 km/h crosswind

causes roughly 23 seconds delay!)

Example 1.2 The crystalline lattice of caesium chloride consists of cubic unit

cells. Each unit cell consists of a chlorine atom (labelled A) at each corner of
the cube, and a caesium atom (labelled B) at the centre of the cube. The sides
of the cube have length a. Find the distance from an atom B to its nearest
neighbouring atom of type (i) A and (ii) B. What distances are the second

nearest neighbours from B7
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Let us set up a coordinate system aligned with the lattice and with origin O
placed at one of the A atoms. There are hence A atoms at (0,0,0), (a,0,0),
(0,a,0). etc. And there are B atoms at (a/2,a/2,a/2), (3a[/2,a/2,a/2),
(3a/2,3a/2,a/2), etc.

(i) Every B atom has eight A atoms surrounding it and these are equally close
to It.

To get this distance choose the A atom at the origin and the B atom at
(a/2,a/2,a/2).

The length of the displacement vector is simply
ra =l = 1(0,0,0) = (a/2,a/2,a/2)| = (V3/2)a.

(i) From the diagram the two nearest B atoms are always located along the
coordinate axes. Choosing B and B' in the diagram, the distance can be

determined from the length of the displacement vector:

3 1
2 20
1
|7°B'—"°B|= 0|~ |jall=a
1 1
o 5@

There are several A atoms that are second nearest to B. Let us select A' in
the figure. Its position vector is r 4 = (2a,0,0). The distance between the two

atoms can be determined from:

2a =a %a

1

|7’A'—’I°B| = 0 — | -a = —Ea
1 1

QCL 2a

VGa) + (~La)? + (~Lo?
Vil

=5

The second-nearest B atom from B we take for our calculation to be B" with
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position vector rgr = (3a/2,3a/2,a/2). We quickly find that
lrpr — r5| = V2a.

Example 1.3 Recall that the cosine rule for the triangle illustrated below (Fig-

ure [g) is

¢ =a>+b* = 2abcos, (16)

— — —
where a = |a| = |OA|, b = |b| = |OB| and ¢ = |¢| = |BA|. The sine rule
here is

sina  sinf  sinvy

(17)

a ) c

Figure 8: Vector and angle definitions for the cosine and sine rules.

Use the cosine rule to calculate the angle between the lines OA and OB, where
O is the origin, A = (2,—1,2) and B = (1,1,1).

We first recognise that the two lines make a triangle once we join the two points
A and B.

We next re-arrange the cosine rule to isolate v the angle between the two lines
and the thing we want to find:

A+ b=

COs7y = 2ab
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Next we need to find all the lengths a, b, and c:

a=lal =22+ (-1)2+22=V0 =3,
b= bl =V12+12+ 12 =3,

c=lb—a|=\/(1-2)2+(1+1)2+(1-2)? =6,

where we have used vector addition in the last line.

We then just plug the numbers into the formula:
9+3-6 _ 1
2x3xV3 V3

cosy =

and so v = cos ' \/1/3 = 54.7°.

1.2 The equation of a line

Consider a line in the plane that passes through two points A and B, with
—_—  —
a = 0OA and b = OB. How can we describe a general point P that lies on this

line? What equation does its position vector r satisfy?

Note that the line between A and P is necessarily parallel to the line between
o —_—
A and B. This means that AP must be a scalar multiple of AB, or in other

words
r—a=XNb-a),

for some scalar X\. Rearranging yields

r=a+Ab-a)|. (18)

Equation ((18)) is the equation of a straight line. Any point 7 on the line can be
written in the form ([18) for some A. The scalar A runs through all real values.

Instead of knowing two points on the line, we are sometimes given just one

point (say a) together with the direction of the line (the unit vector ).
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Figure 9: A straight line that goes through points A and B, the origin O, and a random
point on the line P.

In that case, the equation of the line can easily be modified to give the alternate

general (and more convenient) form

r=a+\t|. (19)

1.2.1 Component description - two dimensions

To keep things simple to start, suppose the line lies in the xy plane.

Now a point on the line can be written as » = (x,y). And the equation of the

line, in components, is

(x>y) = (a.r + )‘(bx - ax)u Ay, + )‘(by - ay)) ) (20)

where a = (a,,a,) and b = (b,,b,).
This implies both A = (z — a,)/(b, — a,) and A = (y — a,)/(b, — a,).
Eliminating A yields the familiar:

T — Ay _ y_ay _
b —a " b or y=cx+d, (21)

y — Qy

where the slope ¢ = (b, — a,)/(b, — a,) and the intercept d = a, — ca,.

Y
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1.2.2 Component description - three dimensions

In three dimensions, the component form of the line is a bit more involved.

Let now r = (x,y, z). We once again rewrite the equation of a line in Cartesian

components:
(xaya Z) = (ax + )‘(bx - ax)a Qy + )\(by - ay)a a, + )‘(bz - az)) )

where a = (a,, a,,a,) and b = (b,, b,,b.).
Equating the components yields three equations

T — Q, Y — Qy )\_Z_az

A= b, —a, b, —a,

, A=

b:p — Qg
Of course A is the same in each of these three equations, so the right hand sides
must all be equal to each other.

On eliminating A, we obtain

T —a, Y — ay Z=a,

(22)

b,—a, b,—a, b, —a, |’

which is an alternative form of ([18) not involving the scalar parameter \.

Example 1.4 Find the equation of the straight line through the points a =
(1,2,3), b = (4,0,6). Does this line pass through the point (4,0,0)? For
what value of 1 does the point (10, —4, i) lie on the line?

Plug in our information into the line equation:
r=a+ \b-a),
= (17 273) + >\[(4707 6) - (17 273)]
= (1+3X\2-2),3+3)\).

Now is 7 = (4,0,0) on this line? Plug it in and see if the line equation can be

satisfied for some \.
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The three components of the equation give
4=14+3\, 0=2-2)\, ,0=3+3\

The first equations yields A = 1 but the third equation demands that A = —1.
So we have a contradiction, which can only be resolved if the point (4,0,0)

does not lie on the line.

We play the same game with » = (10, —4, ;1). We plug in this expression into

the line equation. The x component gives:
10=1+ 3\ — \ =3,

while the y component yields =4 = 2 — 2\, which is consistent with A\ = 3.

Finally the z component is:
pw=3+3\=12

So the point lies on the line when p = 12.

Example 1.5 Consider the triangle ABC, with the position vectors of the points

relative to the origin O being a,b,c respectively. Show that the medians (the
lines from each vertex to the middle of the opposite side) meet in a single point,

the so-called centroid.

Let D be the mid point on the line BC', and let its position vector be d = _O_l_)?
Consider the triangle OB D; from vector addition,

R 1— 1 1
dZOB+§BC=b+§(C—b)=§(b+C).

Next let us find the equation of the line joining points A and D , i.e. the median
joining the vertex A and the midpoint of BC. This is simply:

a+ \d-a),
a+/\[%(b+c)—a],
(1=Na+3Ab+ A,

r
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where \ is some real scalar parameter.

If we repeat this process, we can find the equation of the median joining the
vertex B and the midpoint of AC"

r = (1—,u)b+%,ua+%,uc,

for some other real parameter 1. And indeed the equation of the median joining
C' to the midpoint of AB is:

r = (1—1/)c+%1/a+%1/b,

for a parameter v.

Now we are in a position to judge where these lines meet and if they do meet

at the same point. Let us see where the first two lines intersect, by setting
(1-XNa+ %)\b + %)\c =(1-p)b+ %,ua + %,uc.

Equating coefficients of a, b, and c gives us three equations. If we look at ¢
first we find A = p. Then turning to both a and b we get the same equation:

1 —X=A/2. And thus

2
)\=,u=§.

The position vector of the point is then:
_ 1 1p 41
T=3a+ 3b + 3¢

Finally, we need to check that this point lies on the third line. If we plug it in

to the equation we have:
1 1 1. _ (1 1 1
sa+3b+se=(1-v)e+jva+vb,

which can be satisfied when v = 2/3.

So all three medians intersect at the same point.
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1.3 Scalar product

We consider two different ways of multiplying vectors together. The first is the

scalar product, in which two vectors are multiplied together to give a scalar.
Consider the vectors a and b, whose directions have an angle 6 between them
(without loss of generality 0 < 6 < ).

The scalar, or dot, product of a and b is given by the formula

a-b=|al|lb|cosb|. (23)

\ |

b
Figure 10: Angle used in the definition of the scalar product a - b

Scalar product properties:
1. The scalar product is commutative,
a-b=b-a, (24)
which follows straight from ([23)).
2. The scalar product is distributive,

a-(b+c)=a-b+a-c. (25)

3. The scalar product of a vector with itself is denoted by convention as the
square of the vector, i.e. a’ = a - a. It follows from (23) that

2
a-a=lal,
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i.e. the length of a squared. Using and then ([24)) yields the useful result

(a+b)’=a"+b +2a-b. (26)

4. If a-b =0, and |al|, |b| # 0 then cosf = 0, necessarily, i.e. the vectors are

orthogonal.

5. The unit vectors %,3, k have the following properties:

Pi= o= kek =1,
e U (27)
173 =3k =%k-2 = 0

In fact, ¢, 7, k are often referred to as being an orthonormal basis set; ‘ortho-’
meaning orthogonal to each other and ‘normal’ meaning that each has length

unity.

1.3.1 Component formula

We now derive an expression for the scalar product of two vectors a = (a,, a,, a,)

and b = (b,,b,,b,) which are given in component form. We have
a-b=(a,+ ayj' +ak) - (bt + byj' +b.k) .

We use the distributive property to expand the brackets, and then the
commutative property to see that 2 3 = 5 - % etc. This produces

a-b= ambx'z 1+ aybyj' 5 + aZbZI% k+ (a;b, + aybm)’z 5

+ (a,b, + azby)j k+ (a,b, + axbz)l% 1 ,

and finally using the orthonormality in gives us

a-b=a,b, +a,b,+ab,|. (28)

Exercise: Use the property of the scalar product to prove the cosine rule
(16). [Hint: See the triangle in Figure [ with ¢ = a — b.]
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1.3.2 Component and projection of a vector in a given direction

Figure 11: The component of a vector a in the direction of the unit vector 7.

Often we need to work out the component of a vector a in a given direction,

say in the direction of the unit vector 7.

By simple trigonometry, this component is |a|cosf, where 6 is the angle be-
tween a and n.
But this can be rewritten using the scalar product: the component of the vector

a in the direction of the unit vector n is just a - n.

The projection of a in the direction 71 is a vector and is given by (a - fi)7. It

is sometimes also referred to as the ‘vector resolution’ in 71.

Example 1.6 Find the angle between the vectors (1,2,2) and (0,3, —4). Find
the component of the vector (2, —1,7) in the direction (1,1, 1).

Call the first vector a and the second b. To get the angle 6 between them use
the dot product.

We know using coordinates that
a-b=1(1,2,2)-(0,3,-4)=1x0+2x3+2x(-4) =-2.

But it also equals a - b = |a||b| cos§. The amplitudes are easy enough to work
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out

lal = V1+22422=V9=3 |b] =0 +32+(-4)2 =5
We then equate the two expressions for the dot product and solve for 6:

—2 =15cosf, — 0 =cos | (ﬁ) =97.7°.

The component of the vector ¢ = (2,—1,7) in the direction n = (1,1,1) is
just ¢ - 7. The magnitude of n is just V3, so

1 8
C"fll= (2,—1,7)'£(1,1,1)=ﬁ.

1.4 The equation of a plane

Figure 12: A plane defined by the unit normal vector # and the point A.

A general plane in three dimensions can be specified by
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1. The orientation of the plane, given by the direction of the unit normal vector

to the plane

2. One point on the plane, with position vector a, say.

Take the general point P on the plane to have position vector . The vector
r —a must lie in the plane, and thus is perpendicular to the normal to the plane

71, and therefore by property (4) of the scalar product

(r—a)-n=0|, (29)

which is one form of the general equation of a plane.

One important property of the plane is its perpendicular distance p to the origin

O. From trigonometry
p = |a|cosf,

but since 6 is the angle between a and 7w we have that p = a - n.

In fact, this yields another form of the equation of the plane,

r-n=pl. (30)

1.4.1 Component formula

We can also write the equation of the plane in component form. Suppose that

r = (x,y,z) and i = ([, m,n), then the equation of the plane is simply

lx +my+mnz=p|. (31)

The real numbers [, m,n are called the direction cosines, because they corre-
spond to the cosine of the angle between the normal . and the z,y, z axes
respectively.

For instance [ = 7 - A = cos ¥, where 1 is the angle between 7 and the x-axis,
ie. 1. Similarly, m and n are the cosines of the angles made by n with 5 and

k respectively.
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1.4.2 Alternative equation of the plane (if given three points)

Figure 13: A plane containing the points a, b, ¢ and the general point 7.

We can also find the equation of the plane if we know three points in the plane.

e Suppose that a, b and ¢ are the position vectors of three points A, B and

C' in the plane.

e Then the vectors ¢ — a and b — a both lie entirely within the plane.

e The plane itself is two-dimensional, and that means that any other vector

which lies in the plane can be made as a linear combination of ¢ — a and

b-a.

e In particular, the vector » — a lies within the plane, so 7 — a must be the

sum of a scalar multiple of b — a plus a scalar multiple of ¢ — a, i.e.

r—a=ub-a)+v(ic-—a)l.

(32)
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Equation is yet another form for the equation of a plane, and the idea
is that the scalars u, v range over all real values so as to describe all possible
points on the plane; we clearly need two degrees of freedom, i, v, to describe a
two-dimensional object.

Note that in deriving we have assumed that ¢—a and b—a are not parallel

to each other.

Example 1.7 Find the line of intersection of the two planes with normals par-
allel to the vectors (1,0,2) and (—1,1,1) which both pass through the point

(1,1,0). What angles does this line make with the coordinate axes?

The equation of the plane may be written as (r —a) - n = 0 where a is a point
on the plane and n is a vector perpendicular to the plane. Note that n need not
be a unit vector for this equation to hold (though it is sometimes convenient to

frame things this way).

The equation of the first plane can then be written:
[(z,y,2) —(1,1,0)]-(1,0,2) =0, - x—1+2z=0.
The equation of the second plane is:

[(z,y,2) = (1,1,0)]-(-1,1,1) =0, — r—y—z=0.

Intersection happens on points that satisfy both equations. We deduct the
second equation from the first and get y + 3z = 1, and so 2 = (1 — y)/3,
putting this in to the first plane’s equation yields z = (1 — x)/2. Thus the

equations of the line may be written

r—1 y-—-1
= = z.

-2 -3

Comparing with Eq.(22)) a vector parallel to the line can be determined by look-
ing at the denominators. Call it ¢ = (=2,-3,1). Its magnitude is V4 + 9+ 1 =
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V14. Therefore

i ( -2 =3 1 )
VI4 V14’ V14)
However the components of ¢ are also the direction cosines with respect to three

coordinate axes, i.e. cosf,, cos0,, cosf),. So it's easy to compute these angles:

1 =2 o
0, = cos 1(— =122,

0, = cos | (— = 143°,

_ 1 o
., = cos 1(— =74".

Example 1.8 Can an object at the point (=2, 3,3/2), be seen by an observer B

at (4,5,1) when there is an intervening wall with top given by the line
r=1(1,2,1)+ X(1,-1,-1)

[the z axis is the upward vertical]?

The observer and the line along the top of the wall define a plane in 3D space.
Objects above this plane (with respect to z) can be seen by the observer and
objects below this plane cannot be seen. Our job is to determine the equation
of the plane and then its height z at the xy location of the object.

Equation of the plane. We know two points on the plane A, given by a =
(1,2,1) and B. We can find a third point C by going to the line in the plane
and setting A = 1 which gives c = a + (1,—1,1)[=(2,1,0)]. We can use the

equation of the plane with these three points:
r—a=ub-—a)+rv(c-a),
where 1 and v are real scalar parameters. We thus have

r=1(1,2,1) + u(3,3,0) + v(1,-1,-1).
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Equating components we have
r=1+3u+v, y=2+3u—-v, z=1-vr.

Now, the object is at (—2,3,3/2). Putting in the horizontal position (z =

—2,y = 3) in to the equation of the plane yields two equations for i and v:
-2=1+3u+v, 3=2+3u—-v,

which we solve simultaneously. Add the two equations together and we get
1 =3+ 6u, thus p = —1/3. And then v = —2. This means at this horizontal
location the height of the plane is

z=1—-v =23,

which is above the height of the object (» = 3/2), and so the object cannot be

viewed by the observer!

1.5 Equations of other objects
1.5.1 Sphere

Consider a sphere of radius R and centre whose position vector is a.

A point r on the surface of the sphere is, by definition, a distance R from the

centre a, and it follows that the equation of the sphere is

|lr —a|l = R|. (33)

In component form with a = (a,, a,, a.), we obtain the more familiar form of

the equation for the sphere

(x—am)2 + (y—ay)2 + (z—az)2 - R*.
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Figure 14: A cylinder and a cone.

1.5.2 Cylinder

Consider a circular cylinder of radius R with axis parallel to the unit vector 7.

The origin O lies on the cylinder axis.

—
e A general point on the surface P has position vector OP = r.

é - . - é . - -
e Suppose OQ) is the projection of OP onto the cylinder's axis. The distance
between O and @ is

00| = |r|cos = |r- 7 (34)

. ﬁ - - -
Since OQ) is parallel to the cylinder axis,

, , , —
e We can also see that QP = OP — OQ), and that |QP| = R the cylinder
radius. Putting all this information together leads us to the vector equation

of the cylinder
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|r—(r-n)al=R|. (35)

A~

If the cylinder lies along the z-direction with i = k, then in components the

equation is simply 2+ y2 = R*

1.5.3 Cone

Figure 15: A cylinder and a cone.

Consider a cone with semi-angle «, its axis parallel to the unit vector 7, and its

vertex at the point () with position vector q.

—
e A general point on the cone surface is P with OP = r.

e The defining property of the cone is that the line from the vertex to any
point on the surface always makes an angle a with axis. Mathematically this

means

(r—q)-n=|r—q|cosal, (36)

which is the vector equation of the cone.
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1.6 Vector product

We now introduce the vector product of two vectors, a A b, which is itself a
vector. This is also sometimes referred to as the cross product, and is sometimes

given the notation a X b.

AxB

BxA = —(AxB)

v

> ol

a A
-y

Figure 16: Ways to think about the right hand rule. In the second diagram ¢ = a A b.

The definition of the vector product is

aAb=|allb|lsind n (37)

where 0 is the angle between the two vectors with 0 < # < 7 and 7 is a unit

vector. The direction of a A b, i.e. T, is the direction which is perpendicular
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0
a
e \O/
a
Figure 17: In the example on the left a A b points out of the page, while in the example

on the right @ A b points into the page.

to both @ and b in such a way that the set a,b, a A b forms a right-handed

system.

Note the following properties of a A b:
1. The operation is anti-commutative,
anb=-bAa, (38)

which simply follows from the fact that the direction of the cross product

reverses when the order is swapped, so as to keep a right-handed system.

2. The cross-product is distributive,

aN(b+c)=anrb+anc. (39)

3. The cross-product is not associative,
an(bac)+(anb)Ac, (40)
we will establish this in section [1.9l

4. The cross product of two parallel vectors is zero, since then 6 = 0 in (37).
Thus

iINt=JAJ=kAk=0. (41)
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5. The vectors 'Z,j’, k are related via

ing =k,
IAk = 3, (42)
kna = 3.

These results can be checked simply using ( . notlng that # = 7/2 in each
case and noting right-handedness (contrast e.g. j A2 = —k).

1.6.1 Component formula

We can now evaluate the general vector product a A b in components. We have

aAb= (axz+ayg+az ) A (b, z+byg+bk:)
The brackets can be expanded using the distributive property (39):

anb = abaAt+abiAg+abank
+ayb,g A1+ ayb,g AJ+ab.g Ak
+abkAi+abkAag+abkak. (43)

We then remove all terms involving cross products of vectors with themselves

using (41):

aAb = abing+abink+a,b,gAi+tab. g k+abkAai+abkag . (44)

We can now employ 1) to collect terms in pairs (e.g. the one involving ¢ A j

together with the one involving J A ):
anb=(ab,—ab,)jAk+(ab, —ab.)kAi+(ab,—ayb,)iAg . (45)

Finally, we use (42) to obtain the component form of the vector product,

aAb=(ab, - azby)’z + (ayb, — axbz)j + (azb, — aybm)fc . (46)
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The formula (46]) is quite cumbersome and hard to remember, but can be
expressed much more compactly using the notation of determinants (see later).

We write a A b as

aAb=la, a, a,|, (47)
b, b, b,
and the right-hand side is expanded using the following pattern or rules.
A second order determinant expands as:
a; Qo
bl b2 = albg - CL2b1 . (48)

The third order determinant, which defines the vector product, then expands

as:

anb = |70 %3 (49)
b, b.

It is well worth remembering the cyclic pattern of indices in this form.

1.6.2 Area of a triangle

Consider a triangle with vertices A, B, and C. The ‘'side-angle-side’ formula

for its area is %|AC||AB| sin @, where 6 is the angle made at vertex A. This

formula can be rewritten using the definition of the vector product. The area is
1,-=, —_—

then S|AC X AB|.

Exercise: Use the definition of the vector product to prove the sine rule
(17). [Hint: For the triangle in Figure [8] note that ¢ = a — b and take the

vector product of both sides with a.]
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0O
Figure 18: A straight line that goes through points A and B, the origin O, and a random

point on the line P. Recall that » = a + A\(b — a)

1.6.3 Equations for a line and plane (revisited)

We can use the vector product to derive alternative equations for a line and

plane.
For instance, take the straight line we considered in Section 1.2.

As we can see, the vector » — a is parallel to the vector b — a for any point r

on the line. Thus
(r—a)A(b—a)=0. (50)

This is another form for the equation of a line through the points a and b.

For the equation of a plane, suppose we know three points in the plane (A, B,

C') as earlier.

e The vectors b — a and ¢ — a lie in the plane.

e By the definition of the vector product, (b —a) A (¢ — a) is the normal (but

not necessarily the unit normal) to the plane.

e For any point 7 in the plane, the vector » — a lies in the plane, and is
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O

Figure 19: A plane containing the points a, b, c and the general point r. Recall the

equation for a plane r —a = u(b—a) + v(c— a)

therefore perpendicular to the normal to the plane. Using property 4 of the

scalar product, it therefore follows that
(r—a)-[(b-a)A(c—a)]=0 (51)
which is another form for the equation of the plane passing through the points

a, b and c.

Example 1.9 Determine a unit vector that is perpendicular to both the vectors
(2,1,0) and (3,0,1). Use the cross product to find the angle between these

vectors

Call the first vector a and the second b. Using the determinant formula, we
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have:
-1 0 +~(2 0] ~|2 1
anb=12 1 0|=1 -7 + ,
01 31 30
301
=1 — 25 — 3k.

This vector is, of course, perpendicular to both a and b, but it is not a unit
vector. Its magnitude is |a A b| = V1 +4+9 = V/14. So the perpendicular

unit vector is

ﬁ:\/%(ﬁ—ﬁ—i%fc).

