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Overview and Motivation

Beware: These notes are subject to change! If you're reading ahead of lectures, it is very likely
that there are mistakes. Use with care and please inform me of typos/mistakes.

A first course in calculus studies univariate calculus. Univariate means that one studies functions
that give a rule from the real line R to itself, i.e. one has a function f that takes a point/variable
z € R to f(x) € R, whilst the calculus part means that one studies limits, derivatives and integrals of
such functions. This course studies the generalisation of these concepts to vector-valued multivariable
functions. In plain terms, this means that the functions one studies depend on more than one variable
and can produce values which cannot be expressed as a single number but only as a ordered list of
numbers. More precisely, a vector-valued multivariable function is a map/rule f which takes n inputs,
(z1,...,xn), with ; € R for i = 1,...,n and outputs m real numbers (y1,...,¥m ). In this course, the
multivariable functions studied will typically have m,n < 3. For example, one could define f by

(z,y) = flz,y) =2° +y°. (1)

A natural question to ask is why one would want to study such things. Essentially this is motivated
by the physical world. Multivariable calculus has applications everywhere in physics, mathematics,
economics and engineering to name only a few. Below are some examples:

e Physical positions require more than one number: Putting string theories aside, we perceive 3
dimensions (plus time, so in reality 4). You can move forwards/backwards, left/right and up/down.
Suppose you wanted to specify a place to meet someone in Manhattan (or on Earth in general),
you need 2 bits of information: a street and an avenue or you need to tell them how far North and
how far West (a longitude and a latitude). For example, (40°48'2"” N, 73°57'43"W) is Columbia
University. Suppose further you wanted to meet them on the fifth floor of a building then you
need a third number. You might even want to add a time giving a fourth number.

e Many quantities change in space and time: If you wanted to arrive at the above place by a
certain time you need to know at what velocity you need to travel. Velocity is a directed rate of
change of distance over time, i.e. you need a direction (which is more than one number) and a
speed. Therefore, studying geometry in 2 and 3 dimensions and rates of change (i.e. derivatives)
is important to understand physical problems.

e Physical objects have 2 or 3-dimensional extent: understanding areas/volumes of objects or
how quantities leave a areas/volume (say energy of a water wave leaving a circular disk) requires
integration in 2 and 3 dimensions.

e Partial differential equations: You may/may not have come across ‘partial differential equa-
tions’ which are equations which govern how a given quantity varies in space and time. They
are fundamental in the study of many physical systems such as electrodynamics (Maxwell's equa-
tions), fluid mechanics (the Navier—Stokes equation), differential game theory (the Black—Scholes
equation) and gravity (the Einstein equation). In aiming to study such equations one requires a
good working knowledge of multivariable calculus.
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Notation

The following is a list of notation that is used in lectures and these notes:

e {..}: denotes a set or a collection of elements, usually numbers, i.e. {1,3,7,v/2}, {1,2,3,4,...}.
One can have a set with a condition, this is written with a colon as follows:

{elements : condition}. (2)
For example
{reR:z>0} (3)
is the set of positive reals.

) { can denote a set of equations you usually want solve simultaneuously, i.e.

ar+by+cz+d=0
{ (4)

ex + fy+gz+h=0.

e R: the set/collection of real numbers, i.e. (inprecisely) the set or collection of all numbers which have
an infinite decimal expansion. Examples would be 1, 2, —7, 7 = 3.1415..., V2 and (uncountably)
many more.

e c: belongs to, i.e. a € R, a belongs to the reals.

e A C B: denotes that A is a ‘subset’ of B meaning that all elements of A are contained in B. For
example, if A ={1,2,3} and B ={1,2,3,4} then A C B. Note that A and B can be equal, i.e. in
the above example A = {1,2,3,4} is a subset of B.

e (a,b) is the open interval from a to b, i.e. it is the set of all real numbers between a and b, excluding
a and b.

e (a,b] is a half-open interval from a to b, i.e. it is the set of all real numbers between a and b,
excluding a but containing b.

e [a,b) is a half-open interval from a to b, i.e. it is the set of all real numbers between a and b,
including a but excluding b.

e [a,b] is the closed interval from a to b, i.e. it is the set of all real numbers between a and b, including
a and b.

e A x B is called the Cartesian product of A and B, it is the set of pairs (a,b) such that a € A and
b € B. In set notation:

{(a,b) :a € A,b e B} (5)

e R?: denotes the Cartesian product R x R, i.e. it is the set of ordered pairs of real numbers, (a,b),
with a,b € R. Notationally, this is written,

R? = {(a,b) : a € R,b € R}, (6)
where the colon : denotes ‘such that’ or equivalently that a condition follows.

e R3: denotes the Cartesian product R x R x R, i.e. the set of ordered triples of real numbers, (a,b,c),
with a,b,c € R. Notationally, this is written as follows:

R3 = {(a,b,¢) : a,b,c € R}, (7)
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R™ for n > 1. denotes the n-fold Cartesian product R x ... X R, i.e. the set of ordered n-tuples of
real numbers, (z1,...,2,), with z; € R for all i = 1,...,n. Notationally, this is written as follows:

R" = {(x1,...,zp) :x; € Rforalli=1,..,n}. (8)

Sk: denotes a circle of radius R. This has equation 22 + y? = R?. Notationally, this is written as
follows:

Sk = {(z,y) e R?: 2° + ¢ = R*}. (9)

S%%: denotes a sphere of radius R. This has equation x2 + y? + 22 = R?. Notationally, this is written
as follows:

S% ={(z,y,2) €R®: 22 +9* + 22 = R?}. (10)
f + A — B: denotes a function taking inputs from a set A (called its domain) and outputing elements
of B (called its codomain).
>, denotes a sum, i.e. > a; = a1+ az + ... + ap.

+,F: denotes + or — compactly, i.e. +1 means plus or minus 1, fi(z) = £v/1 — 22 means two
functions defined simultaneously fi(x) = +v1— 22, f_(z) = —v/1 — 2. This notation can be
used in more elaborate ways:

fe(x) —aFbteczr’ (11)
which translated to

fr(@)=a—0b+cx” fo(x)=a+b—ca (12)

— : implies, i.e. A = B for example 2°> = a — z = a.

=: definition via an equality, i.e. define a function f(z) = ..... For example fi(z) = V1 — 22
defines two functions f, f_ by the right-hand side with their respective signs.

—: Arrow notation defines the rule of a function inline, without requiring a name to be given to the
function. For example (z,y) + 2% — 32 should be read take (%) in the domain and map them to
22 — y? in the codomain R.