There is a second perpendicular unit vector pointing in the other direction —n,

which is also an acceptable answer.

Now for the angle. Let's try to use the other formula for the vector product:
aAb=|al|lb|sinfn.

We want to find 6. The magnitudes are easy to compute: |a| = V2% + 1 = /5,
and |b| = V32 + 1 = v10. Then we take the magnitude of both sides of the

formula:

|la A b| = |a||b]sinf |n],

\/ﬂ=\/5'\/mosin9-1,

noting that sin 6 is positive because # is between 0 and 7. And we solve for 6:

(VT o o
9=sin1(g)z32,148.

Note that the inverse sin is multivalued and yields two angles between 0 and
! This is a problem when trying to determine the angle between two vectors

using the vector product. It is much safer to use the scalar product to get this
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angle, and also it is usually less work as well! Let's now do that. We have

a-b=|al||b|cosb,
(2,1,0) - (3,0,1) = V5vV10 cos b,
— cosf = 6/V/50,

and thus 0 = cos_1(6/\/%) ~ 32°, on the range between 0 and 7. So the

smaller of the two angles is the correct one.

Example 1.10

Figure 20: An irregularly shaped body spinning about the axis i at a rate w. Here P is
a random point within the body and O is the origin.

A rigid body spins with angular speed w about an axis 7o. Find a vector expres-

sion for the velocity of any point P in the body.

(The speed of the motion of any point is equal to the angular speed w multiplied

by the distance p between the point and the axis about which it is rotating.)



1 VECTORS 36

Let the velocity of point P be u. Let us determine its magnitude first |u|.

From trigonometry we have
[u| = pw = (|p|sinflw = |7 A plw.

What about the direction of the motion, w? This direction is perpendicular
to both the vector p and the rotation axis n, thus is parallel to n A p. The
unit vector in this direction is hence w = (nn A p)/|n A p|. Putting everything
together

u = |ult = (nApw,

=[nA(r-q)lw.

1.7 Calculating distances with vectors

1.7.1 Shortest distance of a point from a line

Consider the line given by » = a + A(b — a), and the point () with position
vector q.

The shortest distance, d, between () and the line is perpendicular to the line,

i.e QR in the figure. Considering the right-angled triangle AQR, we see that
d=|q—alsinf,

-— " . ..
with 6 the angle between AQ) = ¢ — a and AB = b — a. Using the definition

(37)) of the cross product we can therefore write

[(g—a) A (b-a)

d =
|b—al

(52)
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Figure 21: Shortest distance of the point @ from the line AB.

If we use as our equation of the line r = a + A\, where t is a unit vector, then
(52)) simplifies to

d=|(g-a)rt]|. (53)

1.7.2 Shortest distance of a point from a plane

Consider the plane with equation (» — a) - i = 0, and consider the point P

with position vector p.

e \We draw the line (not necessarily in the plane) from P that is perpendicular
to the plane. This line meets the plane at (). The shortest distance from the
point P to the plane is the distance PQ.

e \We consider the right-angled triangle AP(). Then

— —
d=|PQ| =|AP|cosb, (54)
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) p

Figure 22: Shortest distance of the point P from a plane.

and recalling the definition of the scalar product we find that the shortest

distance is given by

d=|(p-a)-n| . (55)

1.7.3 Shortest distance of a line from a line

Finally, we consider the shortest distance between two (non-parallel) lines L;

and Lo, given by
r=a; + M, and r = ay + pits,
respectively, for A and p scalars.

e Suppose that the shortest distance between the two lines is between the
points X and Y. Since this is the shortest distance, the line joining X and

Y will be perpendicular to both lines.
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Figure 23: Non-intersecting lines L; and L, in three dimensions.

39

—
e The first question is: What direction is XY in? The two lines are parallel

~ ~ e—
to t; and t, respectively, and XY is perpendicular to both of these. The

vector which is perpendicular to both lines is simply u = €; A £5. We may

e
then write XY = d, in which we have normalised u to get a unit vector.

Our goal is to find d.

e Second thing: let us rewrite XY using the triangle XY O:

XYi = OYi — OAXZ = (CL2 - al) +,utA2 - >\tA1>

for some specific scalars A and i (which we don’t know yet).

—
e We have two expressions now for XY. We equate them, then -4 both sides

of the equation. We obtain simply

J= (a2 —ay) - (£ A Ly)]

€1 A £

(56)
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Equation (56]) gives us an easy way of finding out if two lines intersect or not.
If they do intersect then their closest distance is obviously zero, i.e. d = 0. The

condition for two lines to intersect is therefore

(az - al) . tAl A tAz =0. (57)

1.8 Scalar triple product

The quantity
a-(bnac) (58)

is a scalar, and is called the scalar triple product of a, b, and c. The only way

that this product makes sense is if
e the vector product is taken first, to give the vector b A ¢,
e and then the scalar product is taken between a and b A c.

For this reason the brackets are unnecessary, and often omitted, so we write

a - b A c. Note also that the notation a - b A ¢ = [a, b, ¢] is sometimes used.

1.8.1 Component formula

In terms of components (instead of angles and magnitudes), the scalar triple

product equals

a-bAc= ax(bycz - bzcy) + &y(bzcx - bxcz) + az(b:vcy - bycx) ) (59)

where a = (a,, a,,a,), etc.
The formula (59)) is hard to remember, but can be expressed much more com-
pactly using the notation of determinants introduced already. We write

a,; a

a-bAc=1|b, b

a/Z
y bl (60)

Cp Cy C

Y
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which has been formed from taking the components of a,b, c as the three

rows. The determinant is now expanded using the pattern shown below (see

also eq. (49)):

b, b b, b b, b
a-brne =a, | 7| —a, | 7 a, |7 (61)
cy Cs Cr Cs Cy Cy
By rearranging this formula, we can find the following results:
a-bAc = b-cha = c-aAb
: (62)
= —a-cANb = -b-anc = —c-bAa

In other words the value of a-bA cis unchanged if we make an even permutation
of the order of a, b, ¢, but the sign changes if we make an odd permutation of

the order of a, b, c.

Permutations (aside)

e Suppose we have an ordered sequence of elements (such as a, b, c).

e A permutation is a rearrangement of the sequence in which the positions of

some of the elements are swapped.

e An even permutation involves an even number of swaps of two elements, e.g.
a,b,c — b,c,a is even because we swap a and ¢, and then swap b and
c (two swaps). An odd permutation is when we make an odd number of

swaps.

e For a sequence of three elements, an even permutation is equivalent to a

cyclic permutation, e.g. a - b, b - ¢, c — a.

Example 1.11 Evaluate the scalar triple product of the vectors (2,3, 1), (1,2,2)
and (4,5,1).
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bac

Figure 24: Parallelepiped formed from the vectors a, b, c.

We write the triple product in the form of a determinant:

2 2 1 2 1 2
=2 - +1 :

5 1 41 45
=2(2-1-2-5)+3(2-4-1-1)+(1-5-2-4),
= 2.

1.8.2 Parallelepipeds

One important application of the scalar triple product is the calculation of the
volume of a parallelepiped.

Consider the parallelepiped formed by the vectors a, b, ¢ (see Figure . The
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area of the base is
|bl|c|sinf = |b A c| . (63)

The height h of the parallelepiped corresponds to the component of the vector

a in the direction perpendicular to the base.

The unit vector perpendicular to the base is

bAc (64)
lbAc|’
and therefore the height h is
bAc
. , 65
@ |b A ¢l (65)

The volume of the parallelepiped is the area of its base times its height, and
putting together and we find that the volume is

Volume = |a - b A c| (66)
i.e. the scalar triple product.

Example 1.12 Show that a - a A ¢ = 0. What does this result mean geometri-

cally? What is the condition for three vectors to be coplanar?

We just permute the elements in the triple product:
a-aNc=-c-arnha=0

the last equality coming from the fact that a vector product of a vector with
itself is zero. Of course, this is all obvious because a vector product involving

a will always give you a vector perpendicular to a.

A geometric interpretation of this is that the parallelepiped formed from a, a

and c has zero volume because it is necessarily flat, i.e. a 2D object.
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We can then use this idea to derive a test to see if any three vectors a, b, c are
coplanar. If the three vectors are coplanar (i.e. lying in the same plane) then the

parallelepiped they form is flat and has zero volume, or in mathematical terms:

a-bAnec=0.

Example 1.13 Find the volume of the rhomboid drawn in the face-centred cubic

in Figure 25]

Figure 25: Cubic lattice, side length a. The black atoms are located at the centres of

each face and the grey atoms at the corners.

A rhomboid is a special case of a parallelepiped. Let us work out the three
vectors that define it. First note that OA = (a,0,0), OB = (a/2,a/2,0),
OC = (a,a/2,a/2), and OD = (a/2,0,a/2). The three defining vectors of
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the rhomboid are:

AB = OB - OA = (=a/2,a/2,0),
AC =0C - 0A = (0,a/2,a/2),
AD = 0D — OA = (=a/2,0,a/2).

The volume is just the scalar triple product of these vectors:

\ \ \ —af/2 a2 O
AB-ACANAD=| 0 a/2 a/2|,
—af2 0 af2
_ al2 af2 (4 0 af2
=), al2 (a/2) ~al2 af2|

= —(a/2)(a/2)" = (a/2)(a/2)" = —a’[4.

The volume is the absolute value of this (the minus sign comes about because

the three vectors defining the rhomboid are left handed).

1.9 Vector triple product

The quantity a A (b A ¢) is a vector, and is called the vector triple product of

a,b,c. Unlike a - b A ¢, the position of the brackets in @ A (b A ¢) is crucial!
We can use our expression for the vector product in components to expand
a A (b A c) in components. First, use to evaluate b A ¢, so that

a A (bAc)=(ai+ayj+ak)A|(be. — b,

+(b.c, — byc,)] + (byc, — bycx)fc]

and then using the distributive property to expand the brackets and the
results and to evaluate the cross products, we find

an(bre) = (—ayl% + azj')(bycz —b.c,) + (a,k —a,2)(b.c, — byc.)

+ (—axj' + ay;l)(bxcy —bycy)
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gathering the terms in %,3, k we obtain the final result

aAN(bac)=(a-c)b-(a-b)c|. (67)

Essentially, this is a kind of projection of a down onto the plane formed by the

vectors b and c.

We can proceed in exactly the same manner to find (a A b) A ¢ in the form

(aAnb)Ac=(a-c)b-(b-c)a|. (68)

By comparing and it becomes clear that a A (bAc) # (a Ab) Ac

in general.

Example 1.14 Calculate (z A §) A in two ways. Calculate (a A b) A (c A d).

One way uses the identities i /\3 =kandkAi= j Simply:

~
.

(GAJ)AL=7.

A different way uses the general identity for triple vector products:

~ A A
.

(tAg)Ae=(i-0)5=(1-5)i=7

A third way computes the vector products using the determinant formula and
coordinates (noting that 7 = (0,1,0), etc.) This is a boring way, which we will

leave to one side.

The last part of the question deals with a daunting vector quadruple product.

This can be transformed into a triple product by setting » = ¢ A d, then
(aAb)A(end)=(aAb)Ar,

=(a-r)b-(r-b)a,
=[a:-(ecAnd)]b-[b-(cAd)]a,
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an expression that involves two scalar triple products.

But equally we could have set s = a A b and proceeded to derive a similar but

different expression:

(aAb)A(cAd)

sA(cAnd),
(s-d)e—(s-c)d,
=[d-(aAnb)]e—[c-(aAnb)]d.

We can equate these two expressions and get something like:
aa + b = yc + od

where «, 3, v and 0 are scalar triple products. This is basically saying that, in
3D, there must be a linear relation between any four vectors. In other words,
given four vectors in 3D, you can generally write one of those vectors in terms
of the other three.

1.10 Vector area

We are familiar with the concept of the area of a surface as being a scalar.
However, in some applications, particularly with integrals of vector quantities
such as electric or magnetic flux through a surface, we will also want to think

about the vector area.

Consider a flat planar surface of area A, with unit normal 7, then the vector

area S is defined by
S =An]|. (69)
In terms of Cartesian components, we can write

S = S,i+S,5+8S.k

A~ A~
. .

= A[G-n)i+(5-n)j+ (k- n)k] (70)
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where the second step comes from simply taking the scalar product of S with
each axis in turn. The components S,,5,, 5, are also just the areas of the

projections of the patch onto the planes x = 0,y = 0, and z = 0, respectively.

Given any surface, there is an ambiguity in which direction the normal should
point. However, for a closed surface, such as a cube, one always takes the

enclosing surfaces to have normals pointing out of the volume enclosed.

The vector area of the whole surface is then taken to be the sum over the vector
areas of each individual patch. For a closed surface it turns out the vector

area is zero. (We will not prove this result here.)

We can also approximate the vector area of a curved surface (such as a sphere)
by splitting the surface into small plane patches. In the limit of these patches
shrinking to zero size the finite sum is then replaced by an integral over the
whole surface to give the exact vector area. Calculating such surface integrals
will be described in the course next term, but certain examples are possible now

using the fact that the vector area of a closed surface vanishes.

Example 1.16

Area S 2

Figure 26: Vector area S and its projections on to the 2z and zy planes.
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Figure 27: Successive polyhedral approximations to the surface of a sphere

2
ET AW‘E
e
i r x

Calculate the vector area of the pyramid with vertices O = (0,0,0), A =
(0,1,0), B =(1,1,0), C = (1,0,0) and D = (%,%,1), excluding the base.
Let us first work out the vector area of the triangle OAD. To get the normal

. — —
to this surface, we calculate n = OD A OA:

i 7 k
n=|1/2 1/2 1| =-i+ik. (71)
0 1 0

But we want the unit normal. The magnitude of n is \/1 + 1/4 = v/5/2, and

so the unit normal to this surface is:

. 2 1
A= —(-1,0,1).
\/5( )
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What is the scalar area of OAD? This is actually

V5

(1/2)|0D A OA| = (1/2)In| = 7.

So finally the vector area of OAD is

V5 . 11
Soap = 1m0 = (‘57071)-

Doing similar calculations we can find the vector area of the other triangular
faces: OCD, CBD, and ABD:

11 1o 1 11
Soco = (0,=5,7),  Scep = (5:0,7),  Sasp = (0,3, 7).

The total vector area of the pyramid (without base) is the sum of these four

~

triangular vector areas. We find that S = (0,0,1) = k.

Alternatively: if we do include the base, then the total vector area of the closed

pyramidal surface is zero, i.e.
Spyramid + Sbase = 0.

The vector area of the base is easy: its scalar area is 1 and it points vertically

~

downwards. Thus Sp,e = —k, and so Spyramid = k.

Example 1.17 Calculate the vector area of a hemispherical shell of radius a,

oriented so that its circular base lies in the xy plane and the shell itself is above

the plane.

The total vector area of the hemisphere and its circular base is zero, because

such a figure is a closed volume:
Stotal = Shemi + Sbase = 0.

The vector area of the hemisphere is difficult to calculate directly, but the base
is easy as it is a circle of radius a and its normal pointing out of the volume is

—k. Therefore: Shase = —7TCL2’A€, which means that Syemi = ra’k.
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1.11 General basis vectors

In three-dimensional space any three non-coplanar vectors a, b, c constitute a

basis

This means that any vector can be expressed as a linear combination of these
three basis vectors

u = aa + b+ vc,

where u is any vector and «, 3, and v are unique scalars: they are called u's

components with respect to this specific basis.

It is not necessary for the basis vectors to be perpendicular to each other.
However, if they are, the basis is said to be orthogonal, and if the basis vectors
have unit length as well then the basis is orthonormal. The Cartesian basis %,
3, k is orthonormal.

In the special situation of an orthogonal basis, «, 3, and v can be obtained by
the scalar product. We find o = (u-a)/|a|®, 8 = (u-b)/|b|*, v = (u-c)/|c|*.
However, for non-orthogonal basis sets this is not true and the components «,
3, and v can be obtained in terms of scalar triple products (see worked example

later).

1.12 Other orthogonal coordinate systems

The Cartesian xyz coordinates are a very familiar example of an orthogonal
coordinate system in three dimensions. However, there are other examples
which can be very useful in particular applications, and we will describe the two

most commonly used ones here.

1.12.1 Cylindrical polar coordinates

We introduce the cylindrical polar coordinates (7,6, 2).
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Figure 28: Diagrams illustrating the cylindrical polar coordinate system.

The z coordinate is the same as for Cartesian coordinates,
the r coordinate corresponds to the distance O()

the azimuthal angle 6 corresponds to the angle between the x axis and the
—
vector O(Q). By convention we take 0 < 6 < 27, but an alternative is

-1 <0<,

The general point P has position vector » = (x,y,2) in Cartesians. Via

simple trigonometry its z and y components are
x =rcosb y =rsinf , (72)

so that

r =rcosli +rsindy + zk|. (73)

As well as new coordinates (7,6, z) we introduce new coordinate directions,
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or rather unit vectors é,,€y, €., defined via

é, = cosbi+sind 3
ég = —sinbi + cosj (74)
é, = k

The three unit vectors é,.,éy, €. are perpendicular to each other (check that

the scalar products are zero) and form a right-handed orthonormal system.
In particular (check using

Watch out, these vectors are not constant vectors! They depend on position!

Finally,
|r| = Vr? + 22| (75)

and in terms of the new cylindrical basis vectors (rather than the Cartesian basis

vectors):

r=ré. +zé, . (76)

1.12.2 Plane polar coordinates

If we just work in the xy plane, i.e. in two dimensions, then we can use plane
polar coordinates (r,8). These are simply cylindrical polar coordinates but with

the z direction suppressed. So for instance in two dimensions

r =1rcosfi + rsinfy|. (77)

We have seen this 2D parametrisation already in eq. (11)).
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1.12.3 Spherical coordinates

We next introduce the spherical polar coordinates (7,0, ¢).

e The r coordinate is the distance of the point P from the origin.

e The co-latitude 6 coordinate is the angle between the upward vertical axis
and the line O_}% measured in the direction down from the North Pole. So
that the North Pole has 6 = 0, the equator has # = 7/2, and the South Pole

has 0 = 7.

e The azimuthal angle ¢ coordinate is the angle measured from the fixed x

—
axis round to the direction ()P in the anticlockwise sense.

e |t is important to note the ranges of the angular coordinates:

I\

ST

0 0
0 < ¢ <21|

Figure 29: Diagrams illustrating the spherical coordinate system.
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Note that 7, @ in spherical polars are different from r, 8 in cylindrical polars

(with the latter often denoted p, ¢ to avoid confusion).

The general point P has position vector r; from the right-angled triangle
OP(@) we see that

|PQ| = rsing | |0OQ| = 2z = rcosb . (78)

Then, via simple trigonometry in the xy plane

r = rsi.nﬁc.osgb’ (79)
y = rsinfsing
so that
r =rsinfcos ¢t + rsinfsin ¢j + rcos k| . (80)

We can introduce associated unit vectors: €,,€g, €,. These point in the

direction of increasing r, 6, and ¢, respectively.

Figure 30: Diagrams illustrating the spherical coordinate system.
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The spherical polar unit vectors can be written in terms of 'Z,j, k. To do this,

consider the (vertical) plane made by the three points O, P, and @, with O

as origin. The vertical unit vector in this plane is I% and the horizontal unit
—_ —_— ~ ~

vector is @ = QP [|QP| = cos ¢z + sin ¢7.

The unit radial vector in the plane is now &, = cos(3 — 6)@ + sin(5 — 0)k.

And similarly &g = sin(§ — 0)@ — cos(3 — 0)k. These may be rewritten as

é, = sin#6cos gb'z + sin # sin gbj + cos Ok (81)
ég = cosbcos gb;, + cos ) sin (ﬁ — sin 0k

Finally, in the zy plane we resolve &, in the directions of 2 and J to find

€y = —sin d1 + cos ¢ (82)

e The three unit vectors é,,&y, €, are perpendicular to each other, and form

a right-handed orthonormal system. In particular,

é¢=ér/\é9 ér=é9/\é¢ é9=é¢/\ér.

Figure 31: Diagrams illustrating the spherical coordinate system.
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Finally, note that in spherical polar basis vectors the position vector of P is

very simple:

r=ré,. (83)

Example 1.18 Calculate the coordinates of the point (1,1,2) in (a) cylindrical

polars, (b) spherical polars.

Figure 32: Diagrams illustrating the cylindrical polar coordinate system.

(a) In cylindrical polars, radius is given by r* =2 +y’ =2and sor = V2,
whereas azimuthal angle is given by tanf = y/x = 1, which means 6 = 7 /4.

The vertical height z is unchanged.

(b) In spherical polars, radius is given by P =2t +y + 25 =1+1+2% and so
r = V6.

We also have z = rcosf which lets us get the colatitude 6: cosf = 2/\/6
which means 6 = cos™ ' V2/3 = 35°.
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Finally, = rsin 6 cos ¢, which yields the azimuthal angle ¢:

T T 1 1
rsing rv1 — cos?6 B V6y/1—-2/3 - V2

and so ¢ = cos ' \/1/2 = 7/4 = 45°.

cos ¢ =

Example 1.19 [Tripos question 2005 Paper 1, 5C]

The vertices of a tetrahedron O, P, (), R have coordinates (0,0,0), (2,1,1),
(1,2,2) and (0,0, 3) respectively. Find by vector methods:

(a) the angle between the faces OPR and OQR
(b) the angle between the vector OP and the normal to the face PQR
(c) the area of the face PQR

(d) the shortest distance from the origin to the plane containing P, @ and R.

Figure 33: Diagrams illustrating the spherical coordinate system.
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(a) The triangular surfaces OPR and OQR define two planes with unit normals
n, and 7, respectively. The angle between two planes is equal to the angle

between their normals. So let us find 1 and 75 and then get the angle between

them.
First define
i j k
— —
n =0PX0OR=12 1 1
00 3
101 ~12 1 .12 1
=1 -7 +k :
0 3 0 3 00
= 31 — 6.

lts magnitude is /32 + (—=6)% = 3v/5, and so n; = (3 — 25) /5.

. — = 4 o A Ton
Similarly, we find ny = OQ X OR = 6¢ — 3. And that fiy = (22 — 5)/V/5.
The angle 0 between these vectors can be obtained from their dot product:

A

Ty * Ty = cos b,
and so 0 = cos™ ' (4/5) = 36.9°.

(b) The normal to the face PQR is n3 = P_Q) A P_])% where

PR=0R—-0P =(0,0,3) - (2,1,1) = (=2, -1,2),
PQ=OQ_Oﬁ= (17272)_(27171) = (_17171)'

We obtain:

—_— — ¢ J
PQ/\PR=n3=—l 1
-2 -1

=3 + 3k

N —
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We can get the angle ¢, once again from the dot product:

— —
OP - n3 = |OP||ns| cos ¢,
(2,1,1) - (3,0,3) = V4 + 1 + 1V3? + 3% cos ¢,
9= 6\/§COS¢,

and so ¢ = cos™ (v/3/2) = 7/6.

(c) The area of the triangle PQ R may be expressed using the vector product

1 1, 4 A 3vV2
= SIPR A PG| = 513i + 3K| =T‘F.