~: usually a line or a curve.
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1 Coordinate Systems on the Plane and 3D Space

When you think of the real numbers R you probably, quite involintarily, think of an infinite straight line
with each point representing an infinite decimal expansion:

~

0 1 2 3.1415...

This lecture is about how draw pairs or triples of numbers, which requires a coordinate system.

A coordinate system is a one-to-one assignment of a coordinate, which is an ordered list of n num-
bers (often called an n-tuple) to points on a surface or space. In plain terms a coordinate system is a
way of labelling points on a surface or space with numbers. The notion of one-to-one just means that one
assigns distinct elements to distinct elements: here one assigns a distinct coordinate to a distinct point on
the surface or space. The reason for this is you want to uniquely label your points.

In this course, the number n will be 2 or 3 and the surface or space will be the 2-dimensional Euclidean
plane, or 3-dimensional Euclidean space. These are often called just ‘the plane’ or ‘3D space’ respectively.

Remark 1.1. The reader should be aware that there are notions of 2D or 3D spaces that are not Euclidean.
For example, the surface of a ball, also called a sphere, is a two dimensional space (a given point on the
surface of a sphere can be specified by two numbers) that is not Euclidean.

1.1 Coordinate Systems on the Plane
1.1.1 Cartesian Coordinates

On the plane
R?=R xR ={(z,y): z € R,y €R}, (13)

one can set up Cartesian coordinates (due to French mathematician René Descartes). There is not much
to do here: if p € R? then Cartesian coordinates simply its ordered pair (a,b).

Just as the real numbers R can be visualised as points on a straight infinite line, the plane can
be visualised with points on a flat two-dimensional surface with infinite extent. To draw the Cartesian
coordinate system, one picks an a point for o = (0,0) the origin and sets up two perpendicular axes or
lines which intersect at (0,0): conventionally one horizontally, called the z-axis and one vertically, called
the y-axis. One identifies each of these lines with the real numbers R such that the real numbers labelling
the z-axis increase to the right and the real numbers labelling the y-axis increase upwards. This is easiest
to visualise with a picture:

Y )
(a,b)
9 bE--- X
1 :
y o : s o

—2 -1 o 1 2 0 a

-1

)
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Given a point in the above diagram its Cartesian coordinates be determined by the following procedure
(shown in the right hand figure of the above diagram):

1. Draw a line perpendicular to the z-axis through p and another line perpendicular to the y-axis
through p.

2. a is given by the point at which line perpendicular to the x-axis meets the z-axis.
3. b is given by the point at which line perpendicular to the y-axis meets the y-axis.

It is very easy to describe straight lines in Cartesian coordinates, for example the straight line determined
by the equation y = 2x — 1:

Yy
2
1
> T
-2 -1 o 1 2
-1
/—2

Round shapes are slightly tricker. The unit circle is the subset of R?:
St = {(z,y) e R? : 22 + 2 = 1}. (14)

This is drawn below:

~
8

(1N
—2—10/I2

Polar coordinates on R? give a cleaner description of round shapes.

1.1.2 Polar Coordinates

Polar coordinates provide a one-to-one map from (0, o) x [0, 27) tow R2\ {p} where p is usually chosen to
be the origin o in Cartesian coordinates, i.e. (0,0).! Concretely, one takes the origin in R? and the positive
part of the z-axis, i.e. the set {(z,y) : x € (0,00),y = 0}. This is often called the polar axis. Now to

!For those unfamiliar with set notation R? \ {p} this means R? without the point p.
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construct the polar coordinates of a point ¢ € R? one take the distance r from the origin o to ¢ and the
anticlockwise angle between the polar axis and the line/ray from o to ¢. So the coordinate r € (0, 00) and
6 € [0,27). Again, this is best visualised with a figure as follows:

0=m/2
---------------- )
_ _z A
) =37/4 . L0=17
N . s
\ ”,
\\ 2 ...... ,, . (7’7 9)
N . a b ————— X
\.-(. )2 1
. \\ ,/ . 1
N 1 . a7 T !
X A :
. N 4 . -
N . . A !
Y e : T 1
0= ¥ : : 0 = () 0 1
ol 1 2 L S T
7 o : o a
7., N N
d Y
. ’ N R
L4 N
¢ .
. VRN JEMRN
. 4 M N
e 4 N
R T TR N L
PN '~
g — 5n 9~ /4
4
0 =3/

Remark 1.2. Whilst these comments may seem pedantic there are technical situations where they can be
important. In general you will not have to worry about them but it is good to be aware.

1

Notice that polar coordinates here have been defined on R?\ (0,0). This is because the point (0,0)
can be represented in many different ways as (0,0) for all 8 € [0,27). This is non-unique and
therefore we don't have a one-to-one correspondence between a polar coordinate and the origin. One
can either ignore this and ‘represent o as (0,6)’ or one could state that (r,6) = (0,0) is the origin.
Both of these solutions are mostly fine (especially when integrating) but have problems when you
want to take limits at the origin such as the ones that arise in taking derivatives.

Related to point 1 is values of 6 outside of [0,27). Note that any other length 2x interval is fine;
you can pick your favourite. The reason for the restriction is to have a unique 6 coordinate for each
point in R?\ {(0,0)}.

Intuitively. one can image revolving around the origin any number of times and assigning a that 0
value to represent the § coordinate of a point. Say r = 1 then § = 5 can be represented by = 57/2
or § = 97/2 or § = —3n/2 etc. However, one runs into the same non-uniqueness issue as 1 if you
allow this. So either one restricts 6 to an interval of 2m length or periodically identifies 0, i.e. one
declares 0 is equivalent to 6 + 2nm for n € Z (the integers). One can represent this in notation as
0 ~ 0+ 2nm forn € Z. In practise what this means is the following: You compute the angle to be
0. Then one finds the n such that 0 = 0 + 2nr € [0,27). This is the 6 coordinate one assigns to
that point.

Relations between Cartesian and Polar Coordinates
To find the Cartesian coordinates give polar coordinates one uses,

x =rcosb, y =rsinf. (15)
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These can be inverted to find the polar coordinates from Cartesian coordinates. The resulting formulas are
the following,

.
arctan (%) z>0,y>0
arctan (¥) + 2m x>0,y <0
y
Y o ) ) - arctan (E) + 7 z <0 (16)
3 xr=0,y>0
37” r=0,y<0
undefined x=0,y=0.

The reason for the cases for ¢ is due to arctan : R — (-3, 7).

One can see why these formulas in (15) are true from using SOHCAHTOA plus trig.-identities on the
triangles in the following pictures

) )

A

~
8

ah AP
N N

~
&

Polar Curves

In Cartesian coordinates one can consider functions that depend on both = and y, i.e. F' = F(x,y). For
example,

(z,y) = 2° +9° — L. (17)

One can do the same in terms of polar coordinates. Then one writes F'(r,6). One can consider the level

set of a such a function which is the set of points in R? such that F(r,6) = 0. One can consider plots of
such a set or the plot of a polar curve.

Example 1.1. Here are some examples of plot of polar curves:

1. r = c where c € (0,00):
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A

~

2. 0= 00, for 90 < 77/4.'

~

3. r=alcosb|,

~

1.2 Coordinate Systems on 3D Euclidean space

The Euclidean 3-space R? is the set of all ordered triples of real numbers:
RE=RxRxR={(z,9,2): 2 € R,y € R,z € R}. (18)

One visualises this as flat 3-dimensional space with infinite extent in all directions. It is often used as the
model for the physical world, i.e. where all physical processes take place.



1.2 Coordinate Systems on 3D Euclidean space 12

1.2.1 Cartesian Coordinates

If p € R3 then Cartesian coordinates simply its ordered triple (a, b, c).

One can draw Cartesian coordinates for R? in the following way:
1. Pick a point for origin o = (0,0,0).

2. Draw three perpendicular axes intersecting at o according to the right-hand rule: label the axis
associated to your thumb ‘z', the axis associated to your index finger ‘z’ and the axis associated to
your middle finger ‘y’.

3. ldentify each of these lines with the real numbers R.

This construction is shown one the left hand side of the following diagram:

z z

A AN

~
<
<

To each pair of axes one can associate a plane or R?. For example the yz-plane is depicted above on
the right. One also has a xy-plane and a xz-plane. One then draws the point (a,b,c) in R? as follows:

1. one goes a along the z axis.

2. one draws a line parallel to the y-axis in the xy-plane emanating from a and goes directed distance
b along this line. This gives the point (a,b) in the zy-plane.

3. From (a,b) in the zy-plane one goes c along a line parallel to the z-axis through (a, b) in the zy-plane.

As usual this is best visualised in a diagram as follows:

z

1

—e--m

(a’ b, C) c RS

b

N
~
<
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1.2.2 Cylindrical Coordinates

Another set of coordinates on R? are cylindrical coordinates, which effectively extend polar coordinates on
the zy-plane all of R? by using the standard Cartesian z coordinate to complete the triple. More precisely,
p € R3 is assigned cylindrical coordinates as follows:

1. project p to the zy-plane and assign the usual polar coordinates (7, 6) to the projection of p.
2. z is then the directed distance of p from the xy-plane.
3. pis then given the cylindrical coordinates (.6, z).

This can be visualised as follows:

~
<

To convert between cylindrical and Cartesian coordinates one uses the relations (15) and (16) with
z=z.

Remark 1.3. Since polar coordinates on the plane do not cover the origin, cylindrical coordinates for R3
do not cover the z-axis. So one can think of cylindrical coordinates mapping R? \ {(0,0,2) : z € R} to
(0,00) x [0,7) x R.

1.2.3 Spherical Coordinates

Spherical coordinates on R? are often very convenient for problems with symmetry about a point. They are a
natural generalisation of polar coordinates on the plane. In particular, if one hasa p € R3\{(0,0, 2) : z € R}
(the usual remarks about the set {(0,0, z) : z € R} apply with spherical coordinates) one assigns spherical
coordinates as follows:

1. Let r be the distance from the origin to p. Then one needs two angles (6, ) to give a unique
representation of the point.

2. Let 6 be the angle between the line segment from the origin o to p and the positive z-axis. Thus
6 € (0,m)

3. Let ¢ be the angle in the xy-plane of the projection of p to the zy-plane as measured from the
positive z-axis, i.e. the usual polar coordinate. Therefore, ¢ € [0, 27).

The point p € R3 then has polar coordinates (7,6, ¢). This can be drawn as follows:
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w
<

T

Remark 1.4. [t is very common for authors to make the swap the labelling of 6 and . Stewart for example
uses this convention.

The relationship between Cartesian coordinates an spherical coordinates is

x = rsinf cos p, y = rsinfsin g, 2z =rcosb. (19)
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2 Vectors in R? and R?

One often associates the term vector to a quantity (often physical, i.e. velocity) that has both a magnitude
and direction. This is often depicted with an arrow which has a length that depicts the magnitude of the
vector and which has a orientation depicting the direction. For example:

"

For example, this could represent ‘displacement’ (a distance one has to travel in a certain direction),
i.e. New York to Providence, approximately zkm ENE. Further, one could travel on to Toronto which you
could represent with an arrow of length ykm from Providence NW. You could then draw a third arrow
which is your final displacement from NY to Toronto which would be the sum of the displacement from
NY-Providence and the displacement from Providence-Toronto:

"

This requires a notion of vector addition.

Suppose you're driving along a straight section of motorway on your way to Providence. For simplicity,
say it runs ENE. So you have some velocity (the directed rate of change of distance over time) that points
ENE and has say a length of 100km/h. Suppose someone breaks in front of you and you have to slow
down to 50km/h. The velocity that results has the same direction but half the magnitude, i.e. the arrow
that one draws would be scaled by 50%:

These notions of scalar multiplication and addition are the key ‘vector operations’ that must satisfy
certain properties. This lecture is about how to make these notions mathematically precise.

One can think about the content of this lecture in the following alternative way: at this stage you're
happy to add single numbers a + b. How would you add ordered pairs (a,b) + (¢, d) of numbers? You're
also probably happy to multiply numbers. What about multiplying a pair (a, b) by a number ¢? Very simply
put this lecture is about how to define such operations and what properties these operations have.

2.1 The Algebraic Approach

In lecture 1, R? and R3 were discussed. Recall that R?, which is the set of all ordered pairs (z,), and
R3, which is the set of all ordered triples (x,%,z), can be thought of as a plane or as ‘ordinary space’
respectively. To ease notation one often denotes an element of R? (or R3) with a single boldface letter,
i.e. x = (x,9). Other common notations are an single underlined letter, i.e. x = (z,y).2 One can define
notions of addition and ‘scalar’ multiplication on R™ as follows. These turn R™ from a set into a vector
space.