(d) Let us first derive the equation of the plane defined by the triangular surface
PQR. We require one point on the plane and the normal to the plane. We can
select Cﬁ) = (2,1,1) = p to be our point on the plane. A normal to the plane
is actually just n4 calculated earlier, which we can normalise by 3v/2 to make a

unit vector n3. Then our equation of the plane is just
(r—p)-n3=0.

From earlier in the notes, another equation for the plane is r - n3 = d, where
d is the the closest point on the plane to the origin. By comparing the two

equations we get
d=p-ns=(21,1)-(1/v2,0,1/v2) = 3/V2,
our answer.

Example 1.20 [Tripos question 2003 Paper 1, 1A]

e The vectors a, b, c and A, B, C form reciprocal sets, defined such that

bxc cXa aXxXb
A:— B:— = — 4
a-(bxc) a-(bxc) ¢ a-(bxc) (84)
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and a - (b X ¢) # 0. Show that:
(a) Ara=B:-b=C-c=1
(b A-b=A-c=0
(c) A, B, C are non-coplanar.
e Demonstrate that the vectors a = (—1,1,0) and b = (0,2,1) and ¢ =

(1,0,—1) are non-coplanar. Find its reciprocal basis, A, B, C, and hence

write the vector d = (2,1, —1) in terms of the basis a, b, c.

(a) Recall that

a-bhec = b-echa = c-aANb (85)
= —a-cAb = -b-arc = —c-bral
Thus,
_b/\c~a_a°b/\c_
" a‘bAc a-baec 7
_c/\a,-b_a-b/\c_1
a-bAc a-bAaec
_a/\b~c_a'b/\c_
a-bAc a-bAc
(b)
A.bzb/\c-bzb/\b~c= |
a-bAhec a-bAc
A.oobrec_
a-bAc

(c) If A, B, and C are non-coplanar then their scalar triple product must be
non-zero, i.e. A- B AC # 0. Let us evaluate the triple product, but simplifying
the cross product first:

(chna)A(anbd)

BAC =
(a-bAc)
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Like in a previous worked example, the quadruple product can be simplified if

we set s = ¢ A a and use the identity

sA(anb)=(b-s)a—(a-s)b,
=(b-cna)a-(a-cAce)b,

=(a-bAca.

Thus BAC = (a-bA c)_la. Now let us look at the scalar triple product itself:

(bae)-a

A-BANC = —F—,
(a-bAc)

1
_a-b/\cqto

because a - b A c # 0. Hence A, B, and C are not coplanar.

To show that a, b, and ¢ are non-coplanar we look at

-1 1 0
a-brhec=|0 2 :
1 0 -1
2 1 0 1
=—-1- — + 0,
0 -1 1 -1
=24+1=3%#0

so they are non-coplanar.
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To compute the reciprocal basis we need some vector products:

bac=[0 2 1]=(=21,-2),
1 0 -1

cha=|1 0 -1|=(1,1,1),
-1 -1 0

anb=|-11 0|=(1,1,-2),
0 21

And since their scalar triple product is 3, we have

A= %(_2; 1, _2)7 B = %(17 17 1)7 C= %(1’ 1’ _2)

Now to write d in terms of the non-orthogonal basis a, b, ¢ we could set
d=aa+ b+ e

where «, 3, and ~v are constant components that we need to find. The z, y,
and z coordinates of this vector equation yield three scalar equations for three

unknowns, and it's easy to solve:
2=—-a+7vy, l=a+28, -1=p(-7,

for o, 3, and 7.

A better way, using the reciprocal basis, is to dot both sides of the equation

with A. Using our previous results we obtain

a=d-A=(2,1-1)-5(-2,1,-2) = -3,



1 VECTORS
similarly

B=d-B=(21,-1)-
’}/=d'C=(2,1,—1)'

Thus

1 _2
5(17171) -3
§(1717_2) = é

_ 1 2 5
d = 3a+3b+30.

64
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2 Complex numbers

Though they don't exist, per se, complex numbers pop up all over the place
when we do science. They are an especially useful mathematical tool in problems

involving:

e oscillations and waves in light, fluids, magnetic fields, electrical circuits, etc.,
e stability problems in fluid flow and structural engineering,
e signal processing (the Fourier transform, etc.),

e quantum physics, e.g. Schroedinger’s equation,

O

ZE+A¢+V(JJ)¢:O,

which describes the wavefunctions of atomic and molecular systems,

o difficult differential equations.

For your revision: recall that the general quadratic equation, ar® +br +c=0

(solving for x), has two solutions given by the quadratic formula

—b+ VI — dac
T = : (86)
2a
But what happens when the discriminant is negative?
For instance, consider
=20 +2=0. (87)

Its solutions are

2+4/(-2)2—4x1x2 2+
2x 1 - 2
= 1+v-1.
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These two solutions are evidently not ‘normal’ numbers!

If we put that aside, however, and accept the existence of the square root of

minus one, written as
1=vV-1, (88)

then these two solutions, 1 + ¢ and 1 — 7, can be assigned to the set of complex

numbers. The quadratic equation now can be factorised as
242 = (z=1-i)(z—1+1)=0,

and to be able to factorise every polynomial is very useful, as we shall see.

2.1 Complex algebra
2.1.1 Definitions

A complex number z takes the form

z=x+1iy, (89)

where x and y are real numbers and i is the imaginary unit satisfying

We call x and y the real and imaginary parts of z respectively, and write

r = R(z) or Re(z) the real part of z,
y = J(z) or Im(z) theimaginary part of z.

If two complex numbers z; = x; + iy; and z9 = x5 + 1y are equal, i.e. z; = 2y,

then their real and imaginary parts must be equal, that is, both x; = z5 and

Y1 = Yo.
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2.1.2 Addition

The sum of two complex numbers z; = x; + 1y; and 2z = z9 + iyy is also a

complex number given by

21 +22 =T +Z’2+?:(y1 +y2). (91)

The real part is R(2,+23) = £+ and the imaginary part is J(z1+22) = y; +1s.
The commutativity and associativity of real numbers under addition is therefore

also passed on to the complex numbers, e.g. 2, + (22 + 23) = (21 + 29) + 23.

2.1.3 Multiplication

We can multiply complex numbers, provided we know how to multiply ¢ by itself.

The following table gives the results for the powers of i:

7 = 1

2

N |

3 2 . )

1T = 1 X1 = -1

4 3. o (92)
7 = 1 X1 = —1 X1 =1

5 4 . )

1T = 1 X1 = 7

An+m .m
1

Note the pattern has a fourfold periodicity with ¢ = 4 , where n is any

integer.

Okay, now consider the product of the two complex numbers z; = x; + iy; and

2y = Xy + 1Ys:

2129 = (@ +iyp)(zo + iys)

. . 2
= T1T9 +1x1Ys + 11Ty T 1 Y190

= T1T9 + i(fC1y2 + y15132) — Y1Y2
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where we have used (90). So, collecting real and imaginary parts, we have

2129 = (21 + 1y1) (9 + 1y2) = (w1272 — y1y9) + i(@1y2 + Y122) - (93)

Complex multiplication inherits commutativity and associativity from the real

numbers,
R1%9 = 2271, 21(2223) = (2122)237 (94)
and it is also distributive

21(29 + 23) = 2129 + 2123 (95)

Example 2.1 If z; = 3 + i and 25 = 1 — 7 calculate z; + 29, 21 — 29 and z; 2.

Zl+22:3+i+1—i:4,

=z =3+i—(1—-i)=3—1+(1+1)i=2+2,

s =B+i)(1-i)=3-3i+i+i(—-i)=3-2i—1,
=3-2i+1,
=4 -9

2.1.4 Complex conjugate and modulus

The complex conjugate of z = x + iy is found by changing the sign of its

imaginary component. It is denoted by z* (or often Z) and defined by

S =x—iy. (96)




2 COMPLEX NUMBERS 69

Note that it follows that we must have z + 2™ = 208(2) and z — 2™ = 2i3(=%).

If we take the product of z with its complex conjugate z* we find
22" = (x+iy)(z —iy) = 2+ y2 +i(—zy + 2Yy) = 2’ +y2 ,

which is real and non-negative. Thus

=ty (97)

The modulus of z, denoted by |z| or mod(2), is defined by

2] = Voot = 2?2 + 2. (98)

2.1.5 Division

It is easiest to compute the division of one complex number by another by using

the properties of the conjugate and modulus.

The division of z; by z5 may be manipulated into

£ *
21 AR 2179
—_ = —— = ,
o Fazy | 252

(99)

and the denominator is conveniently a real number. Then we use the rule for
multiplication of complex numbers, in the numerator, to compute the result.

The general rule for simplifying expressions involving division by a complex num-
ber 2z, is to multiply numerator and denominator by the complex conjugate z; [z

(i.e. the identity), thus making the denominator real z,z5 = R

Example 2.2 Take 2; =3 + i and 25 = 1 — i again and calculate z; /2.

21 340 1+i 3+3i+i+i ,
— = - X - = =1+ 2.
Zo 1—1 141 12 + 12
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2.2 The Complex Plane

2.2.1 Argand diagram

Figure 34: The Argand diagram of the complex plane.

The real (x) and imaginary (y) parts of a complex number z are independent
quantities, so we can think of z as plotting a point in a two-dimensional space,
(x,y), where the 1y axis corresponds to the imaginary part and the x axis cor-

responds to the real part of the number.

In fact, we can go further and think of a complex number as a two-dimensional

vector.
This two-dimensional space is often called the Argand diagram.

Now purely algebraic processes (conjugation, addition, division, etc.) can be

represented as geometric operations. For instance

e The complex conjugate z* is found by merely reflecting any point z about

the real (i.e. x) axis.

e Addition and subtraction of complex numbers is essentially equivalent to

vector addition and subtraction.
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2.2.2 Polar form of complex numbers

We can also use plane polar coordinates in the Argand plane. Simple trigonom-

etry gives us

r=va*+y?=|z|. (100)

The radius 7 is, in fact, the modulus of z, met earlier.

The polar angle @ is called the argument or phase of z. It is the angle subtended
by the real axis and the line made by the complex number and the origin. The

following formula gets us the argument

0=xcos (5) (101)

where the plus sign is taken when y > 0, and the minus sign when y < 0.
(Another common formula is 0 = tan~'(y/x), though on its own it fails to
distinguish between the 1st and 3rd quadrant, or between the 2nd and 4th.)

It is conventional to restrict the argument 6 to the range —m < 6 < 7 in order
to make it unique; this is called the principal range, and then 6 is the principal
argument. More generally, we can add any integer multiple of 27 to 6 and z is
unchanged. This is because cos(f + 27n) = cos 6 and sin(# + 2wn) = sin 6, for

integer n.

The polar representation of z is:

z=x+ 1y =r(cosf +isind). (102)

For the complex conjugate, it is clear that the argument will become -0, i.e.,
2 =2 —idy=r(cosf —isind) = r[cos(—0) + isin(—6)] . (103)

The inverse, on the other hand, is

2= z—|2 =7 [cos(—0) + isin(—0)] (104)
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Example 2.3 Calculate the modulus and argument for z; = 3+i and 29 = 1 — 1.

For z;, we have r = |z| = V32+ 12 = V10, while = +cos '(3/V10) =
18.43°, where we take the positive sign because the imaginary part of z; is

positive.
For zo, r = 12+ (=1)2 = V2, and 0 = —cos™ ' (1/v2) = —n/4, where we

have taken the negative sign because the imaginary part of 2, is negative

Example 2.4 What shape in the Argand diagram is described by the equation
3|z] = |z —¢|? What about |z| = |z —i]|?

First set z = x + 1y. Squaring the first equality yields
02" = |z~ il"
9z +y°) = |x+z’(y—1)|2=x2+(y—1)2=a:2+y2—2y+1,
—>8:1:2+8y2+2y=17

vy y =1
2 2 2
Py )= )
So in the Argand diagram we have a circle centred at (0, —%) (or z = —i/8)

with radius g.

Let us also square the second equality:
|2° = |z~ il
a:2+y2=:c2+(y—1)2=:c2+y2—2y+1,
Sy=1
Since x is arbitrary, z = z + %z a straight line. Points on the line are equidistant

from z =0 and z = 1.
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2.3 The complex exponential
2.3.1 Euler’s formula

There is a profound relationship between trigonometric functions and the com-

plex exponential function:
cosf +isind =e". (105)

We will prove this later. This is called Euler’s formula.

Euler's formula means that we can write any complex number compactly as

z=re . (106)

As mentioned earlier, there is some degeneracy here because we can add any
integer multiple of 27 onto 6 without changing the value of z. An interesting

consequence is the useful identity:
exp(2imn) =1,

for integer n.

2.3.2 Multiplication

The exponential form makes it easy to do multiplication and division. If z; =

riexp(if;) and zy = ryexp(ifs) then

Z1%9 = T1T9 €XP (2(91 + 82)) . (107)

So when multiplying complex numbers the moduli are multiplied together and

the arguments are added.

2.3.3 Division

We looked at division previously and this now becomes

<z T .
= = 7, exp(ilfy = 6:]) . (108)
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Z]ZZ
6,+6,

iz

Figure 35: Geometrical interpretation of (a) multiplication of z; and 2,; (b) multiplication

by ¢ and complex conjugation.

So when dividing complex numbers the moduli are divided and the arguments

are subtracted.

2.3.4 Geometric manifestations

A geometrical interpretation of multiplication of z; by 25 corresponds to rotation
of z; by the argument of z, and a scaling of 2;'s modulus by |z;|. Note the
special case of multiplication by i corresponds simply to rotation by 90° anti-
clockwise. Taking the complex conjugate of z corresponds to reflection in the

T axis.

2.3.5 New expressions for cos and sin

Taking the complex conjugate of ({105)) yields

exp(—i#) = cos@ —isinf , (109)
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and adding ((105]) to (109)) gets us

cosf = %( Yy e_i9> : (110)

Similarly, subtracting (109)) from ({105]) gives an expression for sin

sinf = %(ew — e_w) : (111)

2.3.6 Fundamental Theorem of Algebra

We state the fundamental theorem of algebra without proof. The polynomial

equation of degree n (a positive integer)

a2 + an_12  +..+az+ayg=0, a, #0. (112)

has n complex roots for any possible (complex) coefficients ag, a1, ...a,,.

2.3.7 Roots of unity

We want to solve the equation
Z=1, (113)

where n is an integer. One root is z = 1, of course, but (113)) is a polynomial

equation of degree n, so we expect n roots!

The way to grab these is to use the complex exponential notation and allow for

degeneracy in the complex argument.

e We recognise that 1 is a complex number with modulus 1 and argument

0 + 27m, for m an integer:

2" =1=exp(2rim) m=0,1,2,..... . (114)
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m=n—1

Figure 36: The roots of 2" = 1 in the complex plane, given by (116)). The angle o = 27 /n.
e then take the nth root of both sides

z =exp(2mim/n) m=0,1,2,... . (115)

However, the root with m = n is z = exp(27i) = 1, which is the same as the
root with m = 0, so the n distinct roots of equation (113)) are

z=exp(2mrim/n) m=0,1,2,.n—1. (116)

2mi[n n—1

Alternatively, we can write w = € , and the n roots are 1, w, w2, e, W
These roots are distributed around the unit circle (with radius 1 centred on the

origin) at regular angles of 27 /n.

Example 2.5 Solve 2% =20,

25:22':26Xp<ig+2i7rn), n=012,...
_21/5 s N 29mn
z=2""exp | iqg F
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Note that when n = 5 we repeat the root for n = 0, etc. So five roots are:

1/5 i) 1/5 (.E)_ 1/5.
2 exp(zlo, 27 exp iy =21,

1/5 T 1/5 137 1/5 17w
2 exp(zlo), 2 exp(zm) 2 eXp(zlo

2.4 De Moivre’s Theorem

We can use the exponential form of a complex number to derive a very useful

result for obtaining trigonometric identities.

First, recall

e’ = cos +isind . (117)
We can replace 6 by nf and write

"’ = cosnf +isinnd . (118)
Also, we know that

einﬁ _ [eiﬂ]n . (119)

Combining these results yields

cosnf +isinnb = (cosf + isinf)" . (120)

This is called De Moivre’s Theorem. Note that n does not have to be an integer.

De Moivre's Theorem, and the complex exponential more generally, are very
useful indeed for working out expressions for multiple angle formulae, such as

for cos 460 and sin 460 in terms of powers of cos# and sin @, and vice versa.
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For instance, rewriting cos in terms of complex exponentials:

(1) [exp(i6) + exp(=i) T’
é [exp(3i0) + 3exp(if) + 3exp(—if) + exp(—3i0)]
% (2cos360 + 6cosb)

_ 3
= 400839+ 4008(9.

3
cos” O

(121)

Another application is to work out sums of trigonometric functions.
For example, if we wish to sum the series

N

Z cosrl ,

r=0

then the thing to do is to write

Z cosrf = R |:Z exp(z'r@):| : (122)

r=0 r=0

The series

N

Z exp(ird)

r=0

is actually a geometric progression with first term 1 and common ratio exp(if),
for which we can write down the answer, and then the cosine series we want

follows by taking the real part. We do this in detail in Example 2.7.

Example 2.6 Use De Moivre's Theorem to find expressions for cos 46 and sin 46.

cos4f + isin46 = (cosf + isin 9)4,
= cos 0 —6cos fsin’ 6§ + sin” 0

+ 44 0083 @sinf — 41 cos b sin3 g.
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Take real part of the equation:

cos4f = cos' 6 — 6cos” Osin’ 0 + sin” 0,
= cos' f — 6 cos” 0(1 - cos” 0) + (1 - cos” 9)2,

=8cos 0 —8cos 0 + 1.
Take imaginary part:

sin46 = 4 cos’ O sin 6 — 4 cos §sin” 6

Example 2.7 Evaluate ¥ i cos k6.

First note that Y i cosk = Re Y i, exp(ikd). So what we have is a finite
geometric sum: first term is 1, the common ratio is exp(if). We can then use

the formula for the geometric sum:

N .
Z exp(ik0) = Lo iXp[Z(N.+ 1)0]7
= — exp(if)
1 —exp[i(N +1)0] 1—exp(—if)
T 1-exp(i)  1-exp(—if)’
_ 1 —exp(if) — exp[i(N +1)0] + exp(iNO)
B 2 —2cosf '

Take the real part:

J 1 —cosf —cos(N + 1)8 + cos N0
Zcos(k@) = :
= 2(1 = cosf)

1  cosNO—cos(N +1)0

2" 2(1 — cosB)
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2.5 Complex logarithms
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Having discussed the complex exponential, the obvious thing to do next is to

consider the inverse function, i.e. the complex natural logarithm Inz. We first

write z in the exponential form z = |z| exp(z0), and then:

In(|z] exp(i6))
In(|z|) + In(exp(if))
In(|z|) + 0

Inz

(123)

Of course, as we have already noted, the argument @ of z is really multi-valued,

in the sense that we can add any integer multiple of 27 onto 6 without changing

the value of z. This means that Inz is a multi-valued function.

Often the principal value of Inz is defined by choosing just one of these possible

values of 6, and the usual convention with Inz is to choose —7 < 6 < 7.

As an example, we work out In(2i). First,
2i = 2exp(im /2 + 2nmi) forn =0,+1,%2, ...,
and then using ([123)) we see that

In(27) =In2 + 14 (g + 27m) :

Example 2.8 Re-express 2" and 7.

2" = [exp(In 2)]7 = [exp(In2 + 27rz'n):|i = exp(—27mn) exp(iln 2),

Taking n = 0 gives us the principal value exp(i1n2).

(124)

(125)

n=0,12,...
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i' = [exp(im )2 + 2min)]’ = exp(—7/2) exp(—=27n), n=0,12....

Again setting n = 0 yields the nice principal value e /%

2.6 Oscillation problems

Complex numbers are especially useful in problems which involve oscillatory or
periodic motion, such as when describing the motion of a simple pendulum,

alternating electrical circuits, or any sort of wave motion in air and water.

To be specific, let us consider a simple pendulum swinging under gravity with

angular frequency w.

The angular displacement, x(t), of the pendulum about the vertical then takes

the general form
z(t) = acoswt + bsinwt | (126)

where a and b are real constants.

Using complex numbers we can write this as
x(t) = R[Aexp(iwt)] , (127)

where A is a complex constant. In fact, by comparing (126)) and ((127)) we find
that

A=a—ib. (128)

The big advantage of the complex representation ((127)) is that differentiation is

very easy. For example, the velocity v(t) is given by

v(t) = i—f = %%[Aexp(iwt)] = R[iwAexp(iwt)] . (129)

In other words, to differentiate we simply multiply by iw. This idea leads to

various transform methods of solving differential equations.
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Example 2.9 A particle of mass m hangs from a metal spring with spring constant

k. A driving force F' = F,cos(wt) is applied to the particle. Assuming the
particle's vertical displacement z(t) obeys the differential equation (Newton's
second law):
4’z
m—s + kz = F,
dt
determine the amplitude of the resulting oscillation.

First assume a solution of the form z = R[Aexp(iwt)], for some (possibly
complex) amplitude A yet to be determined, and then re-express the forcing as
F = R[Fyexp(iwt)]. The differential equation is then transformed into the

real part of the algebraic equation
(—mw2 + k) Aexp(iwt) = Fyexp(iwt),

and we solve for A directly:

assuming that w # y/k/m (no resonance). Being real the particle oscillation is

in phase with the forcing.
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3 Hyperbolic Functions

So far you've met a small number of important and commonly used functions,
such as sin(x), cos(x), tan(x), exp(x), and In(x). But there is, in fact, an
entire zoo of interesting functions that emerge when solving various physical
problems (Bessel functions, spherical harmonics, hypergeometric functions, el-
liptic integrals, etc.). In this section, we will introduce a class of new functions,
that are related to the usual circular functions (cos, sin, tan). These are the

hyperbolic functions.

3.1 Definitions

The hyperbolic functions are denoted and defined through:

coshzx = % (e"+e™"),
sinhx = % (e"=¢e™"), o (130)
tanhz = sinhx/coshz = S=—.

and are pronounced ‘cosh’, ‘shine’, and ‘tansh’. In the same way as with circular

trigonometric functions, we also define

sechzx = 1/coshx
cosechz = 1/sinhx (131)
cothx = 1/tanhzx .

There is in fact a very close relationship between circular and hyperbolic trigono-

metric functions that involves complex numbers. Recall equation ([110)),

Cos z = %( Z'Z+e_iz) .

Now consider

cos(iz) =

(e_z + ez) ,

N —

[exp(iQZ) + exp(—z'zz)] =

N —
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and comparing this result to equation ({130)) tells us that

cos(iz) = cosh z . (132)

Similarly, recalling equation ([111)) we see that

siniz = 2% [exp(iZZ) - exp(—iQZ]) = 2% (e_z - ez)
i
2

so that

sin(iz) = ¢sinh z . (133)

Dividing (133)) by (132) gives

tan(iz) = itanh z . (134)

3.2 Identities

All the identities we know for circular trigonometric functions can be converted

to corresponding identities for hyperbolic functions.

For example, consider cos’z +sin’z = 1. For hyperbolic functions, take
1 1
cosh’z — sinh’z = 1 [exp(z) + exp(—2)]" - 1 [exp(z) — exp(—2) ]
1 1
= 7 [exp(2x) + exp(—2x) + 2] — 1 [exp(2x) + exp(—2z) — 2]
1
= Z (4) ’

so that

cosh’z —sinh’z = 1. (135)

Note the different sign compared to the classical trig relationship!
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To derive multi-angle formulas we exploit the relationships between ‘cosh’ and

‘cos’ etc. For instance, start with the trigonometric identity

cos(A+ B) =cos Acos B—sin Asin B .

This identity is actually true for all compler A and B, not just real values, so

we could equally well have

cos(iA +iB) = cosiAcosiB — siniAsiniB ,

and then using (132)) & ((133]) we find that

cos(iA + iB) = cosh(A + B) = cosh Acosh B — i* sinh Asinh B |

so that

Here are some more identities:

cosh(A + B) = cosh Acosh B + sinh Asinh B|.

sinh(A + B) = sinh Acosh B + sinh B cosh A
sinh(A — B) = sinh Acosh B — sinh B cosh A
cosh(A— B) = cosh Acosh B —sinh Asinh B .
1 —tanh®z = sech’z
coth’2 =1 = cosech’z

Example 3.1 Find an identity for tanh(A + B).

(136)
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sinh(A + B)
cosh(A + B)’
sin(iA +iB)
icos(iA+iB)’
sin(iA) cos(iB) + cos(iA) sin(iB)
i[cos(iA) cos(iB) — sin(iA) sin(iB)]’
1 sinh A cosh B + i cosh Asinh B
i(cosh A cosh B — i? sinh Asinh B)’
sinh A cosh B + cosh Asinh B

cosh A cosh B + sinh Asinh B’
tanh A + tanh B

1 + tanh A tanh B’

tanh(A + B)

where in the last line we divided both numerator and denominator by cosh A cosh B.

3.3 Graphs of hyperbolic functions

When sketching the functions, note the following:

cosh0 =1, sinh0 = tanh0 = 0.

e The graph of coshx is symmetric about x = 0, i.e. coshz = cosh(—-x),

while sinh x and tanh x are antisymmetric,

e As x approaches infinity through positive values, y = coshz and y = sinhx
approach the same curve %exp(x). This is because as x gets bigger exp(—x)

is much less than exp(x),

e As z gets more and more negative, the term exp(—x) dominates. Hence

sinh x approaches —%exp(—x), and cosh x approaches %exp(—x)

e The previous two points explain why tanhxz — +1 as x — +00.
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10 T T

-10 / 1 1 1 1

T
tanh x

0.5 | 1

-0.5 | 1

Figure 38: Plot of tanhz. This is often used to represent a smooth step function.

e Note that coshz =1 and —1 < tanhx < 1 for all real z.
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3.4 Inverse hyperbolic functions

Having defined the hyperbolic functions, we now want to introduce their in-

verses. Consider first the inverse of sinh x, denoted
. =1
y =sinh o,
which means
sinhy = x . (137)

Using the definition of sinh gives

% (ey — e_y) =x, (138)

and multiplying through by 2¢” gives

e — 2z’ —1=0, (139)

a quadratic equation in expy. The solutions are
e/ =r+Vat+1. (140)

Of these two roots, the one with the minus sign is negative, and must be thrown

away (the exponential of a real number can never be negative).

Taking the log of the remaining root yields

y=sinh_1x51n<x+\/x2+1) . (141)

To obtain inverse cosh, set y = cosh_laz, and after almost the same algebra,

we arrive at the equation

e? —27e’ +1=0, (142)

with the two roots

e/ =x+Val-1. (143)
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Both roots are positive, so both must be kept.

Taking logs
y = cosh™ x = ln(x + Va? - 1) ,
our answer.

But the + can be brought outside the log. First note that

1
r—Va?-1-= : (144)

T + 21

so that

1mx—%§fb:h{x+é%t7}:4mx+dﬁt7y

We are therefore finally left with the answer

Yy = cosh 'z = +In (:1: +Va? - 1) : (145)

Obviously, cosh™" is not defined when z < 1. That is because cosh(z) = 1.

The reason that the inverse cosh is multivalued (i.e. possesses the *) is that
cosh is symmetric (cosh x = cosh(—x)). So for every possible value of 3 on the

y = cosh x curve there is a positive and a negative value of x.

Example 3.2 Find an identity for tanh™ z.

: - 2
sinhy e’—e? e¥-1

coshy e/ +e ¥ W41

xr =tanhy =

2y

We now solve this equation for ¢™. Rearranging we get

(e +1) =Y -1,

—>€2y(37—1) = -z -1,

Qy_1+$

— e s

1l—2
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Figure 39: Plot of (a) y = coshz and (b) y = cosh™ z.

and so finally:

-1 1 1+
y = tanh x—§ln(1_x).

Example 3.3 Find all the roots of cosz = 2.

Obviously we are dealing with a complex root, because cos takes values between

-1 and 1 for real arguments. Let z = x + iy, and so

cos(x + iy) = cosx cos(iy) — sin x sin(iy) = 2,

— cosx coshy — ¢sinzsinhy = 2.
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Take the real and imaginary parts
cosxcoshy = 2, —sinzsinhy = 0,

respectively. Let us solve the imaginary (second) part first. There are two

possibilities:

1. sinhy = 0, and so y = 0. Returning then to the real part of our original
equation we have cosx = 2, which is impossible because x has to be real.

So this branch is no good.

2. sinx =0, and so z = nm, forn =0,1,2,.... Let us take n odd and go to
the real part of the original equation, which becomes — coshy = 2. But then
there are no real solutions for y (and y has to be real). So this is no good

either.

Let us finally take n even. The real part of the equation is now coshy = 2,
which can be solved, and so y = cosh™ 2=+ In(2 + V3).

In summary there are an infinite number of complex solutions to the equation:

z=2mm +iln(2 + V3), m=0,1,2,...

3.5 Circles, ellipses, and hyperbolae
3.5.1 Circles

As you all know, a circle in the zy plane with centre at the origin and with

radius a has equation:
2
©+yl=a. (146)
But the curve can also be represented parametrically via

x = acosb, y = asiné, (147)
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where @ is the polar angle.

3.5.2 Ellipses

One way to generate an ellipse is to take a circle and then stretch one or both

of the x and y axes. We then obtain the equation of the ellipse:

[\)

2

y _
2'|‘?—17

z— (148)

where now a is called the semi-major axis, and b is the semi-minor axis. An
ellipse need not have its semi-major and semi-minor axes aligned with the x and

y axes, but in the canonical form above this is the case.

The curve has the parametric representation:
xr = acosb, y = bsind, (149)

where again 6 is the polar angle.

An important quantity is the eccentricity e = /1 — b*/a?, which measures the

degree of the ellipse’s ‘distortion’.

3.5.3 Hyperbolae

The equation of a hyperbola centred on the origin and aligned with the x and

Y axes is

[\

2
r Yy

——-==1 150
a> b (150)
Its parametric representation is

x = tacoshé, y = bsinh 0, (151)
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Figure 40: An ellipse with semi-major axis of a = 3 and semi-minor axis of b = 2.
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Figure 41: A hyperbola with semi-major axis of a = 3 and semi-minor axis of b = 2.
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4 Differentiation

Rates of change, usually with respect to time and space, underpin so many of
our scientific theories of the world. They regularly appear in the governing dif-
ferential equations of a theory. There are almost too many examples to list, but
prominent equations include: Newton's second law (dynamics), Schroedinger's
equation (quantum mechanics), Einstein's field equations (general relativity),
the Navier-Stokes equation (fluid dynamics), the Malthus and logistic models
(population growth), Fisher's equation (gene propagation), and chemical reac-

tion kinetics (chemistry).

In this part of the course we revise the basics of differentiation, which provides
the mathematical foundations of change. We focus only on functions of a single

variable.

4.1 First Principles

The derivative of a function y(z) at a given point x will be denoted dy/dx and

is defined by the limiting process:

dy _ y y(x +oz) —y(x)
— = 1IN .

dx  52-0 ox (152)

Geometrically, the derivative is the gradient of the tangent line to the curve
given by y(z) at the point z. The tangent line has a slope such that it only

just touches the curve at this point.

Example: differentiate y = 2” from first principles:

(x + 5m)3 = 2" + 32707 + 3x(5m)2 + (595)3

32707 + 31‘(53:)2 + (51‘)3 : (153)

y(x + ox)
y(z + 0z) — y(x)
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) ()

}y(xﬂ%c) )

\4
y

X x +ox x

Figure 42: The derivative understood as the gradient of a secant in the limit of its two

points merging.

Now

y(z + dx) — y(x)
ox

= 32" + 3x(dx) + (62)° .

Take the limit 6= — 0 and the second and third terms on the right disappear,
so that

e+ 6n) (o) _

2
dx — 6250 ox ’

3z (154)

4.1.1 Differentiability

Functions are not necessarily differentiable everywhere.

Example 1: consider the Heaviside step function H(x), defined so that
H(xz) = 0 for x < 0 and H(z) = 1 for x = 0. What is its derivative at
x =07

If we approach the limit in the definition of the derivative from negative values
of dx, then [y(0) — y(dx)]/dx = 1/éx, which diverges as dx — 0. So the
derivative at z = 0 using cannot exist.
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This is an example of a discontinuous function; such functions are not differen-
tiable at their discontinuities.

Example 2: consider the absolute value function y(x) = |z|, which is contin-
uous but not smooth at = = 0.

At x = 0, using the formal definition of the derivative, we obtain d|z|/dx = 1
if we approach the limit from above z = 0 (positive 6z), and d|z|/dx = —1
if we approach the limit from below x = 0 (negative dx). We conclude that
the derivative is not well-defined, as it depends on which direction you take the
limit.

For a function y(z) to be differentiable at a point z, the function must be both

continuous and smooth.

4.1.2 Higher order derivatives

The derivative dy/dx is a function of x, so we can differentiate it again (as-
suming it is smooth and continuous). This is the second derivative, which is
denoted by

Iy d
e 1)

It measures the rate of change of the slope, i.e. its curvature.

The notation for going further and taking the nth derivative is

dny _ d dn—ly
o = (dx”_l) . (156)
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So, for the example with y = :1:'3, we have

d_a:g = 33:2
2 dBI 72
d(f;;) - d(gi) = 6a, (157)
&’(2)  d(6z) _ .
dx3 dx ’
d'(z”) _ de) _
dz? dx ’

where all derivatives of higher order than the fourth are zero.

4.1.3 Alternative notations

The dy/dx notation for the derivative of y(x) was proposed by Leibniz. How-

ever, Newton originally had a more compact notation using dots (or primes):

) =@ or ! = @
Y dx Y dzx’
dz? dr?

For higher order derivatives it can be unwieldy to employ dots and dashes.

Generally we use the more compact notation for the n™ derivative

mey_dY

Note that some people use Roman numerals with this convention, so that
d'yldx = y"(2) and d°y/dz’ = " ().

4.2 Derivatives of elementary functions

Little progress is possible in calculus without knowing the basic derivatives of
elementary functions, including powers of x, trigonometric, exponential and

logarithmic functions.
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You should have the following on automatic recall:

=xn — @znxn—l
Y dr )
dy
o=z a4y _
y=e = dil’,' €,
d 1
y=Inz = %:E’
d
y:Sjnx = % =COosT,
d
Y =Cosx = % = —Sil'll',
d 1
y = tanx = Y -

dr  cos’xz
You may not be as familiar with the derivatives of the hyperbolic functions

introduced in Section 3:

dy
= sinh =2 = cosh
y = sinhx = 7 = coshz,
d
y = coshz = % = sinh z,
d 1
y = tanhz = -

dr ~ cosh’z
However, these are easy to derive using the definitions of the hyperbolic func-
tions. For example, differentiating sinh x we get
d sinh d |1, . —; |
21;1 . %[5(6 —e )} =§(e + e )=cosh:z:.

The hyperbolic and trigonometric cases are similar, but note the sign difference

between the derivatives of cosh x and cos x.

4.3 Rules for differentiation
4.3.1 The product rule

Sometimes we are given a product of functions in the form

y(z) = u(z)o(z) , (158)



4 DIFFERENTIATION

99

where we know how to differentiate the factors u(xz) and v(x) individually.

The rule for differentiating this product of functions is the following:

d(uv)
dx

du

dx

= —v+u

dv

dx

(159)

This result can be produced from first principles relatively quickly:

y(z +6z) — y(x)

ox

u(z + ox)v(x + o0x) — u(x)v(x)

ox

u(z + ox)v(x + ox) — u(x)v(x + ox)

|

ox

u(x + ox) — u(x)

ox

}v(m + ox) +55(x) [

We now take the limit dx — 0 and get the result.

Example 4.1 Differentiate y = Inx sin x.

First set w = Inx and v = sinx. Then:

d(lnzsinz) dlnz .

sinxz + Inxz

dx

dx

4.3.2 The chain rule

dsin x

Sin &
+Inz

dx

+u(a:)v(:v + 0x) — u(x)v(x)

v(z +0x) —v(x)

ox

COS T.

Often we are given complicated expressions in which we have a function y =

f(u) with u = u(x) itself being a function of = (e.g. y = f(u) = sinu and

u(z) = 2°, so that y = sin x2). The method for differentiating a ‘function of a

function’ is called the chain rule and is given by

dz

A(f(u(x)) _ df du
du dx

(160)

|
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We can understand why this rule arises by writing

flu(z +62)) - flu(z)) _ [f(U(fH&C)) —f(U(:U))MU(x+5a?) —U(x)} |

0x u(x + 0x) — u(x) oz

(161)

Next write du = u(x + 0x) — u(x), i.e. the accompanying small change in the

function u due to the small change éx in x.

We then have:

flu(z +62)) - flu(z)) _ [f(U+5U) —f(U)][U($+5x) —U(x)} |

ox ou ox
(162)

and we now take the limit 0 — 0 (so that necessarily du — 0 as well). The

first factor becomes df /du and the second factor du/dx.

Example 4.2 Differentiate sin 2 and In(cos ) with respect to z.

So we can write f(u) = sinu where u = 2°, and we want to find df [dx. First

off, we have

df du 5

Iy = o8 U, o = 2T
The using the chain rule we have:

df df du _ 9

% = @% = (COS.% )2.7).

Okay, for the second problem, let us set now f(u) = Inu and u = cosz. We

note:
df 1 du
% = a, % = —Ssmmux,
thus y .
J (—sinx) = —tanx.

dr ~ cosxT
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4.3.3 The quotient rule

We have already seen how to differentiate the product uv, now we consider the

quotient u/v. In this case, we can find the derivative from the formula:

d (E) _ v(du/dz) — u(dv/dx) (163)

dx \v fU2

This result comes about via the product and chain rules. First, write the quotient

u/v as the product

S =ux (%) . (164)
Now differentiate ({164 using the product rule to give

%(%) =%x(%)+u%(%) . (165)
Next use the chain rule to calculate

d (1 d (1)dv 1 dv

Finally substitute this result back into ((165]) to find

d (u>_ldu u dv

w\v) vl T pd (167)

, 2
and group terms over the common denominator v,

Example 4.3 Differentiate (sinz)/x with respect to x.

dx €x 2 2

d (sin:c) _ xd(sinz)/dr — sinxz(dr/dr) xcosz —sinx
x x
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4.3.4 Implicit differentiation

It is also possible to find the derivative of y with respect to x from an equation

of the form

9(y) = f(x), (168)

where g and f are given functions. For example: e’ cosy = x cosz. Here, the
exact dependence of y on x may not be known explicitly at all. Rather, it is
implicit.

Using the chain rule:

dg(y) _ dg(y)dy

de ~ dy dz’ (169)
so that differentiating ({168)) with respect to = we have
dg(y)dy _ df
Qy dr " dr (170)
Rearranging, we find that
dy df/dx
= -— = . 171

An important special case gives the ‘reciprocal rule’. Suppose we want to
differentiate y(x) but only know the derivative of its inverse function z(y), i.e.
dzx [dy.

Okay, set f(x) =z in (L68)), so now x = g(y). Then we have immediately

dy 1
dz ~ dz/dy|

(172)

Example 4.4 Find the derivative of y = tan~' z with respect to x.
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Let us write z = tany and then take the y derivative:

dxr dtan
d_y: dyy=sec2y=1+tan2y:1+x2.
But the reciprocal rule says:
dy 1 1

dw ~ dx [ dy "1t
So dtan™ z/dz = 1/(1 + 2°).

Example 4.5 A circle has equation y2 =9—(x - 1)2. Find the gradient.

We want to find an expression for dy/dxz. The equation for a circle is of the
form g(y) = f(z), with g = y* and f = 9— (z—1)°. The implicit differentiation
law gives us

@zdf/dxz—Q(x—l)z_i_ (x —1)

dr  dg/dy 2y _\/9—(x—1)2'

Example 4.6 [2006 paper 2, Question 1A]. If

. -1 x
Yy = sin ( )
V1 + 22

find dy/dx as a function of x.

First write siny = 2/V1 + 22, which is in the form g(y) = f(«) and use the
implicit differentiation formula. We have dg/dy = cosy. We also have, using

the quotient rule:

df d oz  V1+2*(de/dx) - (dV1+2?/dx)x

dr ~dv 14,2 1+ 22
_Vi+a®-[x(l +£C2)_1/2:|5U
- 1+ 22 ’
1

(14 a2)?
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f(a)

Figure 43: Example curve demonstrating the mean value theorem

Putting the two results together:
dy df/dr _ 1

dr — dg/dy cosy(1 + 22)3/?

It would be nice to have the RHS in terms of x only. To do this, note

2
x 1
cosy = \1—siny=1\/1-

L+2° V1422
If we put this into our formula for dy/dx, we get simply:
dy 1
dv 1+ 22

4.4 The mean value theorem

One of the most useful, and intuitive, of the major results in real calculus is the

mean value theorem. Consider a continuous curve given by y = f(x) defined
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on the interval a < x < b. The theorem states that there exists at least one

point = = £ in this interval so that

fio = L) (173

In other words, at some point & the curve has the same slope as the line joining

the two endpoints of the curve.

4.5 Stationary points

A stationary point (also called a ‘turning point’) of the curve y = f(z) is a

point where dy/dxz = 0.

Stationary points can be classified using the following rules:

e If d°y/dz” > 0 at the stationary point, then it is a minimum.
This is because at a minimum the gradient increases through the turning
point.
e If d°y/daz” < 0 at the stationary point, then it is a maximum.
This is because at a maximum the gradient decreases through the turning
point.
o If de/dx2 = ( at the stationary point, then further investigation is required:
1. if the first nonzero derivative d"y/dz" # 0 has n odd, then the stationary
point is a point of inflection,;

2. If the first nonzero derivative d"y/dz" # 0 has n even and it is positive,

then the stationary point is a minimum;

3. If the first nonzero derivative d"y/dx" # 0 has n even and it is negative,

then the stationary point is a maximum.
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Figure 44: Graphs of y = z° and Y= 2.

As examples, consider y = 2° and Yy = z*. Both have a stationary point at
x = 0 with

dy _ &y _

a_da@_o‘

For y = 2°, the point x = 0 is a point of inflection because

d3 3
;ﬂ)=6¢o. (174)
X

For y = =, this is a minimum because the first non-zero derivative is even and

positive,

d'z’

T =24>0. (175)
4.5.1 More on points of inflection
An inflection point is where d’y/dz” = 0 and also d*y/dx” changes sign.

e |t is where the curve changes from being concave up to concave down or vice

VErsa.

e It need not be a stationary point (i.e. where dy/dx = 0).



4 DIFFERENTIATION 107

Concave Up, Decreasing Concave Up, Increasing
'\\.K ._f-l-
AN Iy

/

\ "\\.\ .J"-I-'f
Concave Down, Decreasing Concave Down, Increasing
~ #K -
et . \\ - ~
., /

5, Iy

Figure 45: Concave up and concave down functions

e If dy/dx > 0 at the inflection point it is a ‘rising point of inflection’; if
dy/dx < 0 it is a ‘falling point of inflection’.

e Between an adjacent maximum and a minimum there must be a point of

inflection.

4.6 Curve sketching

Basic curve sketching techniques are very useful for detemining the main features
of the overall shape of a function y = f(x). It means we can understand the
behaviour of the function without the need to compute it everywhere. In other

words, we can get a qualitative idea of what it is about.

When sketching curves there are a number of things to consider:

1. Where does the curve intercept the x and y axes — i.e. what is the value of
f(0) and what are solutions for f(x) = 07?
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2. Is there any symmetry? |Is the function even, f(x) = f(—=x), or is the
function odd, f(x) = —f(—x)?

3. What are the asymptotes? In other words, what is the behaviour as x —

+00 or at any boundaries?

4. Are there any singularities, that is, points where the function becomes

infinite? These create vertical asymptotes about the singular point.

5. What are the stationary points (i.e. where does dy/dxz = 0)? What is their

nature — minimum, maximum or point of inflection?

The following examples illustrate important aspects of curve sketching tech-

niques.

Example 4.7 Sketch y = exp x — sin z.

e Intercepts of the = axis are difficult to explicitly calculate: we need to solve
expx = sinx. However, graphically we can see that there are an infinite

number of solutions, but only for x < 0.

-20 -18 -16 14 12 -10 -8 -6 -4 -2 0

Lo 4 v ow s
T

Figure 46: Graphs of y = ¢ and y = sinz. The points at which they intercept give us

. T . .
the locations where y = e” — sinx crosses the x axis.

On the other hand, the curve cuts the y axis at y = exp(0) — sin(0) = 1.

e What about when £ — +007 Algebraically, we can see that as © — —o0

then y approaches —sin z. But when z — 00, we see that y — €.
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e What about stationary points? We see that dy/dz = " — cosz = 0 also
yields an infinite number of solutions with = < 0. Graphically we see that
there is a turning point at z = 0. Is the = = 0 turning point a max or min?

Well, we have d2y/algc2 = ¢" +sinx which is = 1 at 2 = 0, and so this turning

point is a minimum.

~__~ . ~_7 ~.__~

-20 -15 -10 -5 0

- SIS
T

Figure 47: Graph of y = ¢" —sin .

e We probably have enough information to sketch out the curve. Joining up

—sinx and €* with a minimum at 2 = 0.
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Example 4.8 Sketch y = thx Show that e" > 7°.

e The z axis intercept can be gleaned from y = Inxz/x = 0, and there is only
one: x = 1. The curve cannot cross the y axis because of the Inx and the
2 in the denominator. And, in fact, the function is not even defined when

x < 0.

e Asymptotic behaviour? Clearly as z — 0, y = —o0. And when z — o0 the

denominator in y defeats the numerator and y — 0 from above.

e What about stationary points? Differentiating, we have

dy _az(dlnz/dr) —Inz(dr/dr) 1-Inx
dr 2 -T2

We have turning points wherever dy/dxz = 0, i.e. when Inz = 1 which yields

x = e, with y = 1/e. So just one turning point.