20ften authors do not distinguish at all and simply write 2z € R?.
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Definition 2.1. The addition of ordered pairs x; = (x1,71), X2 = (x2,y2) in R? is defined by adding
corresponding (Cartesian) coordinates, i.e.

(z1,91) + (22,92) = (¥1 + 22,91 + ¥2)- (20)
The resultant ordered pair (x1 + x2,y1 + y2) is denoted x1 + X3.

The scalar multiplication of a ordered pair x = (x,3) € R? by a number (here called a scalar) A € R
is defined by multiplying each (Cartesian) coordinate by A, i.e.

Mz, y) = (A\z, Ay). (21)

The resultant ordered pair (Ax, \y) is denoted \x.

Analogous statements hold for ordered triples in R? (in fact this extends to all R™).

One can prove that the sets R™ with addition and scalar multiplication defined above satisfy the
following axioms of a vector space?:

(i) Commutativity of addition: u+ v = v + u for all u,v € R".

(i) Associativity of addition and scalar multiplication: (u+v)+w =u+ (v+w) and (ab)v = a(bv)
for all u,v,w € R" and a,b € R.

(iii) The existence of an additive identity: there exists 0 € R™ such that v+ 0 = v for all v € R™.

(iv) The existence of an additive inverse: for all x € R” there exists —x € R" such that x+ (—x) = 0.
For example for R?, —x = (—x, —y).

(v) The existence of a multiplicative identity: there exists 1 € R such that 1v = v for all v € R™.
(vi) Distributive properties: a(v +u) = av + au and (a + b)v = av + bv.

(vii) Compatibility of scalar multiplication and multiplication in R: a(bv) = (ab)v for all a,b € R and
veR

So when we think of R™ in this manner (i.e. with the notions of addition and scalar multiplication defined
as above), R™ is a vector space and any element of x € R" is a vector. The ordered list (21,2, ..., Zy) is
known as the components of x, i.e. 7 is the first component of the vector x. Additionally, one can define
the difference of two vectors u, v by

u—v=u+(-v). (22)

Remark 2.1. Stewart uses the notation (1, x2, ..., Z,) to write a vector in its components. This notation
could lead to confusion in other classes (especially if you take a class where no boldface is used to distinguish
vectors from numbers, i.e. x represents vectors rather than x): if one is dealing with R? then (w1, z2)
could mean the ‘inner product’ of two vectors. Moreover, (x1,x2, ..., ) is common notation for something
known as the ‘span’ of the vectors x1, T2, ..., xy,. In this class you can use the notation () notation if you
like it or () or even [| but just be aware that the first is quite uncommon and used for other things (do not
use {} as this is typically set notation).

One can define lots of additional structure on R™ (as will be covered in lectures 3 and 4). One useful
notation is the length/magnitude/norm of a vector v in R? or R3:

\/v%+v% for R2,
Ilv|] = Vvi + vl +v3 for R3, (23)

N R for R™.

i=1 "%

3To define a vector space in a more abstract sense one needs a notion of vector addition and scalar multiplication such
that these axioms are satisfied (see any course on Linear Algebra for more).
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The vector space R™ with the norm defined in equation (23) gives R a normed space structure, which
can be defined more abstractly. We call a vector v with norm 1 a unit vector. Any non-zero vector can be
normalised to give a vector v = (v1, v2,v3) of length 1 by dividing by its norm:

A%

V= . (24)
vl
There are two vectors that are often distinguished in R?:
e = (170) ez = (07 1) (25)

These are the standard basis (unit) vectors for R2. Other common notation is i and j. In R? this generalises
to

e1 =(1,0,0), ez =(0,1,0), ez = (0,0,1), (26)
or i, j and k. For R™ with n > 3 this generalises to
e; = (1,0,...,0), ez =(0,1,...,0), ... en=(0,0,...,1). (27)
With the rules of vector addition laid out above one can express the vector v = (v1, va, v3) as
Vv = vie1 + vses + v3es (28)
in the basis e1, eg, e3.

2.2 The Geometric Approach/Drawing Vectors in R? and R?

As before one can sketch R? on a piece of paper or blackboard. When we discussed Cartesian coordinates
on the set R? we represented an ordered pair x = (1, 22) with a point on the plane. Instead when we
think of R? as a vector space we draw x as an arrow from the origin of R? to the point (1, 22) as shown
below:

(z1,72)

~

When one thinks of x as an arrow one calls it a vector.

Vector addition in this pictorial sense works as follows. Suppose you have two vectors x = (z1,x2) and
y = (y1,92) in R%. Vector addition gives you the vector X +y = (21 +y1, 22 +%2). So you draw an arrow
from 0 to x +y. In practise what you can do is:

1. Draw the vector x (or y) and move y parallel to itself to place the tail of y (or x) at the tip of x
(or y).

2. x +y is then the vector that goes from the tail of x (or y) to the tip of y (or x).

Here x +y (or y + x) is drawn in green:
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Note that this figure illustrates the commutativity of vector addition.

Using the definition of the difference of two vectors x and y one can draw x — y using the addition
prescription above:

~

Scalar multiplication of a vector v € R? by a scalar a € R pictorially is carried out as follows:
1. Take the length of v and multiply it by |a| call this b.

2. If @ > 0 then av is the vector of length b in the direction of v.

3. If a < 0 then av is the vector of length b in the opposite direction to v.

For example, pictorially one has:

Pl
"

1
X VQX
\
\A |
1
53X

All of the above is drawn in R? but extends readily to R3. So that there is an example of drawing in R3,
lets draw the unit basis vectors i, j and k:

~
~
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As defined in section 2.1, all vectors emanate from (0,0). However, you may be wondering what about
drawing arrows as depicted in the following diagram:

In this diagram the arrow representing the vector x has been translated without changing its length or
direction. In this course we will say that these arrows (which we will again call vectors) are equivalent to
(or representations of) the original vector (the one emanating from o).

Remark 2.2. (Do not worry about this comment too much.) Strictly speaking, the arrows that are drawn
from any point other than o belong to different copies of R™ (when viewed as a vector space). As defined
in section 2.1, all vectors emanate from (0,0). However, as represented in blue above one could realign the
origin with p = (0,0) and draw x. In technical terms, which you don't need to worry about, you are using
something known as the ‘affine structure’ of R™. You may see this in further courses on linear algebra.

One can often come across various terms associated to such vectors. For example, if a particle moves
from ps to p3 then it's displacement vector is x. Sometimes one will denote this with pap} instead of x.
The displacement vector o?ﬁ is often distinguished further and called the position vector of p;. If one is
given the coordinates of the points ps = (3,3) and p2 = (2, 1) then the displacement vector is computed
by taking the difference of the position vectors of po and ps:

x = paph = (3,3) — (2,1) = (1,2). (29)

This tells us that to reach ps from po one must travel across 1 and up 2. Note that our origin is at p in
this case.

2.3 Application: Crossing a River
Considering the following example of a computing velocity vector:

Example 2.1. Suppose a woman launches a boat from the south shore of a straight river that flows directly
west at 4km/h. She wants to land at the point directly across on the opposite shore. If the speed of the
boat (relative to the water) is 8km/h, in what direction should she steer the boat in order to arrive at the
desired landing point?

Lets align the x-axis with the south shore of the river and the y-axis pointing across the river meeting
the xz-axis at the launching point. The boats velocity v .= 8(cosf,sinf). The water velocity is u =
(—4,0) = —4i. We want the resultant velocity w to be w = wj for w > 0.
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~

So,
w=v+u=4(2cosf —1,2sin6) = (0,w), (30)

which has solution 0 = %”
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3 The Scalar Product

On the vector space R™, one can define even more structure. In particular, one can define a notion of
multiplication of two vectors which called the dot product or scalar product. This is an example of an
inner product on a vector space. Vector spaces with an inner product (known as inner product spaces)
arise everywhere in physics. For example, the mathematical foundations of quantum mechanics are based
on the theory of a particular type of inner product spaces called Hilbert spaces.

3.1 Definition and Properties

Definition 3.1 (Scalar Product). The scalar product or dot product of two vectors u,v € R" s defined
by

(w,v) =u-v= Zuwz (31)

Example 3.1. Let's do an example: Suppose one has u = (2,5,—1) and v = (—3,1,0) then one can
compute using the formula (31) that

(u,v)=u-v=2x(-3)+5x1+(-1)x0 (32)
=—64+5+0=—1. (33)

One can see that the scalar product satisfies the following axioms of an inner product:
1. Symmetry: (u,v) = (v,u) for all u,v € R".
2. Linearity in the first argument: (av +bw,u) = a(v,u) +b(w,u) for all u,v,w € R" and a,b € R.
3. Positive semi-definiteness: (u,u) > 0 for all u € R™ with equality if and only if u = 0.
Remark 3.1. The terminology 'if and only if" is a logical statement about the equivalence of two statements:
1. Statement A if statement B means that B implies A written A <— B.
2. Statement A only if statement B means that A implies B written A —> B.
3. Statement A if and only if statement B mean A is equivalent to B written A <= B.
Let's check the positive semi-definiteness property (you should check the rest of the above properties):

Proof. One can compute with formula (31) that

(u,u) = Zn:uzul = Zn:u? (34)
i=1 i=1

So since u? > 0, (u,u) > 0.
<= If u=0 then u; =0 for all i =1,2,...,n, then (u,u) = 0 from the right-hand side of (34).

= If (u,u) = 0 then, by the right-hand side of equation (34), >, u? = 0 which implies u? = 0 for
alli=1,2,...,n. This implies u; = 0 for all i = 1, ...,n. If a vectors components vanish then it is the zero
vector. O

The scalar product (and indeed any inner product) satisfies the following additional properties:

1. Linearity in the second argument: (u,av + bw) = a(u,v) + b{u,w) for all u,v,w € R" and
a,beR.

2. (0,u) = (u,0) =0.
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Note that the right-hand side of equation (34) is ||u||? where || - || is the norm defined in equation (23).

So,
]| = v (u,w), (35)

which is well-defined because (u,u) > 0.

Remark 3.2. This is a general property of an inner product: an inner product induces a norm on a vector

space.
This allows one to prove the following proposition:

Proposition 3.1 (Polarisation Identity). For u,v € R"”,

1
(u,v) = 5 (Il + v = Jful® = [lIviP?).

Proof. Expand ||u + v||? using equation (35) as
lu+v|?=u+v,utv).

Using linearity in both arguments

l[u+v|> = (w,u) + (v,v) + (u,v) + (v, u).
Using equation (35) and symmetry of the scalar product one has

la+v* = [[ul® + [[v]* + 2(u, v).
Rearranging gives the result.
Another useful notion associated to the scalar product is orthogonality of vectors:
Definition 3.2 (Orthogonal Vectors). Two vectors u,v in R™ are said to be orthogonal if
(u,v) =0.
3.2 Angles
The angle between vectors can be related to their scalar product as follows:
Proposition 3.2. Let u,v be vectors in R™ then
(u,v) = [|ul[||v][ cos 0,

where 0 € [0, 7] is the angle between u,v.

Proof. Lets prove this in R3. As usual its helpful to draw a picture:

A

~

(36)

(37)

(38)

(39)

(40)

(41)



3.3 Projections 23

One now has a triangle with sides of length ||u]

[l = [ = [[ul[* + [[v]* = 2[[ull||v] cos 6. (42)

v|| and ||u — v||. The law of cosines gives

Replacing v with —v in the polarisation identity gives
1 2 2 2
(,v) = 5 (Il + 1] = [fa = vI2). (43)

Substituting ||u — v||? from equation (42) gives the result. O

Remark 3.3. The same proof works in R2. In fact this is the essential argument since any two vectors can
be thought to lie in a plane in R™.

Corollary 3.1. Ifu,v # 0 then the angle between u,v # 0 is given by

=Yg
088 = Try) = 89 (44)

If (@, V) > 0 then 0 € [0, F) with = 0 when v = cu with ¢ > 0. If (@1,Vv) < 0 then 0 € (5, 7] with
§ = 7 when v = cu with ¢ < 0. If (1, V) = 0 then 6 = T which means our terminology of orthogonality
makes sense!

The following is are two very useful inequalities:

Proposition 3.3 (Cauchy-Schwarz Inequality). Let u,v be vectors in R™ then

[(u, v)| < [[all[[v]] (45)
Proof. By proposition 3.2 one has
[(u, v)| = [[ul[|[v]|| cos 6]. (46)
Now | cosf| < 1, so
[(u,v)| < [[ul[[[v]]. (47)
O

Proposition 3.4 (Triangle Inequality). Let u,v be vectors in R™ then
a4 vi| < [[uf[ + [[v]]. (48)

Proof. See the problem sheet. O

3.3 Projections

In some cases you may wish to know how much some vector points along another vector. This leads to
the definition of projection.