Is it a max or min? We could look at the second derivative, but that would
create more algebra. We do know that y - —oo0 as x — 0, and we know
that y — 0 as x — oo from above, therefore the turning point inbetween

these limits must be a maximum.

e We probably have enough to sketch out the curve now:

Let us derive this interesting inequality. We know that y(xz) < y(e) for all
x > 0. So let us consider the point z = . We then have y(7) < y(e), which

becomes
Int Ilne 1

_<_:_

I e e’
We rearrange this into eln7 < 7 and then In 7" < 7. Take the exponential of

both sides and we get

as desired.
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0.5 r

-05

15

Figure 48: Graph of y = Inx/z.

5 Integration

Integration is the reverse of differentiation; hence the study of calculus necessi-

tates understanding one and the other.

But quite separately, integration is essential for a myriad of physical processes,

involving areas, volumes, averaging, and correlations.

Integral equations (as opposed to differential equations) underpin applications
as diverse as population dynamics (Volterra's equation), propagation of fish in

a lake, viscoelasticity, electro and magneto-statics, and wave-scattering.

We can think of integration in two ways:

First, we have the definite integral over some interval bounded by the points

x = a and b:

b
[ swyar. (176)

This can be understood as the area (a) under the curve y = f(z) and above

the z-axis in the xy-plane and (b) bounded between the vertical lines = a and
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y=f(x)
y / i
foi )t ) §
f(x])// i
a i &1 E"l—] i ng i+1 E‘j\/-ﬂb X
1 % Xit1 N

Figure 49: Approximation of the definite integral Jf f(x) dz.

r =b.

Second, we have the indefinite integral which is expressed without bounds as

Jf(sc)dsc. (177)

This can be regarded as the inverse operation to differentiation or the ‘an-

tiderivative’', and it yields another function F'(x).

5.1 Integration as area

Consider the curve y = f(z) in the range a < x < b. We can approximate
the area under the curve by dividing the range up into N small subintervals of

length dx, with

b—
dx = Na : (178)
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so that the end points of the intervals are &, &, .., &y with

S = a

& = a+ox

’ | (179)

& = a+idx

v = b
We then choose N points x1, 9, ...., x5, one lying in each of the subintervals,
so that

§ii1 <@ <& (180)

We next construct a rectangle on each subinterval, of length dx and height
f(x;). The area of one rectangle is dxf(x;), and hence the total area of all the

rectangles is

S = 2595]“(:1:2) : (181)

The idea now is to take the limit 0= — 0, so that the length of each subinterval
goes to zero while the number of subintervals goes to infinity (N = (b—a)/dx —
00).

The integral (if it exists) is then defined as

ox—0

be(x) dz = lim S, (182)

and it corresponds to the area between the curve y = f(x) and the x axis in

the range a < = < 0.

5.1.1 Integrability

For a given function f(x), the integral (182) may not be well-defined on a <

x < b. Determining whether f(x) is integrable can be a complicated issue, but
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if the function is continuous and bounded on the finite interval then we can be
sure the integral converges. Note that if y = f(x) is singular in a < z < b, then

the definite integral may or may not exist.

Integrals can also have an infinite range (e.g. b — 00). Provided the integrand

converges rapidly enough then the integral can be well-defined.

5.1.2 Properties of integrals

Here are some important rules that follow from the definition ((182))

b c b
flx)dx = J f(x)dx + J f(x)dx, (interval addition)

Ja

~b a
flx)dx = — J f(x)dx, (reverse /backward integration)
b
b

Ja
~b

flx)dx < [ g(x)dz, if f(x) < g(x), (estimation).

Ja a

5.2 Integration as the inverse of differentiation
5.2.1 The fundamental theorem of calculus

Consider the function F'(x) represented by the integral on an interval from a

up to a variable x defined as

F(z) = f F(u) du (183)

We can differentiate F'(x) from first principles using the procedure set out in
section (4.1}
dF . F(x+dx) - F(x)
lim

—_— 1
dx 62 —0 ox

I Fu) du = [T F(u) du
lim
ox—0 (S.TJ

J'Jc+5x f(u) du
lim == .
0x—0 ox

(184)
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Now as dx — 0, the range of integration in the numerator gets shorter and
shorter and the integrand can be approximated as a constant over that range.

In fact, we have

JH&E f(u) du - dxf(x) as dxr —0. (185)

T

Substituting (185]) into ({184) yields

dF flx)ox

e e T 56

and we arrive at the (first) fundamental theorem of calculus:

= j F(u) du = f(x) (187)

Thus differentiation undoes integration.

5.2.2 The second fundamental theorem of calculus

What about the reverse? This is covered by the second fundamental theorem

of calculus: if we have a function F(z) with derivative F'(z), then

JbF'(x)d:c = F(b) - F(a). (188)

a

The function F'(z) is assumed to be integrable on the domain [a, b]. Thus

integration can also undo differentiation.
A sketch of the proof goes something like this. We use equation ((182)) to rewrite
the left side of ((188)) as a sum of rectangular areas as earlier,

JbF'(x)dx = lim Y 6zF'(z;), (189)

a 6z—0 p

where we are free to choose the x; that lie in each of the little subintervals,

thus &_; < x; < &, and recall that & — &;_; = dx. But on each subinterval the
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mean value theorem, equation (|173]), states that there exists a point ¢; so that

i1 < ¢ <& and

F(&) — F(&-1)
gi - fi—l .

Let us set x; = ¢; for each i. We then get

F'(Ci) =

N

b
J, Farar = pim > MF‘—MZW& F(§-)) = F(O) = (o),

where all but two of the terms in the last sum cancel out.

5.2.3 Indefinite integrals

The integrals we have presented so far are called definite integrals, because they
have definite limits (e.g., in equation[182] the lower limit is @ and the upper limit
b). Note that the value of the lower limit a in the first fundamental theorem of

calculus ([187]) has no bearing on the result, so for instance

%;:fWMm=f®) (190)

as well.

It follows that there are an infinite number of different functions F(xz) =
J':U f(x)dx that we can differentiate with respect to x to give f(x), and they
all differ from each other only by an arbitrary additive constant. They are called

antiderivatives.

The family of antiderivatives of f(x) can be represented by an integral without
specific limits [ f(z)dz, called the indefinite integral. The upper limit is
understood to be x, and the lower limit is suppressed as it is understood to

contribute to the arbitrary additive constant mentioned above.
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5.3 Methods of integration

117

We will now review a whole series of common tricks and methods for evaluating

indefinite integrals.

5.3.1 Reversal of differentiation

This is the simplest case, in which the integral can be done by inspection through

prior knowledge of the appropriate derivative. For example, for the elementary

functions described earlier we have the following:

d n -1 m+1 .

< =na' = [2"de=—+c(if m#-1)
dinz _ 1 1 -

W " = J’mdx—lnx+c

—dexzimx) = mexp(mz) = Iexp(mx) dz = —eprnmx) +c

Y

while for trigonometric and hyperbolic functions we have

dsinzx

dx

dcosx
dx

dtanz
dx

dsinhz
dx

d cosh x
dx

dx

dtanhx

= COST

—sinx

2
sec T

cosh x

sinh x

2
sech™x

= Icos:z:dx=sinac+c

= Isinscd:c=—cos:c+c
9

= Isec zdr =tanx + ¢

= Icoshscda:=sinh:v+c

= Isinhxda:=coshx+c

= Isech2:c dz = tanhz + ¢

(191)

(192)
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5.3.2 Inverse trigonometric and hyperbolic functions

To differentiate y = sinh~ ' (z/a) we first write sinhy = 2:/a. Next we differen-

tiate with respect to x

d(sinhy) 1
dx Sa
dy 1
= 1 coshy = a
dy 1
dr ~ acoshy
_ 1
ay/sinh?y + 1
1
B a’ + 22

In a similar way we can show that

d(cosh™ (z/a)) _ 1

dx 22— g2

(193)

These two results lead us to the standard integrals

dx .o, -1
J ﬁ = sinh (l’/a) +c, (194)
[ % = cosh_l(x/a) +c. (195)

The inverse hyperbolic integrals ((194)) and ((195]) should be contrasted with the

corresponding results for the trigonometric functions, e.g.

J \/% = sin”'(z/a) + c. (196)

Note that cos™ '(z/a) = 7/2 — sin~' (z/a).



5 INTEGRATION 119

5.3.3 Integrands of form [f(z)]" df/dz

The following integral can be completed directly

L@ de = U@ e (197)

when o« # —1. This is the inverse of the chain rule (160). We will give some

examples:

Example 5.1 Complete the following: (a) [ cos sin® z dz, (b) I(tanh6 z)sech’z dz,
(c) [= exp(—z°)dz.

(a)

. 4
3 rdy = 1dsmr1:d_1,4+
coswsin” vdr = | - o x=gsinxte

(b) Remember that d tanh z/dz = sech®z. Now we can do the following:

1dtanh’ 1
tanh6 €T sech2xda: I dr = = tanh7x + c.
7  dx 7

The result (197]) does not work when oo = —1, but it can be replaced by
df 1

1 7o) dr =In[f(x)] +c. (198)

Example 5.2 Complete the following: (a) J':z:/(x2 +1), (b) [tanha.

x 1dIn(z® + 1) 1 5
(Q)Jx2+1d£€— J§Td£€— §1H(ZL’ +1)+C.
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inh 1 dcosh
(b) Jtanhxd:c = J P e = J €8 xd:c',

cosh x coshxz dx

d
= J - [In(coshx)] dz,

= In(cosh z) + c.

5.3.4 Powers of trigonometric functions

Trigonometric identities are often useful. For instance, we can use the identities

cos2r = 1-2sin’z = sin’z = %[1 — cos 2x ] (199)
cos2r = 2cosx—1 = cos'x = %[1 + cos2z]
Then we can evaluate
(1
jsin4:1: der = Z(l — COS 2:1:)2 dx
s 1 9
= 1(1—26082$+COS 2x) dx
(1 1
= 1(1—20082$+§[COS4$+1]) : (200)

where the last step has been accomplished using (199)) but with = replaced by
2. Each term in the integrand of (200)) is now of an elementary form, and can

be evaluated to give

.4 1 2 . 11 .
sin x dz —|x—=sin2z+ =|-sindx+x||+c

4 2 21 4
B 3r sin2x sindx 501
- g1 tTTmote (201)

Odd powers can often be handled using the method outlined in Section 5.3.3.

For example:

3
COS T

3

. 3 . .2 : 2
[sm xdx = Jsmxsm xdx = Jsmx(l—cos x) dr = —cosz+ +c.
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(202)

Example 5.3 Complete the following: (a) Icos4x dx, (b) Itan‘r)x dx.

1 s
Jcos4 xdr = 1 (1 + cos 2x)2d:1:,
J
1( 2
=7 1+ 2cos2x + cos” 2z dx,
J
1 ( 1
=— | 1+2cos2x + =(1 + cosdx) dz,
1] 2
TR DS
g¥ T g sin2z + a5 sindr + ¢

J tan’ xdx = J tan’ z tan” x dr = f tan’ a‘:(sec2 x — 1)dz,

3 2 2
= Jtan rsec x —tanx tan” x dr,

1
- Ztan4x - Jtanx(se(z?x — 1)dxz,
1

1
= Ztan4az — §tan2:z: — In(cosx) + ¢

5.3.5 Partial fractions

Consider the integral

J Lo (203)

2+

We can make progress if we split the integrand into its partial fractions, i.e.

1 1

_ _ s
22+r z(r+1) " (204)

r+1

8| Q
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for constants o and 3. To find o and 3 we write

a B alz+1)+pr  z(a+f)+a

rT x+1 z(z +1) B o(z+1) (205)

and then comparing the numerator of the final expression in (205]) with the
integrand in (203) we see that a+ 5 = 0 and a = 1 (implying 5 = —1), so that

L1 0
c(z+1) T x+1°
The integral (203) then becomes
1 1 1
[x2+xdx= szx_Ix"'ldx
= lnx—In(z+1)+c. (207)

Example 5.4 Evaluate

J L g (208)

1—z+2%—2°

We re-express the integrand in partial fractions, first factorising the denominator:

r+1 B x+1 A Bx +C
1—x+x2—x3_(1—x)(1+x2)_1—3€+ 1+ a2’
_A+Ax2+Bx+C—Bsc2—Cx
- (1—2)(1 + 2?2)
_A+C+(B-C)z+ (A-B)’
- (1—2)(1 + 2?) ’

9

where A, B, and C are constants to be determined. In the numerators of the
left and right sides, the coefficients of 1, x, and 2% can be equated giving the

equations:
A+C=1, B-C=1, A-B=0.
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These can be solved quickly to give us A = B =1 and C = 0. We are now in

a good place to evaluate the integral:

r+1 1 x 1 P
J 3dx=J— + dr=—-In(z -=1)+;In(1 +27) +c.

l—x+22+x x—1 1+ 22

5.3.6 Trigonometric and other substitutions

Difficult integrals can often be simplified by changing variables. The trick is
to know which substitution to use! The main point is to bring the integral to
a recognised form where the integral can be done by inspection using known

results. This technique is best developed by doing lots of different examples.
Consider the exponential integral

J xe_mzda:. (209)
Think of this as

J Flu(2))d (z) da = J Fu)du= Fu)+c= Fu(z)) +c.  (210)

where F' is the anti derivative of f. Setting u = 2 and thus du = 2z dx gives

_22 1 —Uu 1 —-Uu 1 —:C2
Jxe dx = §Je du = —5¢  +const. = —ze  + const. (211)

It is important in a definite integral to also change the limits to match the new
variable u.
Commonly, one can employ substitutions of trigonometric functions. Consider

J R (212)

1+ 22

Try x = tant, so differentiating

dx _ Qt
a =sec T,
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which allows the replacement in (212))

dz = sec’t dt . (213)
In this way
1 1
J 2de’:J—28ec2tdt=J1dt, (214)
l1+x 1+ tan“t

where the last step has been accomplished simply via the identity tan’t + 1 =

2
sec't.

The integral on the right of (214)) is now very easy indeed, and we find that

1 _
[1+ 2dx=t+c=tan1x+c. (215)
T

When encountering integrands with quadratics in the denominator, we can often

complete the square in order to make the trigonometric substitutions above.

As an example, consider the following integral

J\/S+2Z——x2=I\/4_(j_1)2=j\/4_Lug> (216)

where we have substituted v = x — 1 and du = dx. Now substitute © = 2sin ¢
with du = 2 cos t dt to find

ZCostdt_t+ ¢ = sin”! r—1 N ; 517
m 5o const. = sin 5 const.  (217)

Another useful trick when dealing with integrals of awkward trigonometric func-

tions is to use the half-angle formula.

Start with the substitution
tan(z/2) =t . (218)

Then we can show that
2tan(xz/2) 2t
VI + tan®(z/2)y1 + tan?(z/2) 1+

sinz = 2sin(x/2) cos(xz/2) =
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(219)
Similarly,
2 2 2 2 1-1
cosx =2cos (z/2)-1=—F———-1= -1 = —
(2/2) sec?(x/2) 1+ tan?(z/2) 1+t
(220)
and
_sinx 2t
tanz = — = e (221)
Finally we need a way to re-express dx in terms of dt. We have
dt 1 2 X 1 2T 1 2
% = §SeC § = 5(1+tan 5) = §(1+t )
Thus
d 2 dt (222)
x = :
1+t

Example 5.5 Use the substitution ¢ = tan(x/2) to evaluate [ secx dz.

1+# 2 2
Jsecxda;=J 5 2dt=J 2dt.
1=t 1+t 1—t

We now use partial fractions to re-express the integrand. Skipping a few steps,

which you should supply,
2 2 1 1

= + .
11— (-t)(+t) 1-t 1+t

Now we can evaluate the integral:

1 1
Jsec:z:dxzj dt = —In(1—-1t) +In(1 +1¢) +c.

=t T+t
_ 1n(1+t> e ln(l +tan(a:/2)) e
1 — tan(z/2)

I
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5.3.7 Integration by parts

Integration by parts is closely related to the product rule, which we now rearrange

and then integrate between the limits a < = < b:

Jbuj—; da = J (w) 4 J —vdr. (223)

The first integral on the right hand side can be completed (using the fundamental

theorem of calculus), and we are then left with the rule for integration by

b do ’ b du
J U dz = [UUL — Ja e dz . (224)

a

parts

where

[WT = u(b)o(b) — u(a)v(a).

a

Example 5.6 Evaluate Ilnsc dz and Ixsech dx.

Jlnxdw = J—lnmd:c =zlnzx - delnxdl’,
dx

=:U1n:U—J1dx=xlnx—x+c.

dt d
J:z:secQa:das=Ja: anxdx=xtana:—J—xtanxd$,
dx dx

= rtanx — Jtanxd:ﬁ = xtanx + In(cosz) + c.
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5.3.8 Symmetry - integrating even and odd functions

When a function is described as being even or odd then this refers to its sym-

metry or antisymmetry about the y-axis. Specifically

f(=z) even function,
f(z) = —f(-z) odd function,

=
5

~—r
I

(225)

For example f(x) = cosz is an even function, f(z) = sinz is an odd function.
Note that for an odd function f(0) = —f(—0), so that f(0) = 0. Note also

that most functions are neither odd nor even!
Evenness or oddness can be important when integrating.

For instance, without doing detailed calculations we can see straight away that

w4 T
J dz=0. (226)
—r/4 1+

The reason for this is that the integrand in (226]) is an odd function of x, so
that the area under the curve for z > 0 exactly cancels out with the area under

the curve for x < 0, to give a total area of zero.

Another example, this time involving infinite limits, is

J_ ff; dr =0, (227)

because again the integrand is an odd function of .

In both cases this works because the integration interval itself is symmetric
around = = 0. If we integrated between x = 1 and = = 2 (for example) then
the integrals above would not necessarily be zero.

Of course, for even functions things are different because now the areas on

either side of x = 0 add up rather than cancel. For example,

Lo Loy
J 5 do = J T2 dz , (228)
- 0
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while

J cos x2 dx = ZJ cos :(:2 dx . (229)
—o l+x o l+=x

In (228)) the integral on the right hand side can be calculated using the substi-
tution z = tany, to give
2

1 T4t 2 /4
2 J ’ 5 d 2 J #segy dy = 2 J tan’ y dy
o 1+x o 1+tan“y 0

w/4 5
QJ (sec’y — 1) dy
0

/4 T
Q[tany — y} =2- 7 - (230)
0

Unfortunately, the integral on the right hand side in (229 requires more ad-

vanced methods beyond the scope of this course (cf. the Cauchy residue theo-

\ T/

0

rem).

()

~ /
/ N

Figure 50: Even (top) and odd functions.
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5.3.9 Reduction formulae

Reduction formulae are often used to reduce a complicated integral down to

something more manageable.

/2 . 1000
/ rdx.

. ©/2 . 10
For instance, suppose we wanted to know Io/ sin xdx or Io sin

Before tackling these individually, consider:

/2
I, = J sin”" z dz (231)
0

for n a positive integer.
The idea is to relate I, to a similar integral with a lower power of sinz. We

write

/2
Iy, = J sinzsin” ™z dz | (232)
0

and then use integration by parts (with u = sin”" ' 2 and dv/dz = sinx) to

get

/2 T2 /2
. . 2n—-1 . 2n-1 2 . 2n-2
S1n T Sin rdx = — COS X S1n x + (Qn - 1) COS I Sin x dx
0 0 0

/2
(2n—1) [ (1—sin”2)sin™ "z do
0

/2 —_— /2 .
(2n—1)J sinn_a:d:v—(Qn—l)[ sin”" z dz .
0 0
In other words, we have
Iy, = (2n = 1)15,5 = (2n — 1)1y, , (233)

or rearranging

Iy = —5 1o - (234)
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Equation ([234)) is a recurrence relation, which means we can just apply it over

and over again, so

]2n = %1271—2
(2n —1) (2n —3)
2n C 2n-—2 Lon-1
(2n—-1) (2n—3) (2n - 5)
I on=2 an—4 lm
= ... (235)

Note how the index on the integral goes down by 2 each time. If we do this

operation n times then the index of the integral goes down to zero and we end

up with
2n—=1)(2n-3)(2n—-5)... x3x 1
L - @n=DEn=3)(n-5) . 236)
(2n)(2n —2)(2n —4)... x4 x 2
The point now is that I is very easy to calculate, because
/2 0 /2
IO=[ sin xdx=J lde=mn/2, (237)
0 0

and putting ([237)) back into (236]) gives us a closed expression for Iy,.
Therefore, back to our original query, we have L;T/Q sin'’ 2 dx = (63/512)7.

(We also get [/*sin*™ zdz = 0.0396234 ... .)

Example 5.7 [2005, paper 2, question 11F]

(a) By expressing the integrand in partial fractions, evaluate

dx .

JQ 32° + 5x + 1
1 2(x+1)(z+2)

(b) Evaluate the definite integral

w/4 1
Jo 1+ cos 26 dd-
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(c) Using your results from (b), or otherwise, evaluate the definite integral

/2 1
JO 1+ sin¢ dé.
First let us rewrite the integrand in terms of several fractions:
3¢’ +52+1 A B C

a+)z+2) T z+l z+2
Az +1)(x +2) + Be(x +2) + Ca(z + 1)
- x(x+1)(x+2) ’
_(A+B+C)" + (3A+2B + C)x + 24
- z(z+1)(z+2) '

Equating the coefficients of 332, 2, and 1 on the numerators of both sides of the

equation gives us three equations for A, B, and C:
A+B+C=3, 3A+2B+C=5, 2A=1.

We see that A = 1/2 straightaway. Subtracting the first two equations from
each other gives B = 1, and then C' = 3/2 follows. Now we go to the integral
itself:

2 327+ 51+ 1 21/2 1 3/2
dr = + + dx,
1 x(z+ 1) (x+2) . T+l x+2

1 3 ?
lnhz+In(z+1)+zIn(z+2) | ,
2 2 1

1 3
§(ln2 —Inl)+In3—-In2+ §(ln4—ln3),

/32
= In ?

(b) Recall that cos26 = 2cos” 8 — 1, so our integral becomes

/4 A0 /4 d6 1 /4
J —:J —:—J secQQdG,
o 1+ cos20 0o 2cos’0 2 )y

1 a1 1
=3 [tanf]," = §tan(7r/4) =3



5 INTEGRATION 132

(c) Obviously, we would like to transform in some way sin ¢ into cos 20. Recall
that sin(7/2 — 2) = cosx, so how about the substitution:

T
= —9207
6=5—20

Then d¢/df = —2, which means d¢ = —2df. The integration limits need
changing too: from [0, /2] to [7/4, 0]. We then have

rf/? dp  (° —2d0 —QJWM o _
o l+sing  J oy l+sin(r/2-20) ~Jy 1+cos20

where the last equality comes about because of part (b).
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6 Taylor Series

You are probably already familiar with infinite series. Power series (and the
Taylor series we will be studying) are a special type of infinite series where each

term is proportional to a power of a variable z.

e They can be used to approximate values of a function f(z) near a point

r = a (say) using the derivatives of the function at that point, that is,

f(a), f'(a), f"(a) etc.

e Power series can also be used to approximate functions themselves or, more
usually, solutions to differential equations. Their advantage in solving such
equations issues from the ease with which power series can be differentiated

and integrated, since term by term they are simply powers z".

e Power series are also ubiquitous throughout numerical analysis. Every time
you press a function button on a calculator (e.g. to find sin(7/5)), you are
usually summing up a rapidly convergent power series. The series is truncated

after a few terms when the result has sufficient accuracy.