Definition 3.3 (Projection). Let u,v € R™. Then the projection (or vector projection) of u onto v is
given by

proj, (u) = Iy (u) = (v, u)v. (49)
The component (or scalar projection) of u along v is given by

comp,, (u) = (v, u). (50)
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Notice that

24

comp,,(u) = ||ul|cosf (51)

where 6 is the angle between u and v as drawn in the following diagram (the dotted blue arrow is the

projection of u onto v):

~

Therefore, projection is doing what we want, i.e. it tells you how much some vector points along another

vector.



4 THE CROSS PRODUCT 25

4 The Cross Product

The cross product is a very special operation defined only for vectors in R3. Its usefulness is in the fact
that if one is given two vectors u, v, the cross product of these vectors is orthogonal to both u and v.

Definition 4.1 (Cross Product). Let u,v € R? then the cross product or vector product of u and v is
u X v = (ugvs — ugva, Uz — UIV3, U1V — UV ). (52)

You may be wondering how does one remember this formula. There are a few options. The first is
with determinants.*

Definition 4.2 (Determinant of 2 x 2 Matrix). The determinant of a 2 x 2 matrix,

A= (Z Z) : (53)

a b

det(A) = . d = ad — be. (54)

Remark 4.1. The determinant operation is effectively to multiply across diagonals and then subtract.
One can extend this definition to 3 x 3 matrices with the following:

Definition 4.3 (Determinant of 3 x 3 Matrix). The determinant of a 3 x 3 matrix,

a b c
A=1|d e f], (55)
g h i
is
a b
det(A) = |d e fl=a| T —bld F]4eld € (56)
g h i h 1 g 1 g h

The matrices

M, = (Z J;) , M, = (Z J:) , M3 = (Z Z) ; (57)

are called the minors and result from removing the first row and the j* (j = 1,2,3 respectively as the
notation suggests) column of the matrix A.

Remark 4.2. One can generalise further to n x n matrices but there is no need in this course.
The following is a method to remember/derive the formula for the cross product:

1. Write u and v in terms of the standard basis vectors i, j and k, i.e.

u = uqi + uej + usk, (58)
v = v1i + v9j + v3k. (59)
2. Construct the following matrix:
i j k
C = Ul u2 us (60)
v1 V2 U3

and treat i, j, k as elements of a matrix, not vectors.

“Determinants crop up in linear algebra. For example a famous result is that if a square matrix has non-zero determinant
then it is invertible.
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3. Then ux v =det(C). In otherwords, we can now rewrite the formula for the cross product in terms
of the determinant of the 3 x 3 matrix C:

i j k
uxv=|u; us ugl. (61)
V1 Uy U3
Explicitly,
Pk Uy U U U U U
uxv=|u; uy ug|=1i 25" Bk 2 (62)
V2 U3 U1 U3 v V2
U1 v2 U3
= (UQU3 — U3212)i — (ulvg — 1)1U3)j + (uva — u2v1)k, (63)

which is precisely formula (52) when written in the standard basis.

The following alternative is non-examinable but may be of interest to some. One can write the
components of the cross product with a succinct formula:

3
ll X V = Z Zaijkujvk (64)
Jj=1k=1

where ¢;;;, is known as the (3-dimensional) Levi-Civita symbol which is defined as

. (65)
0 otherwise

{(—w if i j#k
Eijk =

where p is the number of pairwise interchanges of indices necessary to unscramble 4, j, k to 1,2,3. So,

€123 = 1, €931 = 1, €312 =1 (66)
€213 = —1, €132 = —1, €321 = —1, (67)

whilst all other selection of indices vanish (11; = 0 etc). Lets compute (u x v);. So,

3 3
(uxv) = Z Zaljkujvk. (68)
Jj=1k=1
Now the only non-zero options for ey are €123 = 1 and €132 = —1. Therefore, the double sum in (68)
only has two terms:
(U X V)1 = €123U2V3 + £132U3V2 (69)
= UV3 — U3V2, (70)

which if you compare to formula (52) is the correct result for (u x v);.

4.1 Properties

Proposition 4.1. Let u,v € R? then the cross product u x v of u and v is orthogonal to both u and v.
Proof. Lets compute directly the scalar product
(u x v,u) = (ugv3 — uzva)uy + (ugvy — uvsg)uz + (U1vy — UV )us. (71)

Upon expanding the first and the fourth term cancel. Likewise, the second and the fifth term cancel and
the third and the last term cancel. Computing (u x v, v) is completely analogous. O
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Proof (Non-examinable). The formula (64) gives a slick proof that u and v are orthogonal to u x v.
The scalar product of v and u X v in components is

3
(v,uxv) = Zvi(u X V)= Z EijkUjVi V- (72)

i i,j,k=1
Observe that ¢;j;, is totally antisymmetric. In particular, €;;, = —&yj;. Therefore,
3 3
1 1
(viuxv) = 5 Z EijkU ViV ~ 5 Z EkjiUj Vi V- (73)
ij k=1 ij k=1

You can now relabel the indices ¢ <> k since these both occur on v and they are summed over to find:
1< 1<
(viux v) = 3 ”Zkzl EijkUjV VL — 3 ”Zk:l €ijkujvEv; = 0. (74)
O
Example 4.1. Lets do some examples for some practise:

(a) Compute the cross product of the standard basis vectors:

i ok i ok i ok
ixj=]1 0 0|=k, jxk=|0 1 0/=i, kxi=|0 0 1|=]j. (75)
010 0 01 1 00
(b) The cross product of any vector with itself vanishes:
i j k
uxu=|u; uz wug|=i(ugug— uzug) — jlujug — usuy) + k(ujug — ujug) = 0. (76)
Uy U2 U3
(c) Let u=(1,—1,5) and v = (2,1,—2). The cross product of u and v is
ik
uxv=| -1 5|=(2=5)i-(-2-10)j+ (1+2)k = —3i + 12j + 3k. (77)
2 1 =2

Proposition 4.2 (Properties of x). Let u,v,w € R? and a € R. The cross product satisfies the following
properties:

(a) uxu=0.

(b) Anticommutative: u X v = —v X u.

(c) Distributive over vector addition: u X (Vv+Ww)=uXv+uxw.

(d) Compatible with scalar multiplication: (au) x v =a(u x v) =u x (av).

(e) The scalar triple product (u, (v x w)) satisfies (u, (v x w)) = ((u X v), w).

(f) The vector triple product u x (v x w) satisfies u X (v x w) = (u,w)v — (u, v)w.
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Proof. Property a) is proved above in example 4.1. Most are left to you to check yourself. Here is a proof
of property f). After computing v X w one has

u X (v x w) = (uri + ugj + usk) x (i(vows — vswa) — j(viws — vswy) + k(viwg — wive)) (78)

By using the distributive property, the anticommutivity property in conjunction with the distributive property
and property a) one has
u X (V X W) =—iXx jul(vlwg — U3w1) +1ix kuy (v1w2 — wlvg) (79)
+j X iUQ(’Ung — U3w2) +jx k’LLQ(Ul’LUQ — wlvg))
+ k x iU3(U2w3 — v3w2) —k x jU3(’l)1w3 — Ugwl).

Using the formulas from example 4.1 part a) and the anticommutative property one has

u X (V X W) = —ku1 (v1w3 — Ug’wl) —ju1 (v1w2 — wlvg) (80)
— kusg (UQWg — U3’w2) + iUQ(U1WQ — wva)

+ juz(vows — vaws) + iuz(viws — vawy).
Suggestively collecting terms gives:
u X (V X W) = ulvl(—kwg — ’U)Qj) + ulwl(vgk + ’U2j) (81)

+ UQ'UQ(—kwg — iwl) + UQ’LUQ(ng + ’Uli)

+ uzws(vaj + v11) + uzvg(—waj — wri).
This can be rewritten as
u X (v xw)=uv(—w+iwy) + vywi (v — v1i) (82)
+ ugva(—wW + jws) + ugwa (v — jws)

+ usws (v — kvs) + ugvs(—w + kws)

= (urwy + ugwsy + uzws)v — (u1v1 + ugvy + UzV3)W. (83)

Remark 4.3. Note that the associative property from ordinary multiplication does not hold for the cross
product, i.e.

(uxVv)xw=#ux (vxw). (84)

For example, i xi=0so (ixi)xj=0butixj=ksoix (ixj)=—j. Note that proposition 4.2 and
example 4.1 have been used.

Remark 4.4. You can check (and you should check) that computing the scalar triple product (u, (v x w))
is equivalent to computing the determinant of the following matrix:

(75} U2 U3
M = V1 () V3 . (85)
w; w2 w3
4.2 Geometric Properties of Cross Product

Proposition 4.3. Let 6 denote the angle between u and v. The norm/length of the vector u X v is then
given by

[l x ]| = [lul[[[v]]sin . (86)
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Proof. One can show by a direct computation that
w2 = [Jul[?||v]]* = [(u,v)[*. (87)
From proposition 3.2 one has
[lux v|* = [[u|*|v|[*(1 - cos®8) = [[ul*[|v]]* sin® 6. (88)

The angle 0 is the angle between the two vectors, so 6 € [0, 7] and therefore, sin@ > 0. Therefore, its
square root is well defined on the reals. Additionally, the norm of a vector is a positive quantity. Therefore,
we take the positive branch of the square root to complete the proof. O

Corollary 4.1. Let u, v be two non-zero vectors. u, v are parallel if and only if u x v = 0.

Proof. The vectors u, v are parallel if and only if § =0 or 8 = 7. In either case sin = 0. Therefore, by
proposition 4.3, u, v are parallel if and only if [|u x v|| = 0. From the properties of the norm |[[ux v|| =0
if and only if u x v=0. O

How should you visualise of cross product geometrically? Suppose you have two vectors u and v in
R3. Then u x v is a vector that points perpendicular to the plane through (spanned by) u and v. It's
direction is determined by the right-hand rule. Curl the fingers of your right hand in the direction of the
smallest angle from u to v. The vector u x v is then in the direction of your thumb. This drawn below:

uxXv
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5 Equations of Lines and Planes

5.1 Review: Lines in R?

Suppose one has a straight line, denoted 7, in the plane R? as drawn in red below:

A

\
~

How do you go about describing this mathematically? First of all it's a subset of R?, i.e. it's a collection of
points in the plane. You can determine it uniquely with two points (xg, o) and (z1,y1), i.e. the straight
line passing through these points is unique. From this you can compute the lines gradient

m— Y1 — Yo (89)
r1 — Xo

which is how much you go up for how much you go across. Then equation of a line is
y — yo = m(z — o), (90)

which is simply a relation between the z and y coordinates of the points on the line. So ~y is the subset:
’y:{(m,y)GRQ:y—yozm(x—xo)}. (91)

There is an alternative, one could also describe the line with a point and a direction (which would be
a vector in R?). This is what we are going to do to study lines in 3D space R3 but the same works in R?
and indeed R".

5.2 Lines in R?

A line 7y in R3 is specified by a point py € R3 that v passes through and a direction for . This direction
can be described by any vector v parallel to the line.

The setup is the following: Let x(o be the position vector of some known point pg on v and x be the
position vector of another arbitrary point p on 7.5 Let u be the vector that points from pg to p, i.e.
u= ]ﬂ. Finally, let v be any vector that is parallel to u. This is drawn below:

A

/
X0 X

~

So from the discussion in lecture 2 one has that the position vector x is given by

X =Xg + u. (92)

®| will often drop the distinction between the position vector and the point, | will simply say let x¢ be a point.
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Now, since u is parallel to v, one can express u = Av for A € R. Hence, be written as equation (92) can
be written as

X =X+ AV, (93)

which is the vector equation of the line. Notice that x has dependence on the parameter \; for each A
one has a the position vector of a point on . So the tip of the position vector traces out v as A varies.
One can highlight these ideas by writing

x(A) =x0 + Av. (94)
Additionally, one can write the above equation in components
(z,y,2) = (o + Av1, Yo + Ave, 20 + Avs). (95)
This gives the set of parametric equations for the line :
T = x9 + \vq, Y = Yo + Ava, z = zp + Avs. (96)

Note that v # 0 otherwise one has a point in R3. So at least one of vy, v, v3 is non-vanishing. Suppose
it is v1 then one can solve for A,
. Tr — X

A= (97)
U1

and replace X in (96) to give

T — X0 T — X
V2, 2= 20 =
U1 U1

Yy—yo= V3. (98)
Remark 5.1. One should compare to equation (90), the equation for a line in R?. Note that if one was
dealing with lines in the plane then one would simply have

V2

Y —yo=—(x—z0) (99)

U1

and no z-equation. So we have precisely equation (90) with the gradient m = Z—f

If v = 0 = w3 then the line one is describing is parallel to the z-axis. Suppose additionally, v # 0 and
v3 = 0 then one can
Y=Y _ T— %o

- = 100
Vs v ’ z 20, ( )

which describes a line in the plane z = zy. Finally if vo # 0 and w3 # 0 then one can see

Y~ _r7I0 270 (101)
V2 U1 V3

which is sometimes called the symmetric equation for ~.