6.1 Approximating a function

We want to approximate a function f(x) near a point = a using its derivatives
at that point. Specifically, we want to find f(x+ h), where h is a small distance

from = = a.

A very crude estimate for f(x+h) can be obtained from a linear approximation:

fla+h) = f(a) +hf'(a). (238)
What we are doing here is approximating the function f(x) near the point z = a
by the tangent line at that point: f'(a) = (y — f(a))/(x — a). (See figure.)

Then we are evaluating the approximated function at z = a + h.
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YA y-f(a)=f'(x)(x-a)

y=f(x)

x=a x=a+h
Figure 51: Linear approximation (blue diamond) to f(a + h) (red diamond), using the

tangent line at x = a.

Of course, the smaller h is, then the better the approximation. But let's keep

h fixed and try and improve the approximation.

We can rewrite (238)) in a slightly different way, by setting = = a + h:

f(a) = f(a) + (x —a)f'(a) . (239)

Now we are approximating the function itself f(x) rather than its value at a
specific point.

We can do the same with f'(z):
f(2) = f(a) + (z = a)f'(a). (240)

Now we employ the (second) Fundamental Theorem of Calculus,

a+h
J £(2) de = fla+h) - f(a) | (241)
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Substitute the approximation (240)) into the left side of (241)), to give

a+h | a+h | "
[rwa s [ @ e-of @]
‘ ‘ ( B )2 a+h
~ [xf'(a) + = "(a)
I h'2 n '
< ')+ ). (242)
and putting approximation back into gives
I h2 n
fla+h) = f(a) +hf(a) + = [ (a). (243)

Equation (243)) is a second-order approximation for f(a + h) (since it involves
h squared), and it is an improvement over the first-order approximation ([238]).

Now we are approximating the function f(x) with a parabola.

We can derive higher-order approximations: if we use ([243)) to give a second-

order approximation for f'(z) in the form

Py = f'a) + G- ) (o) + E D ) (244)

and putting (244)) into the left of (241)) then gives

[“r@s@-asws & —a)’ g, |a

a

2

La+h o) de

pf )+ iy + iy (245)

Now putting approximation (245]) into (241]) gets us

m

Fa+ 1) = fa) + ha) + ) + ) (246)

Equation (246)) is a third-order approximation for f(a + h) (since it involves

h to the third power) and it is, in turn, an improvement over the second-order
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approximation (243)). We are approximating the function now with a cubic
polynomial.
We can carry on doing this for as many times as f(x) is differentiable at = = q,

and find that the nth order approximation is

fla+h) zf<a>+hf'<a>+h2f"< )+ 2 1" >+’;Zf<‘“< )

5 247
+1h2_0f(5)(a) Tt (n— 1)|f(n 1)( )+ f(n)( ) ( )

6.2 Taylor’s theorem

Equation (247)) is an approximate result but (hopefully) the error involved gets

smaller as more and more term are included.

This is in fact guaranteed by Taylor’'s Theorem. We state the exact result

2

Fla+h) = <a>+hf’<a)+%f<> By I g

120]0“’)(@) T Hf<”>(a) + Rosr (248)

where R, .1 is the remainder term. Taylor's Theorem states that, provided f
can be differentiated n + 1 times, there exists some point z = ¢ which lies in
the range a < ( < a + h such that

A (249)

Rn+1 =

What this means is that the error in approximating f(a + h) by the nth order
approximation (247)) is R, .1, and that the size of this error is proportional to
hn+1

Equation (248) is a Taylor expansion about the point a. It is often written in

the alternative, but completely equivalent, way as

f@)= fla)+ (- a)f'(a) + E2L " (a) + L ()

r—a 4 z—a)® (5 z—a)" p(n
ol p () 4 ol (O gy 4 ) 4

(250)
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Here we are rewriting the function itself as a sum, rather than its value at a

specific point. This sum (minus the remainder) is called a Taylor polynomial.

1/2

As an example, let's derive an approximation for ¢ '~, an actual number.

Write f(x) = exp(z), a =0 and h = 1/2. First note

m

F00)=£"0) = f"0) = ... = f0) =" =1, (251)

Plugging all this into (248 gives

12_11112113114 LY, -
eXp( / )— +§+§ § +6 5 +ﬂ § +...+m § + n+1 5 ( )
where the remainder is now

Ry = ﬁ (%) exp(¢) (253)

for some 0 < { < 1/2.

Though we don't know what ( actually, we can still estimate the worst case
error. So for instance, if we wish to estimate exp(1/2) with a relative error of
no more than 10_6, how high does n have to be? The relative error (the ratio

of the error to the exact result) associated with the nth order approximation is

Rt _ 1 (1)”” exp(¢)
exp(1/2) (n+1)! exp(1/2)

2
Since 0 < ¢ < 1/2, the biggest possible value of exp(() is exp(1/2), so from
(254) the relative error is at worst

il

(254)

Experimenting with a calculator shows that this maximum relative error is 1.55 X
107% for n = 6, and 9.69 X 107 for n = 7, so that to get a relative error of no

more that 10™° we require the seventh order approximation, n = 7.
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Example 6.1 Find the nth order Taylor sum for exp x about x = a.

So we set f(x) = ", and note that f")(z) = ¢* for all positive integers .

Thus f"(a) = €. We next apply the formula:

1

a a 1@ a n
flx)=¢ +(z—a)e + 5¢€ (x—a)2+~-+ﬁe (x—a) + R,41,

where the remainder term is given by

(ZL' _ a)n+1

(LL' _ @)n+1
NCES e

(n+1)! <

Ryt = 00

and ( is some number between a and x. Note that if = is much larger than
a then the remainder might also be inconveniently big, unless of course n, the

number of terms, is also sufficiently large.

6.3 Taylor series

If a function f(x) is infinitely differentiable, and its remainder R, ., goes to
zero as n — 00, then we can continue adding successive terms to our Taylor
polynomial forever. Ultimately we can represent f(x) exactly as an infinite

series, with the remainder term R,,.; dropped.

This is called a Taylor series. The Taylor series of f(x) about z = a is

(@) = fla) + (z = a)f'(a) + S f"(a) + L= " (a) + .

A C R

The special case of the Taylor series about x = 0 is called a Maclaurin series:

f(x) = £(0) + xf'(0) + Z"(0) + Z£"(0) + .+ L fU(0) + ... (256)
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Finally, we formally define the term power series. It refers to an infinite series

where each term is proportional to a power of a variable z:
o0
n 2 3
Y bua" = by + bz + bya’ +bya’ + (257)
n=0

for some coefficients b,,. If a power series converges it is then necessarily the
Taylor series of some function (cf. Borel's Theorem). Consequently, we will use

the terminology power and Taylor series interchangeably.

6.4 Taylor series of the exponential function and its

relatives

As a simple example, consider the power series expansion of exp x about x = 0.

All the derivatives of exp(x) are equal to 1 at x = 0. Equation (256)) then gives

us

2 3 n 00 n
x x ZCL’
eXp( )—1+$+§+§+ ..... +_TL! + ... = - ol (258)

By replacing x by —z in (258)) we find that

eXp(—.CC)—l—ZC'f‘a—y'F ..... +T+....=ZOT, (259)
and so
b _1 ] xQ x3 x4 ) x2 ::f;3 a74
COSZC—§ +x+—+§+j+ —.Qf'l'g g j ..... .
(260)
The terms in even powers of x add together, but the odd terms cancel:
2 $4 1'6 x?n 00 x2n
cosh(z) =1+ g ot E (2n)' Z )l (261)
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Notice here how the general term is an even power of z.

In the same way, we can find the power series expansion for sinh x:

2 3 4 2 3 4
e (1o B 25 0% o _|{op BT
S11 33—2 2' 3' 4' 2' 3' 4' ..... .

The terms in odd powers of x now add together, while the even terms cancel:

$3 x5 $7 $2n+1 00 $2n+1
SlIlh(.CU) =$+§+§ 7—+(2n—+1)|+ ZT;W . (263)

Notice here how the general term is an odd power of x.

Example 6.2 Find the first three nonzero terms in the power series for tanh x

about z = 0.

Set f(x) = tanhx, and note that f(0) = 0. We next work out its derivatives

evaluated at z = 0:

() = sech’z,

(z) = (CL}? = =2 sinhaz(cosh:c)_g,
"(2) = =2 cosh z(cosh a:) ’ + 6sinh’ x(cosh :1:)_4,
f(4)(x) 4sinh z(cosh )™ + 12 sinh 2(cosh )™ = 24 sinh” 2(cosh )™,
f(5)(a:) —48 sinh’ x(coshx) et 16(COSh£C)_2
— 72sinh” 2(cosh ) ™" + 120 sinh” z(cosh ) ",
with

F)y=1, f=o0 ,f"0)=-2 fP0)=0 f0)=16.
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If one still has one's sanity, we can then apply the formula to get the first three

terms:
1 1 5
tanhz = 2 + —(—-2)2" + =(16)2" + .. .,
3! 5!
~ 2 22°
S T T

6.5 Power series of trigonometric functions

Consider f(x) = sinz. Note that

dsinz — osz = sin (a: + Z)
dz 2
dsinx _ . _ :

2 = —sinz = sin (x+m)
dsing —cosx = sin(:z:+3—”)
4dx3 2

d sinzx — sin —

o sin (x + 27)

which leads us to the useful general result

n .
d sinx
dx™

= sin (x + %) : (264)

Therefore

f0) = sin(0)=0  fY(0)

sin(r/2) =1 f"(0) = sin(x) =0

M0) = sin(37/2) = -1 FM0) = sin(27) =0.....
Putting these results together:
3 ) n_ 2n+1 00 n_ 2n+1
o (-1)"x (-1)"x
=r——=+=nt——+...= ) 265
S TR (2n +1)! ; (2n +1)! (265)
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In the same way we can find a power series for f(x) = cosxz. Note that

deosz - _ging = cos(sz;+£)
dz 2
ddc% = —cosx = cos(x+m)
deme _  gGng = cos (x + 3—”)
da3 2
ddc% = cosx = cos(x+2m)

which leads us to another useful general result

d" cosx nmw
o = o (x + 7) : (266)
Therefore
f(0) = cos(0)=1 f'(O) = cos(m/2) =0 f"(O) = cos(m) = -1
0) = cos(37/2) =0 FN0) = cos(2r) =1
(267)
Putting these results together
2 4 n_ 2n 00 n_ 2n
_ o (-1)"x (=)
COS$—1—§+E ..... +W+....—HZOW (268)

Example 6.3 Find the power series for sinx about = = a.

Once again we set f(x) = sinz, and note that the formula for the power series
around z = a is f(x) = Zn(f(")(a)/n!)(:c —a)". From earlier

mn .
(n) d sinz _ nm
' (a) = ——— =sm(a+—).
dz" r=a 2
Therefore:
© sin (a + M)
. 2 n
sinx = Z—'(x —a),
n!
n=0
sin a cos a sina
=sina + cosa (xr —a) — (x—a)z— (:U—a)3+ (JJ—CL)4+---

2 3! 4!
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An alternative way to this result is the following. Set z = x — a. Then
sinz = sin(z + a) = sin z cosa + cos zsin a.

Next we expand sin z and cos z around z = 0 using the canonical formulas (265))
and (268)), and reorganise the terms.

6.6 FEuler’s formula revisited

In Section 2.3 we made considerable use of the unproven result
exp(if) = cosf + isinf . (269)
Now we can prove it. First note from (258)) that

(0)°  G0) (o)’ (i) (i6)
ol 3! 41 51 6l
R T A AT/ LA
= 1+19—§—§+I+y—a+....

0> ot o° 0> 0
= 1—54‘5—@4‘....+1|:6—§+a—...i|, (270)

1+160 +

exp(if)

which we now compare with the power series for cosf (equation and the
power series for sin 6 (equation [265)).

It is clear that the real part of the right hand side of (270)) is cosé and the
imaginary part is sin 6, thereby proving (269)).

6.7 Power series for logarithms

We can't derive a power series for Inx about x = 0, because In0 is undefined
(so the first term in (256]) is undefined).
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However, we can find a power series for In(1 + z) about z = 0. Writing
f(x) =In(1 + z) we see that f(0) = Inl = 0, while

fla) = 1;« ['(2) = _(1+1x)2 @) = (1+2:c)3
4 5 n n—1 (n-1)!

It follows that the r'th term in the power series is

(n) n—1 n—1
100, o, (07 o)

The power series for In(1 + x) about z = 0 is therefore

2 3
X

T
ln(1+x):x—7+§

4
- (272)

By replacing x by —x we can also find the power series for In(1 — ) about

x =0,

2 3 4 5 n
X €T X X X
111(1—.517)=—|:.I+7+?+Z+€+...+W+.....i| (273)

The power series for sinx, cosz, expx etc are valid for any real value of .
However, the power series for In(1 + ) have a limited range of validity: the
power series for In(1 + x) is valid on the real axis for —1 < x < 1, and the

power series for In(1 — x) is valid on the real axis for —1 < x < 1.

6.8 The binomial expansion

We now consider the function

flz) = (1+a)",

where « is a real number (not necessarily an integer).
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By successive differentiation we find

fl(x) = a(l + x)a—l

f"(x) = Oé(Oz _ 1)(1 + x)a—Z

fm(x) = &(Q_ 1)(0{—2)(1 +x)a—3

f(4)(l‘) = ala=1)(a—=2)(a=3)1+z)*" (274)

@) = ala-1)(a-2)(a=3)(a—n+1)(1+2)"".

We can use this information to find the power series of (1 + z)“ about = = 0:

(1+a2)" = 1+ az + de=ba? 4

! 3! 275
a(a—l)(a—2)(a—3)...(a—n+1)xn + ( )

ala—1)(a-2) $3

+...

n!

The power series (275)) is valid in the range —1 < x < 1 for general «.

In the special case when « is a positive integer, say a = N, then the power

series stops after a finite number of terms. Specifically, the coefficient of 2

IS

ala—1)(a-2)(a-3)..(a=N+1)(a- N)acNH

(N + 1) ’ (276)

but since & = N the final factor in (276]) is precisely zero. Hence the term for
V! vanishes, as do the terms for any higher powers of z, since all such higher

terms also contain the factor a — V.

When o = N the power series (275)) reduces to the polynomial:

(1+x)N - 1+N:U+N(N2—!_1)x2+ N(N_Q(N_Q)x3+ .....
N(N - 1)(N ;V2!)(N—3)-~(1>va. (277)

The general term in this sum is

N(N-1)(N=-2)..(N=r+1) ,
r! v

Y



6 TAYLOR SERIES 146

which we can rearrange to be

__M 27
(N - r)!r!x (278)

or in other words the usual binomial coefficient. So when « is a positive integer

(275)) agrees with the familiar binomial expansion you have seen before:
N
N
N r
l+zx) = T .

Finally, you will often encounter the alternative notations

NI N, _
m: C’TzC,, =NC7"' (279)

Example 6.4 Find the power series expansion about x = 0 of (2 + x)~ 12,

We re-express the function so it is easier to apply the binomial expansion:

() o7 (14 2Y7

Recall

ala—1) 2+oz(oc—1)(oc—2)x3
ol 30
L a(a—l)(a—2)(a 3).. (a—n+1)xn+

n!

(14+2)" =1+az+

We see that & = —1/2 and so we have:

e PR T (4 P B
(2+2) [122+2!222)

3
“12|, @ 335_5:1:
rofigagam,)
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6.9 The Newton-Raphson method

We finish by outlining a method to approximately solve nonlinear algebraic equa-

tions such as f(x) = 0, where f is a nonlinear function.

e Suppose we have a rough guess for what the solution is, x, so that f(x,) = 0.
But we want to improve its accuracy. In other words, generate a new better

approximation to the solution (call it x1).
o We write 1 = 2y + h. We want to find h.

e So we set f(x;) = f(xg+ h) = 0 and then Taylor expand f around z

truncating at first order
0= f(xg+h) = flag) + hf (x0)

e We solve this approximate equation to get h and hence z;, our better ap-

proximation:

T =T S(o) (280)

" (o)

e We can then repeat the procedure to get x5, an even better approximation.
And we continue this till we converge on to the exact solution (within some

specified accuracy)
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Figure 52: Successive approximations using the Newton-Raphson method.

Example: find the solution to f(z) = 2° = In(z + 5) = 0.

Take as our initial guess xy = 2. Using a calculator, this yields f(x,) = 2.0541,

which is not very good. Let us see if the Newton-Raphson method can get us

a better approximation:

1| x f(z;) h

020 |2.0541 -0.53254
1|1.4675 | 0.28665 -0.10310

2 1.3644 | 0.010758 -0.0041835
311.3602 | 1.7718 x 10™° | —=6.9125 x 10~°

The Newton-Raphson method has a graphical interpretation, because solving

f(x) =0 is the same as finding the z-intercept of the curve y = f(x).
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Figure 53: Example of when the Newton-Raphson may fail.

Convergence of Newton-Raphson is very rapid when x is near the solution. But

if f has a turning point between z, and the exact solution then there is the

danger that the method fails.



6 TAYLOR SERIES 150

Example 6.5 [2004, paper 2, question 8D; 2006, paper 1, questions 9E]

(a) Find, by any method, the first three non-zero terms in the Taylor expansion

about x = 0 of the following functions.

log(1 + z) 1 log( )
11—z 1+sinz OBLCOST ).
(b) Let

flx) = iaixi and g¢(x) = ibixi
i=0 i=0

and let ) ., ¢;z" be the Taylor expansion about = = 0 of the function f(z)g(z).

1. Find ¢y, ¢; and ¢y in terms of ag, a;, as, by, by and b,.

2. Give a general expression for ¢; as a finite sum of products of the coefficients

CLj and b]

(c) Find the first four terms in the Taylor expansion around z = 1 of tan~ ' z

In (a) rather than work out all the complicated derivatives of these functions,

let us write down the Taylor series of the component functions.

For the first one, recall

— 12,13 1.4, 105
In(l+z)=x—-2" +32° — 0 + 3

and that

2 3
—=1l4+z+zx +x +...,
1—x

the infinite geometric series with ratio = (or the binomial expansion with o =

—1). In both expansions we are assuming that z is sufficiently small so that the
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series converge. Combining these two:

In(1 + x) 2 3 4 2 3

= =(z—gr +5" -+ ) (A+z+a +27+ ),
_ 200 _ 1 31 _ 1
=z+a(l-5)+a"(3-5+1)+...,
=gj—lﬂf2+§$3+....

2 6

For the second one, introduce a new variable y = sinz. If we are to expand
around z = 0 then we expand around y = 0. Now

1 1
1+sinz  1+vy

=1—y+y2—y3+...,

the last equality coming about using either the binomial expansion with oo = —1
or recognising the infinite geometric series with ratio —y. (This series converges

for all z except those values for which sinz = +1.) We next insert the Taylor

series for sinz = x — 2° /3! + 2° /5! — ... and regroup the terms:
_ 1 —sinx + (sim:z:')2 — (sin:z:')3 + ...
1 +sinx
=1—(z—a2"[31+2"/5! = .. )+ (x =231+ 2[5! = ... )V = ...
=l—a+2 +...

Finally, for the third one, we play a similar trick and set cosxz = 1 + 2, with the
new variable z. Note that expanding around x = 0 means expanding around

z = 0. First we have

3

1.2, 1
z+3z

In(cosz) =In(l+2) =2 -3

(This converges for sufficiently small z, hence sufficiently small z.) We next

insert the Taylor series for cosz = 1 —2°/2! + 2" /4! — 2° /6! + ..., recognising
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that z = —2° /21 + 2" J4! = 2° /6! + .. .

In(cos x)

1
+ g(—xQ/Q! + :c4/4! [ S L

1
—2 )2+ 2 )24 — 2° 720 - §(x4/4—x6/24+ )

(=2°/8+...)+...,

= — - - ...
In part (b) we have a bonanza of terms to multiply .. ..
flx)g(x) = (ag + ayx + A" + . .. )(by + by + byt + ... ),
= apby + (arby + aphy)x + (asby + arby + aObQ)x2 + ...
= o+ T+ Cr F .,
with ¢y = agby, ¢; = a1by + aghy), and ¢y = asby + a1b; + agbs.

We realise that the term proportional to ' consists of a sum of all the products

aibij‘j so that 7 + j = [. So we can write down the formula:
l
Cc = Zaibl_i.
i=0
Question (c) is a more straightforward one. Set f(z) = tan™ z. Then f(1) =
7/4. And we have

I 1
kT
f(z) = (1+—x2)2’
f”’(a:) _ —2(1+27) — (-2x)4x _ 2(32" - 1)

(1 + 22)3 (1 +a22)3
1

Then f'(1) =1/2, (1) = =1/2, and f"(1) = 1/2, and finally:

L7 oa=1 (z=-1)°  (z-1)
tan :z:—Z+ 5~ 1 + 15 +

1
(=2 )20 + 2 j4 =206+ ...) = E(—352/2! a4 =26+ ..
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7 Elementary Probability

Probability theory is essential in every field of science, even if it is not always

used explicitly. It supplies a precise set of rules for exercising logic when we have

incomplete information.

Experiments and observations always involve random error (and usually a
systematic error as well!), and so comparison with theory is inevitably prob-

abilistic. Theory can only ever be proved up to a high level of significance.

Some physical systems are inherently probabilistic, most notably in quan-
tum mechanics, where we only ever compute probabilities because of the

‘unknowable’ nature of the subatomic world.

Other systems, though formally deterministic, are so impossibly complicated
that only a probabilistic or statistical description is feasible. Examples include:
chaotic dynamical systems, fluid turbulence, the kinetic theories of gases and

of reaction rates in chemistry.

Probability theory has many other applications: the social sciences; clinical
trials, epidemiology, and public health; insurance; risk assessment in share
trading and commodity markets; determining reliability in consumer products,

such as cars and computers; etc.

It is also useful when playing cards and other games of chance, which is why
it was originally developed: in 1654, a dispute about a popular game of dice,
between Pascal and Fermat, initiated the modern study of probability, and

Abraham de Moivre's book on gaming in 1711 laid down its foundations.

Probability theory and statistics differ in the sense that probability deals with

the likelihood of future events (given that we understand the underlying process

creating them), while statistics takes as its task the analysis of previous events,

in order to determine the underlying process giving rise to these events.
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7.1 Basic concepts
7.1.1 Random experiments

We will be concerned with the outcomes of random experiments, that is,
trials or observations which can be repeated many times but which contain an

element of chance.

e Outcomes: The possible results of the experiments are called the outcomes.
The outcomes must be mutually exclusive and we can label them (say)

wi, Wy, ... etc.
For example, when throwing a six-sided die the outcomes are just the numbers
from one to six, w; =1, wy =2, ..., wg = 6.

If the outcomes are described as “fair” or “unbiased” then they are equally

likely.
e Sample space: The set of all possible outcomes of the experiment is called
the sample space, S = {w;, wy,...}.

For the example of the die, S = {1,2,3,4,5,6}.

e Events: An event A is a subset of the sample space S (so that A C S). An

event may contain more than one outcome.

For example, the event A might be ‘throw an even number with the die’,
with A = {2,4, 6}.

7.1.2 Elementary set theory

We are often concerned about whether or not two or more different events can
happen together (simultaneously or consecutively) — and thus must deal with

the relationship of two or more sets.

For the two events A and B we define the following sets:
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1. An B: the intersection of A and B, i.e. both events A and B occur;

2. AU B: the union of A and B, i.e. either event A, or event B, or both,

occur.

3. A: the complement of A, i.e. A does not occur. Other notations for the

complement include A and A'.
4. A — B: outcomes in A which are not in B. Note that

A-B=ANnB. (281)

A good way to represent these sets is via Venn diagrams.

Figure 54: Panel 1is A U B; panel 2 is A N B; lower panel is A
The empty set, denoted @, contains no outcomes. Note that
AnA=@,  AUA=S. (282)

The events A and B are said to be mutually exclusive if they cannot both

occur, i.e.

ANB=0. (283)
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7.1.3 Probability

The probability P(A) expresses how likely an event A is. We will adopt the

‘classical definition’.

Suppose in some experiment an event A corresponds to /N4 specific outcomes,

while the number of all possible outcomes is N. Then we define

Ny

It is assumed here that all outcomes are equally possible. For example, the
probability of getting an even number when rolling a (fair) six-sided die is 3/6 =
1/2.

The basic properties of probability are:

1. It is restricted between 0 and 1, i.e.
0<sP(A) <1, (285)
with P(S) =1 while P(@) = 0.
2. If P(A) =0 then the event A is impossible.
3. For the complement of the event A we have
P(A) =1-P(A), (286)
which is especially useful when P(A) is easier to find than P(A).

4. Additive rule for outcomes. Recall that the individual outcomes wy, wso, ...
are mutually exclusive. So, if event A; = {w;} for all 4, and A = [, 4; is an

event comprising some number of outcomes, then

P(A) =) P(4) (287)
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5. For the union of two general events A and B (that are not necessarily mu-

tually exclusive) we have
P(AuB)=P(A)+ P(B)-P(AnB). (288)

This result is easiest to see by drawing a Venn diagram - note that the term
P(AnN B) is taken off the right of (288]) to avoid double counting the region
AnB.

If A and B are mutually exclusive then P(An B) =0 and
P(AuB)=P(A)+ P(B), (289)

just as in point 4.

The result (288]) can be extended to three events to give

P(AuBuUC(C) = P(A)+ P(B)+ P(C)
— P(AnB)—-P(BNnC)-P(CnA)
+ P(AnBn(C). (290)

This is best seen in a Venn diagram.

-

Figure 55: Venn diagram for P(Au Bu C).
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Example 7.1 A twelve-sided die is thrown. Event A is ‘the number thrown is

even', event B is the number thrown is ‘divisible by three’, and event C'is ‘the
number thrown is one of 6,7,8,9’. Find the probabilities of AN B, C n B,
CNnA A-B, AnBnCand AuBuUUC(.

Let us first describe, in mathematical terms, the various events. We have:
A={24,6,8,10,12}, B={3,6,9, 12}, C={6,7,8,9}.

And since we know there are 12 equally possible outcomes in a throw, we can

write down:

P(A)=s=3  PB)=5  PO)=s.

Consider now the event defined by the intersection of A and B. Obviously
AN B = {6, 12}. And thus its probability is P(AN B) = 2/12 = 1/6. Similarly
C'nB={6,9}and P(Cn B)=1/6.

Now A — B consists of all the outcomes in A that are not shared by B. Thus
A—-B=1{2, 4,8, 10}. And hence P(A - B) =1/3.

The intersection of A, B, and C consists of only one outcome: ANBNC = {6}.
Thus P(AN BN () =1/12. On the other hand the union of the three sets is

AUBUC=1{2,3,4,6,7,8,09, 10, 12}

and comprises 9 outcomes. Hence P(Au BU C) =9/12 = 3/4.

Finally, recognising that P(D) = 1 — P(D) for any event D, we can write
P(AUBUC)=1-P(AuBUC)=1-3/4=1/4. This can be checked
directly by noting that AU BU C = {1, 5, 11}, thus comprising 3 events. lts
probability is then 3/12 = 1/4, in agreement with the other approach.

Example 7.2 A card is drawn at random from a pack. Event A is ‘the card is

an ace’, event B is ‘the card is a spade (#)’, event C'is ‘the card is one of ace,
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king, queen, jack, 10'. Calculate the probability that the card has (i) at least

one of these properties; (ii) all of these properties.

So we can write
A = {ace of ¥, ace of ¢, ace of &, ace of #}

and note that there are 4 outcomes, while there are 52 cards in the pack. Hence
P(A) =4/52=1/13.

Event B consists of all the spades, of which there are 13 cards (2-10, plus the
3 royals, plus the ace). Therefore P(B) = 13/52 = 1/4.

Event C' consists of 20 cards/outcomes, because each of the fours suits contains
an ace, king, queen, jack, and 10. Thus P(C) = 20/52 = 5/13.

Part (i) asks us to find the probability of the union of these three events:
P(Au BuUC). ltis actually a tad easier to find P(AU B U C) first. The
event AU B U C consists of (a) no spades and (b) only the cards 2 — 9 in
the three suits of @, @, and &. This gives us 8 X 3 = 24 cards. Thus
P(AUBUC) =24/52 = 6/13. Now we can answer the question:

6 7

P(AUBUC)=1—P(AUBUC')=1—1—3=1—3.

Part (ii) asks us to find the intersection of these sets A, B, and C'. We see
straightaway that AN BN C = {ace of #}. Thus P(AnBnC) =1/52.

Example 7.3 A biased die has probability p, 2p, 3p, 4p, 5p, 6p of throwing 1, 2,

3, 4, 5, 6 respectively. Find p. What is the probability of throwing an even

number?

If S is the sample space, the total probability must be 1, i.e. P(S) = 1, or

written out in full:

6
> Pin})=1.
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But each number rolled doesn't have an equal probability! Thus this can be
rewritten
6

an=p+2p+3p+4p+5p+6p= 1.

n=1
We can solve this equation for p, and find that p = 1/21.
Let us denote by A the event that we roll an even number, and so A = {2, 4, 6}.
We can then work out its probability directly by looking at each of the outcomes
that it consists of:

P(A) = P({2) + P({4)) + P({6}) = 2p + 4p+ 6p = 12p = =.

7.2 Conditional probability

We are often interested in determining the probability of one event given that

another, possibly related, event has occurred.

The probability that event A occurs, given that event B has occurred, is denoted
P(A|B) and is called the conditional probability.

For example, event A might correspond to a student getting a first, while B
corresponds to a student attending every lecture. P(A|B) is the probability
that a student gets a first given that they attended every lecture. P(A|B) is
presumably different to P(A), the unconditional probability that a student gets

a first.

Because the event B is known to have occurred, then the event B replaces S as

the sample space when we try to compute the event B|A. This then motivates

P(An B)

P(A|B) = =5

(291)

where we have had to normalise the probability of the intersection by P(B).
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e If two events A and B are mutually exclusive then we have P(A|B) =
P(B|A) =0,
e.g. if one card is drawn from a pack, and event A is that a red card is drawn

while event B is that a club (#) card is drawn, then B and A are mutually

exclusive.

e We say two events A and B are independent if P(A|B) = P(A),

e.g. event B is tossing a coin and getting heads; event A is tossing the coin

a second time and getting tails.
e Be careful, usually P(A|B) # P(B|A).

Example: we will find the probability that the single throw of a fair die results
in a number less than four, given that the throw resulted in an odd number.
Let B be the event of the throw being less than four, i.e. B = {1,2, 3}, then it
follows that
3 1

P(B):6=§- (292)
Let A be the event that the throw of the die is an odd number, i.e. A = {1, 3,5},
then P(A) = 1/2 as well.
The event BN A is a throw which is less than 4 and odd, i.e. Bn A = {1, 3},
so that

P(BnA)=5=3. (293)

It then follows from (291)) that

P(B|A) = P(Jf(z)B) - 3‘;’ -2 (294)

Example 7.4 Consider drawing 2 balls out of a bag of 5 balls: 1 red, 2 green, 2

blue. What is the probability of drawing a blue ball out of the bag given that
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the first ball was blue if: (i) the first ball is replaced; (ii) the first ball is not

replaced.

Part (i) is relatively easy. If the first blue ball is replaced then there are two blue
balls in a bag of five balls, and hence the probability of drawing one of blues is
2/5. There is no ‘memory" of the first draw because the first ball was replaced.

And thus there is no need to use the concepts of conditional probability here.

Part (ii), however, does require us to use conditional probability, because the
first draw has impacted on subsequent draws. Let us define the following events:
event A denotes getting a blue ball in the first draw. Thus P(A) = 2/5 (there
are two blue balls out of five); event B denotes getting a blue ball in the second
draw. The question asks us to find P(B|A).

The event that both balls drawn are blue is just B N A, and its probability is
simply P(BNn A) = (2/5) x (1/4) = 1/10, i.e. the product of getting a blue in
the first draw (2/5) and of getting a blue in the second (1/4). The conditional
probability (which is different to the probability of the intersection!), can then
be computed

P(AnB) 1/10 1

P(Bl4) = P(A) 2[5 &

7.2.1 Law of total probability

This law expresses the total probability of an outcome if it can be realized via

several distinct events. Consider two events A and B. The law states that
P(B) = P(B|A)P(A) + P(B|A)P(A) . (295)
This holds because there are two distinct possible routes to getting event B.

1. The first route is: event A (probability P(A)) happens, and then B happens
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(probability P(B|A)). The total probability for this route is

P(A) x P(B|A) . (296)

2. The second route is: event A does not happen (probability P(A)), and then
B happens (probability P(B|A)). The total probability for this route is

P(A) x P(B|A) . (297)
Adding together the probabilities in (296]) and (297) gives ([295)).

7.2.2 Bayes’ Theorem

We now come to the most important result in conditional probability, known as
Bayes' Theorem.

The probability of A occurring given B is P(A|B), cf. equation (291). On
the other hand, the probability of event B occurring given that A has already
occurred is P(B|A), with

P(B|A) = % (208)
We then have

P(AnB) = P(B|A)P(A) 200)

P(BnA) = P(A|B)P(B).

Furthermore, we know that P(An B) = P(BN A), and using (299) this leads

to

P(A)P(B|A)

P(A|B) = =5

(300)

provided that P(B) # 0. This is Bayes' Theorem.
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Using the law of total probability (300 gives the alternative form of Bayes'

Theorem:

P(A|B) = PA)P(BIA) . (301)
P(B|A)P(A) + P(B|A)P(A)

This is sometimes easier to use than (300)).

We consider the following example:

A screening test is 99% effective in detecting a certain disease when a person
has the disease. The test yields a ‘false positive’ for 1% of healthy persons
tested. If 0.1% of the population have the disease then what is the probability

that a person whose test is positive has the disease?

Let the event A be that a person has the disease, so that P(A) = 0.001, and
the probability that they do not have the disease is P(A) = 1 — P(A4) = 0.999.

Let the event B be a positive test, so that P(B|A) = 0.99 (i.e. the probability
of the test successfully detecting the disease) and P(B|A) = 0.01 (i.e. the
probability of a positive test on a healthy person).

From (301)) we therefore have

P(A)P(B|A)

P(B|A)P(A) + P(B|A)P(A)
0.001 % 0.99
0.99 x 0.001 + 0.01 x 0.999
= 0.0902

P(A|B)

or roughly 9%. So the probability of someone who tests positive actually having
the disease is rather low! This has arisen because the probability of a false

positive, 0.01, is large compared to the probability of having the disease, 0.001.

Example 7.5 Calculate the probability that someone who tests negative actually
has the disease after all, P(A|B).
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So we apply Bayes' Theorem again so that

P(A[B) = P(A)P(B|A)
P(B|A)P(A) + P(B|A)P(A)

To find P(B|A) we note that P(B|A) + P(B|A) = 1, since if A happens
there are only two mutually exclusive possibilities B and B. We know that
P(B|A) = 0.99, therefore P(B|A) =1 — P(B|A) =1-0.99 = 0.01.
Similarly, P(B|A) + P(B|A) = 1, and thus P(B|A) = 1 — P(B|A4) = 1 -
0.01 = 0.99.

Putting everything together now, we get

0.001 x 0.01 _0.00001 _5

P(AIB) = 5007 % 0.0+ 0.99 X 0.999 ~ 008001 ~ 10

which is quite a small probability.

7.3 Combinatorics

We often worry about problems which involve completing a sequence of actions
or arranging/grouping elements, e.g. tossing a coin 10 times, drawing coloured
balls from a bag, or arranging NN indistinguishable particles into R energy levels

(Bose-Einstein or Fermi-Dirac statistics).

When the order of the actions/elements matters, then we are dealing with

permutations.

When the order of the actions/elements does not matter, then we are dealing

with combinations.

7.3.1 Permutations

Consider n distinguishable objects, and let us select r of them without replace-

ment and put them in order. This is a permutation.
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How many different permutations are possible?

e The first time we select an object, there are n possible choices.
e The second time there are only n — 1 choices

e The third time there are only n — 2 choices, and on and on until we have

taken r objects.

It follows that the total number of possibilities is the product of all the choices

n(n—l)(n—2)...(n_r+1)_ n!

= o "p, . (302)

We have that "P, = n!, since 0! = 1.

A simple example: how many ways can all the club () cards be arranged in a
line?

There are n = 13 cards to draw from. And we are going to arrange all of them,

so r = 13. Therefore the number of permutations is
B, = 13! = 6,227,020, 800.

So quite a few.
How about the number of ways to order 4 cards from the club suite?

That would be *P, = 13!/9! = 17, 160.

Example 7.6 What is the probability that in a room of NV people at least 2 have
the same birthday? Take N = 200.

First, let us take the number of days in the year to be 365, for simplicity. Next,
let A denote the event that two or more people have the same birthday. It will
turn out, however, to be easier to work with its complement A: the event that

everyone in the room has a different birthday. Consider the number of possible
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permutations of different birthdays amongst the N people: in other words, how
many lists of N different numbers can be made out of a choice of 3657 This is

equal to

365 365!
Py =365%X364X363X--+X(365—N+1)= ——
N ( ) (365 — N)!

On the other hand, the total number of different birthday distributions amongst
the N people (allowing repetitions) is just

365 X 365 X 365 X - - - X 365 = 365" .

The probability P(A) is the division of the first number by the second:

— 365!
P(A) = .
() (365 — N)!1365Y

Now we can compute P(A), via

365!
(365 — N)1365Y

P(A)=1-P(A)=1-

As N gets large the probability rapidly approaches 1. For example, if N = 23,
then P(A) = 1/2. If N =50, then P(A) =~ 0.97. Finally, when N = 200, we
get P(A) ~1—=10""" = 1. In the last case it is 'guaranteed’ that at least two
people share a birthday.

7.3.2 Combinations

Let us, as before, select r objects from a set of n, but let us not care about
the ordering of the selection. (For example, how many hands of 5 cards are
there from a full deck of 52 cards?) This is a combination. How many different

combinations are there?

e So there are still " P, ordered arrangements, as before, but we do not care

about the ordering.
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e Each group of r objects can be ordered r! ways, but we do not want to count

all of these different orderings.

e Hence we divide through "P. by r! to get the number of combinations:

"P, n!

il e (303)

As an example, suppose we draw that hand of 5 cards from a deck of 52 cards.
The number of different hands possible is

52~ _ 52! _ 52X 51 x50x49x48
Cs = (52— 5)51 - 50 = 2,598,960 . (304)

Example 7.7 Out of 10 physics professors and 12 chemistry professors, a com-

mittee of 5 people must be chosen in which each subject has at least 2 repre-

sentatives. In how many ways can this be done?

First thing to note is that there are going to be two kinds of committee: one
with 3 physicists plus 2 chemists, and one with 2 physicists plus 3 chemists. We

deal with each kind separately.

The first kind of committee has 3 physicists, which must be chosen from a
pool of 10. But the ordering doesn’'t matter. Therefore the number of ways of
choosing the 3 is 106’3 =10 x 9 x 8/6 = 120. On the other hand, the number
of ways of choosing the 2 chemists from a pool of 12 is 1202 =12x11/2 = 66.
Putting this information together, the total number of different committees of
the first kind is 120 X 66 = 7920.

The second kind of committee has only 2 physicists. The number of ways of
choosing these 2 is 1002 = 45. The number of ways of choosing 3 chemists is

1203 = 220. Therefore the total number of different committees of the second
kind is 45 x 220 = 9900.

Finally, the total number of committees of the two kinds allowed = 7920+9900 =
17820.
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Binomial coefficients

The numbers "C, are called the binomial coefficients, because they arise in the

binomial expansion. In particular,

(p+q)" =) "Crg'p"" (305)
r=0

They have the interesting property that
"o =""c + "o (306)

To prove this recursion relation note that

(n—1)! (n—1)!
rlln—=1-7)  (r—=1)!(n-r)
(n=—1)(n-r)+(n-1)r

-1 -1
o +"C.,

rl(n—r)!
(n=D(n-r+r) (n-1)n
rl(n—r)! ~rl(n=1)!
= T'(nLLT)' = "C, . (307)

7.4 Random variables

A random variable X is a variable whose value depends on the outcomes of

an experiment involving some level of randomness or chance.

A random variable may take discrete values (e.g. the outcome of coin tosses)

or it may take a range of continuous values (e.g. the mass of newborn babies).

e For example, let us toss a coin 3 times (our experiment) and take X to

represent the number of heads (the random variable).

The sample space of outcomes is

S={HHH HHT,HTH, HTT,THH,THT, TTH,TTT}
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and the value of X can be 0, 1, 2 or 3. In this case, the variable X is
discrete because it can only take discrete values 0,1,2,3. Note that more

than one outcome can give the same value of the random variable.

o A different example: consider an aircraft flying through some particularly
nasty clear-air turbulence that causes its velocity v to randomly vary. |If
we take X to be the instantaneous speed of the plane |v| we see that X
can take continuous values between 0 and oo, in principle. Again different
outcomes can yield the same X (e.g. a sharp deviation up and a sharp and

equal deviation down both generate the same speed).

7.5 Discrete probability distributions

Consider a discrete random variable X. For each value X takes, we can assign
a probability.

If X takes the discrete values x;, which have associated probabilities p;, for
i=1,2,..n, then P(X = z;) = p,.

We can then construct a probability function, also called a probability dis-

tribution, usually just denoted P(X), which is simply the probability of any

event associated with X in S.

This function is normalised, as expected, according to

zn:P(X=xi)=Zn:pi=1. (308)

i=1 i=1
As an example, let us return to the coin-tossing game earlier:

e X =0 corresponds only to TTT, so P(X =0) =1/8,

e X =1 corresponds to the event {HTT,THT,TTH}, so P(X =1) = 3/8

e X =2yields P(X =2) =3/8, and X = 3 yields P(X =3) =1/8.
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The cumulative probability function (CPF), F'(z), is the probability that X
takes a value which is less than or equal to z, i.e.

Fz)=P(X<z)=) P(X=u). (309)
So for a discrete random variable the CPF will be a series of steps at each value
x;, and will be constant between the steps. Note how the ultimate value of

F(x) —» 1 as z — oo (in the coin tossing game, x = 3).

1A
7/8
A
172
3/8
1/8 | 1/8
0 ) 2 3 X 0 1 2 3 X

Figure 56: Graphs of P(X) and F'(x) for the coin-tossing example.

Example 7.8 A bag contains 6 blue balls and 4 red balls. Three balls are drawn

without replacement. Find the probability function for the number of red balls

drawn.

Let X be our random variable, corresponding to the number of red balls drawn.
We now construct the probability distribution P(X) piece by piece, by looking
at X =0,1,2 and 3 separately.

e We have X = 3 when we draw a red on each draw, i.e. ‘RRR". The probability
of this is 4/10 x 3/9 x 2/8, which is equal to 1/30. Thus P(3) = 1/30.
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e Three different kinds of draw yield X = 2: RRB, RBR, and BRR (where B
denotes a blue draw). The probability of RRB is 4/10 X 3/9 X 6/8 = 1/10.
The probability of RBR is 4/10x 6/9x 3/8 = 1/10. The probability of BRR
is 6/10 X 4/9 x 3/8 = 1/10. Thus P(2) = 1/10 + 1/10 + 1/10 = 3/10.

e There are also three different kinds of draw to give us X = 1: RBB, BRB,
and BBR. The probability of RBBis 4/10x6/9%x5/8 = 1/6. The probability
of BRB is also 1/6, as is the probability of BBR. Therefore P(1) = 1/6 +
1/6+1/6 =1/2.

e Finally, we examine X = 0, which corresponds only to one kind of draw:
BBB. Its probability is 6/10 X 5/9 x 4/8 = 1/6.

In summary, our probability distribution P(X) is defined through:

3

PB3) =5, P(2)= o, .

= P(1) =5, P(0) =

=3
Just to check that it is normalised appropriately, we look at the sum

3
1 1 3 1 5+ 15+9+1
)Z_OHX):WTE*%: 35 b

and all is good.

7.5.1 Mean and Variance

The mean of the random variable X is defined to be

E[X] = ixipz- = ixiP(X =) . (310)

1=1 1=1

The mean is also often referred to as the expectation value, and the alternative
notations E[X ], (X), X, or 11 are often used.
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If an experiment is repeated a very large number of times then the average value
of the associated random variable X will approach the mean (cf. the Law of

Large Numbers).

For example, consider the three coin tosses in the previous subsection:
n
E[X] = ) #;P(X =)
3 3 1
+1X<s+2X+3X<

1
] 8 8 8

The mean has the following properties:
1. E[aX] = aE[X], where a is a constant;

2. If X and Y are two different random variables (possibly with different prob-
ability functions), then

E[X+Y]=E[X]+E[Y]; (311)
3. If g(X) is a function of the random variable X then

E[g(X)] = ) g(z)P(X = ;). (312)

We are often interested in the way in which results are spread around the mean.

One measure of this is the variance of X, which we define to be

var(X) = E[(X - E[X])*]. (313)

In other words, the variance is the mean value of the square of the deviation

from the mean.

The standard deviation o is the square root of the variance, i.e.

o = var(X)| (314)
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Expanding the bracket in (313]) leads to

o = IE[X2 — 2Xu+u2]

2

= E[X"] - E[2pX] +E[M ]

= IE[XQ] - ZME[X] + ,u (since y is a constant)

= E[X°]- 2uu + 4

= E[X°]- (315)

From (315]) we are therefore left with the very useful result that the variance o’

and the mean u are related by

= E[X7] - 4°. (316)
Note that in this expression:
E[X*]=) 2iP(X =) (317)
=1

For our experiment of tossing three coins with X being the number of heads,

we have
2 2 1 9 3 2 3 2 1
E[X"] = 0><§+1 ><§+2 xg+3 X3
= 3,
so the variance is given as
3\ 3
J2=E[X2]—u2=3—(§) =7 (318)

7.5.2 Binomial distribution

The binomial distribution arises when an experiment has only 2 possible out-
comes, e.g. a single coin toss (heads or tails), probability of surviving a heart
attack (yes or no), asking a random person if they can drive a tractor (yes or

no).
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o Let event A, labeled a ‘success’, denote one outcome and B = Z, labeled a

‘failure’, the other outcome.
e |f the probability of event A is p then the probability of event B is ¢ = 1 —p.

e Suppose that the experiment is repeated n times, and let the discrete random
variable X be the number of successes, so that X takes one of the values

0,1,2,...,n. The probability distribution P(X) may be written as
P(X =r)=B(n,p)="Cp'(1-p)"". (319)
This is the binomial distribution.
How did we get to the second formula?
e The sample space of n experiments contains 2" outcomes.

e Each outcome that has r successes has a probability p'¢" ™"

e But there are lots of outcomes with X = r. We need to add them all up to

get our correct probability:

r \
r n—r r n—r n—r

P(X=r)=pq  +p ¢ +--+pqd " =M-pq""
How many of them are there? That is, what is M7

e Actually, M is simply the number of ways of choosing r elements from a set

of n, i.e. "C..

We can check that the binomial distribution satisfies the normalisation condition
(1308]).

First recall that

(p+q) = Z "Cog'p",
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Figure 57: Binomial distributions: B(10,0.5) (left) and B(10,0.75) (right).

which gives

Y P(X=r)=)"Cp(1-p)" " =(p+1-p) =1. (320)
r=0 r=0
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Mean

We can calculate the mean of the binomial distribution:

E(X) = ) r["Cp'(1=p)""]
r=0
- n! T n—r
B 7;)rr!(n — r)!p (1=p)
- Z o 1)7'1('7@ — r)'pr(l —p)"™" (the r = 0 term is zero)
- (n—1)!
= n; O "(1-p)"
= n i S'(fl”__ll_)!s)!ps+1(1 —p)"'7" (writing r = 5 + 1)
n—1
(n - 1)' S n s
- np;s!(n—l—s)'p (1-p) 1
= np(l-p+p)" =np
Recall that

n
(p+q) Z

So the mean of the binomial distribution is p = np.
Variance

To find the variance of the binomial distribution we first write

gE

E(XY) = )« ["Cp'(1-p)""]

<
I
jen)

n

gE

<
Il
s}

r=0

178

(321)

r(r=1)["Cop"(L=p)" ]+ ) r["Cp (1 - p)" ] (322)
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The second term is exactly E(X) (see first line of [321]), and is therefore np.
The first term in (322)) is

n

= Y il = D (=)

= ri(n —

- !
B Z ( 2)711( )'pr(l —p)"™" (the r = 0,1 terms are zero)
r—2)(n—-r)

2 (n_2)' s n—2-s .
= n(n—1)p ;(s)'(n 2_8)!]) (1-p) (writing 7 = s + 2)
= n(n— 1)p2(1 -p +p)n_2 =n(n - 1)p2 . (323)

Hence, back in (322]) we have
E(X2) =n(n— 1)p2 + np , (324)
and using (316]) and we have the variance of the binomial distribution as
o’ =n(n—-1)p" +np— (np)’ = np(1 —p) . (325)

So the standard deviation of the binomial distribution is o = y/np(1 — p).

Interestingly, as the sample size, n, gets larger the mean of X increases like n
but the standard deviation, o, increases less rapidly, like v/n. Thus the relative
width of the distribution o/u o< 1/4/n, and it gets narrower and narrower the

more experiments we do.

Thus many experimental measurements suppress random errors.

7.5.3 Poisson distribution

The Poisson distribution arises when the number of ‘successes’ in a given event

is unlimited. For instance, what is the distribution of the number of photons
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Figure 58: Poisson distribution with A = 2.5
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received by a telescope per minute? How many golfers are struck by lightning

every year? The number of goals scored in a football match?

If X is the number of successes (photons received, lightning strikes, etc.), then

it turns out that

P(X =

r)=

_ N exp(— )\)

7!

(326)

which is the Poisson distribution with parameter A. Here, r is the number

of event occurrences, taking possible values r = 0,1, 2,3, ....

right up to infinity.

The Poisson distribution is derived as follows. Consider the binomial distribution

P(X =1) = B,(n,p) ="

Cip (1-p)"
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0.175 —

0.0 2.5 5.0 7.5 10.0 12.5 15.0

Figure 59: Binomial distribution B(100,0.05) (dark/magenta) and Poisson distribution
with A = 5 (light/green). Here n = 100 is large, but np = X is fixed.

Let A = np (the mean) and consider B,.(n, A/n). Then

N exp(=)\)

lim B,(n,\/n) = o

See Figure 59
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The Poisson distribution satisfies the normalisation condition (308)):

ip(X =) = i w
r=0 r=0
= exp(—=A) Z %
r=0
= exp(—=A)exp(\) = 1. (327)

Mean

The mean of the Poisson distribution is

E(X) ir)\r exp(—=2A)

7!
r=0
1% Ar .
= exp(—2A) Z 1) (the r = 0 term is zero and can be dropped)
r=1
00 A -1
= exp(=A)A
;( - 1)!
— \’
= dexp(—2X) Z o (writing r = s + 1)
5=0
= Aexp(—A)exp(A)
Y (328)

So the mean of the Poisson distribution is \.
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Variance

To calculate the variance, it is easiest to find E[X° — X] first:
E[X* - X] = E[X(X -1)]
- A exp(—A
= Zr(r — 1)—exp( )

r!
= Z X (ixi) i (the r = 0,1 terms are zero)
00 yr-2

= (AN =

= eXp(—/\))\2 i}s—j (writing r = s + 2)

=\ _ (329)

Hence,

E[X’]=E[X’ - X]+E[X]=X\+), (330)

having used ([328)) for the value of E[ X']. Hence, from (316)

=E[X’] - (E[X])* = ). (331)

7.6 Continuous probability distributions

We now consider a random variable X which can take any value in a continuous

range, in general —00 < X < 00.

Because X is continuous we cannot assign a probability to X taking a single
value X = z, but instead we can define the probability that X takes a value in

an infinitesimally small interval, i.e. x < X <z + dx.

We hence define the probability density function (PDF) f(x), such that

Plr<sX <xz+ dx) = f(z) dr. (332)
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e The probability that X takes a value in the finite range a < X < [ is then
given by the integral

B
Plas X <f)= j f(z) dz . (333)

e The PDF for a continuous random variable is the equivalent of the probability
function of a discrete random variable. However, f(x) on its own is not a

probability.

e We have that f(x) = 0 to ensure that all probabilities are positive. Also
f(x) can be larger than 1 over some subset of possible X, but the integral

over any such range must be less than 1.

e The PDF must obey the normalisation condition
J Fla)do=1. (334)

e The cumulative probability function (CPF), F'(x), is defined to be the prob-
ability that X < z,

F(z) = P(X < 1) = f; F(x) da | (335)

We can see straightaway that dF' /dz = f(x).

7.6.1 Mean and variance

The mean and variance of a continuous random variable can be defined by a

simple modification of the definitions for a discrete random variable.

Specifically, the mean is given by

E(X) == JOO 2 f () da (336)

— 00
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and the variance, 02, by

o? = J (2 = 1) f(z) da. (337)
Recall the mean
E[X]=) 2p; =) oP(X =)
=1 =1

and variance
var(X) = E[(X - E[X])*]
of a discrete random variable. The variance is also equal to o’ = IE[XQ] —

(E[X])?, where

E(X7) = J_O:o 2 f(z) dz . (338)

As an example, consider the uniform distribution for which the random
variable X is uniformly distributed between X = 0 and X = q, i.e. takes any
value in that range equally regularly, where « is a positive constant. This is finite-
bandwidth white noise, manifesting in, for example, a random number generator
on a computer, quantisation error when transferring analogue to digital signals,
and is also an approximation to the sound of a crashing cymbal (at least in old

school drum machines).

e The PDF is f(z) = a ' for 0 < z < «, and 0 otherwise. Obviously f(z) is

correctly normalised because Ifooo f(x)dx = Ioa o tdr = 1.
e The mean should be a/2 by symmetry, but let us check the formula:

(e 1 4 gqe 1
,LL—[O ra d:r:—ioz [a: :|O—§oz. (339)

e \What about the variance?

o« 1Y 1
o = (X =’ = J io dr — (—oc) = —a’. (340)
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Example 7.9 Find the mean and variance of the exponential distribution

) = Aexp(=Ax) =20 (341)
0 x<0.

What is the probability that X takes a value in excess of two standard deviations

from the mean?

We begin by computing the mean p. Integration by parts helps us here:

= J xf(x)dr = J Aze M dz,

—00 0

o0
VN b -\
=[—xe x] +J e " dz,
0 0

1 .]° 1
—O+|:—X6 :| = —.

Next we compute the variance o~ = E(X?) — E(X)?. First we work out the

first term on the right side:

E(X7) = [ 2 f(z)de = [0 Ar'e Mdr,
= [—xQG_Ax];o + ZJ ze ™ d
0
— O + z — 3
= )\Iu = )\2.

Therefore, o° = E(X”) —E(X)* =2/ = 1/A* = 1/)\%.

One standard deviation is ¢ = 1/ and the mean is u = 1/\. We are interested
in finding the probability of | X — u| > 20, or in other words when X > 1/\ +
2/A=3/Nor X <1/X=2/X =—1/\. From the distribution function we see
that there is zero probability of getting a negative value for X, so we discount
the second case. The probability of the first case is:

3 e Az
P(X>X)= 3//\)\6)\ dx=[—eA]

o0

— _3 —
sp =€ = 0.0498.
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7.6.2 The normal distribution

The normal (or Gaussian or bell curve) distribution is the most important distri-
bution in statistics. It is ubiquitous in science, as a consequence of the central
limit theorem: the average of a huge number of random and independent ex-

periments will be distributed increasingly like a normal distribution.

The normal distribution is defined by

1 (v - p)
f(x)—mgexp[ BTy } (342)

where 1 is the mean and o” is variance. It is often denoted N(pu, 02).

Figure 60: The normal distribution with ;= 0 and o = 1.

To handle the normal distribution we need the following pieces of information:

JOO exp(—z”) dz = V7 , (343)

— 00

a result which can be proved using double integrals (see next term);

Joo xeXp(—xQ) dx =0, (344)

— 00
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a result which follows straight from the fact that the integrand is an odd func-

tion; and
J 2’ exp(—2”) da = g : (345)

a result which follows by writing the integrand as x.x exp(—a:2), integrating by

parts and then using ([343).

We first check the normalisation condition ([334)):

[ = e ] 5]

1 o0
= J exp(—y” V20 dy
oV2r J-o0
=1 .

(346)
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Mean

The mean follows from

E(X)

= (x—,u+,u)exp[—w} dz

p using (346)) . (347)

Variance

To find the variance we first compute the expectation value of X7 as

E(x?) = Jw () du

— 00

- Jw 2 exp NGO
oV21 J -0 202

1 (0.¢]
- Jr J (1 + vV20y)’ exp(—y”) dy  using substitution = — 1 = vV20y
T J-0c0

1 (0.¢]
= ﬁ [ (M2 + V20 uy + 202y2) exp(—y2) dy
1
= = [/f\/% + JQﬁ] using (343] [344] and [345))
s
= i +o, (348)

which indeed proves that the variance is o’
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Cumulative probability distribution
The cumulative probability function for the normal distribution is

’ exp|:—(y_—m:| dy . (349)

Fo) = 207

1
oV2m
The integral here cannot be written in terms of elementary functions. Instead

it introduces a new special function, the error function, erf(x), defined to be:

2 (" _p
erf(z) = ﬁz[o e dt,

which appears frequently in mathematics and science (especially in problems
dealing with diffusion, such as the heat equation). Note that it is an odd

function.

erf(x)
1__

9.

Figure 61: The error function erf(x)

Hence the cumulative probability distribution can be written as

F(r) =5+ 1erf(

As an example, suppose that a certain manufacturing process produces com-
ponents whose length is normally distributed with mean 0.5cm and standard

deviation 0.005cm, and suppose that a component is rejected if its length dif-

fers from the mean by more than 1%.
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If we set the random variable X to be the length of the component, then the

probability any given component must be rejected is

P(reject) = P(X > 0.5+ 0.005) + P(X <0.5—0.005)
= 1-P(X <0.505) + P(X < 0.495)
= 1-F(0.505) + F(0.495) .  (351)

We now bring in the error function and get

P(reject) =1 — 1 lerf(w> + 1 + lerf(w)
272"\ To005v2 /727 2%\ o005 /)
| f( ! )
=1—erf|l —=|,
V2

where we have used the oddness of the error function to simplify things.

Computing the error function (using tables or Taylor series), gives us P(reject) =
0.3174. So the proportion of rejected items is a massive 31.74%. Probably best
to design a better manufacturing process; one that produces the components
with a tighter distribution. (Suppose, in fact, that a new process is implemented

and its standard deviation is 0 = 0.001 cm; what is P(reject) now?)

Another example: The Higgs boson detection was often quoted as being at the
“b-sigma level”. This means the following: if we assume that the Higgs cannot
exist ever, then the detection at CERN was the result of a random fluctuation

that was 5 standard deviations away from the mean.

What is the probability that the fluctuation was actually just noise and not the

Higgs, assuming the fluctuations were normally distributed?

We want to work out

P(|X=pu|>50)=1=-F(u+50)+ F(u—>50),
=1 —erf(5/v2) = 5.733 x 10"
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So the probability that the detection was just due to random noise was roughly
0.00006%. It is up to us then to decide whether this is good enough to accept
that the Higgs was detected.

e The first gravitational wave detection by LIGO in 2015 of a binary black hole
merger (GW150914) was regarded as a 5-sigma result. But a more recent
detection of a different colliding black hole binary (GW151012) was only 2-
sigma, meaning that the probability that the signal was from something else

is roughly 5%. Not nearly as compelling.

e In fact, a result to 2-sigma is regarded in many fields as being sufficiently
significant as proof, certainly in drug trials. But it is also means that 1 in 20

published results (using this criterion) are probably wrong .. ..

e And all this presupposes that we have a good model for the random (or
other) fluctuations in the system. In other words: is the mean, against which
we are basing our sigma, well constrained? A famous example: in 2014 the
BICEP2 instrument in Antarctica detected a signal interpreted as evidence
of gravitational waves from the primordial universe. Researchers claimed the
detection was around 6 sigma. In fact, they had not accounted for the effect
of dust in the Milky Way which could easily explain their signal within the
probabilities, no outrageous fluctuations needed. The ‘mean’ was not where

they thought it was!

Example 7.10 2007 Paper 1 question 4.

(a) The probability of the number n of persons passing a certain checkpoint
during a day is

N exp(=\)
n!

P(n; \) =

Y
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which defines a Poisson distribution with parameter \. Show that

iP(n;)\)=1.

The probability that any given person is male is p. Show that the probability

that £ males and [ females pass the checkpoint during a day is

P (1= p) A exp(=2)
(k+1)!

k+1
P(k males, [ females) = l

Hence show that the probability that £ males pass (independent of the number
of females passing) during the day conforms to a Poisson distribution with

parameter Ap.

(b) A proportion 0.1 of members of a large population have a certain viral
disease, and a further proportion 0.2 are carriers of the virus. A test for the
presence of the virus shows positive with probability 0.95 if the person tested
has the diseases, 0.9 if the person is a carrier and 0.05 if the person in fact is

free of the virus.
Calculate the probability that any given person tests positive.

Calculate the probability that a person who tests negative in fact has the virus

(i.e. either has the diseases or is a carrier).

(a) The first part is just asking you to reproduce the notes:

00 P ) 00 )\ne—/\ L ) )\ne—A o '
Z (TL, ) - Z n| =€ Z TL' =e € =1
n=0 n=0 n=0

where at the end there we recognised the Taylor series of the exponential func-

tion.

In the next part of the question we are interested in the case when n = k + [

people pass the checkpoint: k of them are male, and [ are female. Putting aside
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gender, we know that the probability of getting n people past the checkpoint is
P(n; \) = /\ne_A/n!.

Next, we need to multiply this result with the probability that out of these n
people, [ of them were female. This brings in the binomial distribution, because
this is is equivalent to doing n experiments, with each experiment producing
one of two outcomes: female or male. We are interested in the probability of
getting [ ‘successes’ (i.e. females) in n experiments, given that the probability
of getting a single success is 1 — p. The binomial distribution tells us that the

probability of this is
n | n—l _k+l Ik
C(1-p)p"™ =" C(1=p)p"

Multiplying the result with our precious probability (and setting n = k+1) yields

k+l =\
P(k males, [ females) = (kTel)! kHC’lpk(l —p)l.
The final part of (a) wants us to work out the probability that & males pass the
checkpoint whatever the number of women who passed. One way to compute
this is to work out the probability that & men pass and 0 women pass, then
add to that the probability that £ men pass and 1 woman passes, then add the
probability that £ men pass and 2 women pass, and so on and so on. We then

have, first rewriting kHC’l in terms of factorials:

%) k+l =\
AN e

P(k males) = kHC’lpk(l — p)l,
; (k+1)!

_< )\k+le_A(k+l)!pk(1 Ly
L (k+1)! KU

_ Ake—)\pk i )\l(l _ p)l
a k! [!

(=0
~Op)fe? A0-p)
B k! ’
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where in the last line we recognise that ) ;- /\l(l —p)l/l! is the Taylor series of

P (treating A\(1 — p) as the x in ).

Finally we get
(Ap)'e™™

k! ’
which is the Poisson distribution but with pA instead of \.

P(k males) =

(b) To simplify notation, let 7 indicate ‘infected" (i.e. exhibiting the diseases), ¢
indicate ‘carrier' (carrying but not exhibiting), and f indicate ‘free'. In summary,
we then have P(i) = 0.1, P(¢) =0.2, and P(f)=1-0.1-0.2=0.7.

Next let us denote p as testing positive to the test, and n as testing negative
to the test.

The information given us regarding the test can be summarised by:
P(pli) =0.95, P(ple) = 0.9, P(pl|f) = 0.05.

And thus P(n|f) =1 —-0.05 = 0.95.

The sets i, ¢, and f are mutually exclusive, therefore we can write down the

total probability of testing positive as:
P(p) = P(pni)+P(pnc)+P(pn f).
Using the definition of conditional probability this may be re-expressed as

P(p) = P(pli)P(i) + P(plc)p(c) + P(pl f)P(f),
=0.95-0.1+0.9-0.2 + 0.05- 0.7,
= 0.31

It also follows that P(n) =1 — P(p) = 0.69.

The last part of the question asks us to find the probability that someone is

either a carrier or infected, given that they tested negative, in mathematical
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terms: P(i U ¢|n). To ease notation we write f = i U c. Bayes’ law says:

P(fin) = ZHELD

We know that P(f) = 0.1 + 0.2 = 0.3 and P(n) = 0.69 but P(n|f) requires

a bit more work. We have the total probability of testing negative as
P(n) = P(nn f)+ P(nn f) = P(nl f)P(f) + P(n| f)P(f).
which gives us
P(n|f)P(f) = P(n) — P(n|f)P(f) = 0.69 — 0.95- 0.7 = 0.025.

Therefore

_ 0.025
P(fIn) = Tgg ~ 0.036

So about 3.6 %.

Example 7.11 2007 Paper 2 question 3.

(a) The probability of an experiment that involves counting events having the

result N = n (where n is a non-negative integer) is
P(N =n)=Ap",

where p (0 < p < 1) is given. Find the normalising constant A. Calculate the
probability that N > n. Calculate the probability that N > n, conditional on
N > m (where n > m).

(b) The probability density function for a continuous random variable X is
T -1
f(z) = Bp" = Bexp(=Az) (A=In(p ))

where x takes values between 0 and oo. Find the normalising constant B.

Calculate the probability that X > z, conditional on X > y (assuming = > y).
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Deduce the probability density function for X, conditional on X > y. Calculate

the variance of X, conditional on X > y.

(a) The total probability should be one, i.e. Y -  P(N =r) = 1. But

ZP(N=7“) =AZpr
r=0 r=0

is an infinite geometric series that sums to A/(1 — p). Hence A =1 — p if the
probability distribution is normalised properly.

P(N > n) is just the sum of all probabilities that N > n:

o0 (o.¢]

P(N>n)= ) P(N=r)= ) (1-p)

r=n+1 r=n+1

n+l s
=Y (1=p)""p",
s=0

n+1 S
=(1-p)p""" ) s,
s=0

_ n+1 1 _ n+l
=(1-p)p =, -
The last part of this section asks us to find the conditional probability P(N >
n|N > m). In other words, given that we have counted m events already,
what is the probability that we ultimately count n (> m) or, put another way,
another n — m events. From the definition of the conditional probability this

can be re-expressed as

_P((N>n)n(N>m)) P(N>n)
PIN>n|N>m) = PN >m) PN >m)

because n > m and so (N >n) N (N >m) = N > n. Using the previous part
of the problem, we then have

P(N>n) o™ L,

PN > nIN > m) = ps = 2o =
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In other words: the probability of just counting another n —m events more than
what we have already. The number of previous events counted does not really

enter directly; thus the process has no memory.

(b) First we work out the normalisation from
-z

Loo f(z)de = B Loo e [_i r ,

r =B

0
_B
D)

= 1.

Thus B = \.

The conditional probability is similar to earlier:

_P((X>z)n(X>y)) P(X>x)
PE>aX>0) = =55 " P>y

the last equality following from = > y.

Next we work out P(X > z):

(0]

P(X >z) = [ Ne Vdz = [—e_)‘z](;o =e M,

X

Thus we have
P(X >z|X >y)=e " = p(X >z —y).

This shows that the exponential distribution is ‘memoryless’, as before. It does
not matter how many events we have already counted, the clock ‘restarts’ (in

terms of probability) after each count.

Let us define the new ‘conditional’ pdf by ¢g(x). Denote its cumulative prob-
ability function by G(x). The two are related by G(z) = Igg(z)dz. This

definition can be manipulated so that

Gz)=1- J g(2)dz=1-P(X >z|X >y)=1-¢ ")

xT
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We then differentiate both sides with respect to z, noting that dG/dx = g,
which yields g(z) = Ae ™). But note that this is true only for = > v.

Outcomes corresponding to x < y are impossible (by definition), and thus on

this range we set g = 0. In summary

Ae Mg s Y

g(z) =
x <y

Finally, we compute the variance from the formula

Var(X|X > y) = E(X°|X > y) - E(X|X > y)°.

We first work out the mean:

(o.¢] o0

xg(x)dr = joo

Y

MXM>@=J

— 00

0

where we have made the transformation z = x — y. This then gives us

-z o0 o0
E(X|X >y) =\y [Q_A} + J )\ze_Azdz,
- 0
0

note that the second term is just the mean of the usual exponential distribution,

which we computed earlier in the notes. It is just equal to 1/). Hence,

1
]E(X|X>y)=y+x.

Using integration by parts

00 2

E(X*|X >y) = L

A

)
2
=y + JE(X]X > y).

22, L
BRI C YA

Are T gy = J My + z)e_AZdz,

-AMzx— - —\z " © 2 x
:1:2)\6 Al y)dx = /\e/\y|:—xe A } + )\e)‘yf —xe A
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Now putting everything together we have:

Var(X|X > y) = B(X?|X > y) = B(X|X > y)°,

_2 2 Y, LY
_y )\y )\ y /\7
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