In practise if you are asked to determine the equation of a straight line in R3 from two points pg at
(0, Y0, 20) and py at (x1,y1, 21) you would compute the following:

1. The position vectors of pg and p; are xg = (x0, Yo, 20) and x; = (z1,y1, 21) respectively.
2. The vector u = x; — xq is parallel to the line.
3. Therefore,
x(A) =x0+ Au (102)
is the equation of the line or alternatively, using u = x; — xg,

x(A) = (1 — N)xo + Ax3. (103)
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Notice that x(1) = (z1,¥1,21) and x(0) = (zo, Yo, z0). So if one limits the values that A can take one has
a description of a line segment, i.e. the line segment from pg to p; is given by

x(\) = (1 -Nxo+ x5, 0<A<1L (104)
Lets do an example:

Example 5.1. Let 7, be the line passing through the point (1,—2,4) with parallel vector v = (1,3, —1).
Let vo be the line passing through the points (2,4,1) and (0,3, —3).

1. Determine their vector equations and parametric equations.
2. Determine where they intersect the xy-plane.
3. Show that they do not intersect and are not parallel.

1. Denote the position vector (1,—2,4) as xg1. So denoting the position vector of an arbitrary point p
along 1 as ry, the vector equation for vy is

ri(A1) =x0,1 + A1V, (105)
which can be written as
ri(A1) =1+ A, —2+3A,4—)\p). (106)
So its parametric equations can be read off as
=14\, y=—2+ 3\, z=4—\. (107)

Now one has the position vectors x1 2 = (2,4,1) and xg 2 = (0,3, —3). So denoting the position vector of
an arbitrary point p along 2 as ro and using equation (103) one has

I‘Q()\Q) =(1- /\2)X072 + XXy 2 = (2)\2, 3+ Ao, 4y — 3). (108)
So the parametric equations for v, are
T = 2\, Yy =34 Ao, z =4\ — 3. (109)

2. To determine where 1 intersects the xy-plane one checks what value of A1 gives z = 0. From above,

this means Ay = 4. Therefore, 7y, intersects the xy-plane at (5,10,0). For -y one has Ay = % and (%, 1745, 0).

3. To be parallel v and u = x12 — X022 = (2,1,4) would have to be proportional: one should be able to
solve

(1,3,-1)4+a(2,1,4) =0 (110)
for a, which gives a contradiction.
If they were to intersect one should be able to find A1 and Ay such that
ri(A) =ro(de) <= 2\ =14 Ay, 3+ A= —-2+4+3)\, 4hg —3 =4 — 1. (111)
Solving the first gives
Al =2\ —1 (112)
which can be used to eliminate Ay in the second and third equations to give:
Ao =— Ay == (113)

which is inconsistent and therefore, the lines do not intersect.
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5.3 Planes

Suppose you have a plane in R?. How do you describe such and object mathematically? You want to
specify a point which is in the plane and how the plane sits in 3D space relative to that point. Two
non-parallel vectors which lie in the plane would suffice to specify the ‘direction’ of the plane:

n

Alternatively, one could work out the planes normal vector, n, which is a vector orthogonal to the
plane (drawn in orange above). Therefore, any vector v lying in the plane satisfies

(n,v) =0. (114)

In other words, what this equation is encoding is the 2D space of vectors orthogonal to the normal vector,
which is precisely the plane you want to describe.

Given any two points pg and p in the plane with position vectors xog = (xg, Yo, z0) and x = (z,v, 2)
respectively. Then v = x — xq lies in the plane. So,

(n,x —x¢) =0, (115)

which is often called the equation of the plane. This is drawn below

You can write equation (115) using the definition of the scalar product. Suppose n = (n1,n2,n3),
x = (z,y,2) and xo = (20, Yo, 20). Then, equation (115) becomes

ni(x — zo) +n2(y — yo) + n3(z — z9) = 0. (116)

Remark 5.2. Stewart likes to call (115) the vector equation of a plane and (116) the scalar equation of
the plane. This seems a bit nonsensical. First, (115) is just compact notation for (116). Secondly, the
object one computes in equation (115) is the scalar product, which is a number (in particular 0) not a
vector!
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Remark 5.3. The general form of equation (116) is
ar+by+cz+d=0 (117)

where we've written (a,b,c) = (ni,n2,n3) and d = —(ni1xo + nayo + n3zo). One can view this as the
general equation for a plane provided one of a,b, c is non-vanishing: Suppose a # 0 (the same argument
works with b or ¢ non—vanishing). Then,

a(:z—kg) by —0) +c(z — 0) = (118)
which can be rewritten as
(n,x —xq) = (119)
with n = (a,b,c) and xo = (—9/q,0,0).
Remark 5.4. It is very common for the normal vector to be ‘normalised’ to be a unit vector, 1.
The process for finding a normal:
1. Construct two vectors lying in the plane. Call them u and v.

2. Recall that the cross product has the following useful property: (u,u x v) =0 = (v,u x v). So,
u X v is orthogonal to u and v and, therefore, the plane.

3. Any two vectors orthogonal to the plane must be parallel, i.e. the normal is proportional to u x v.
Picking the constant of proportionality to be 1 is perfectly valid. Therefore,

n=uxyv. (120)

Two planes are parallel if their normal vectors are parallel. If the two planes are not parallel then they
intersect in a straight line and the angle between the planes is defined as the acute angle between their
normal. In particular, if one has two planes with normals n; and no respectively then the angle between
the planes is

0 = arccos (|(fi, Np)|) (121)

Finally, one can consider the distance of a point p € R? to a plane. Let py be some point in the plane and
let xg be its position vector. Additionally, let x be the position vector of p. The displacement vector from
po to pis then v = x — x(. Then the distance from p to the plane is the absolute value of the component
of v onto n:

d = [compyv] = | (8, V)] (122)
Example 5.2. Let’s do a prototypical practise problem to illustrate all these ideas:

1. Suppose u = (—1,1,1), v = (7,—4,—5) lie in the plane which passes through (1,0,0). Find its
normal and therefore it's equation.

2. Find the equation of the plane which passes through the points (—1,1,1), (1,—2,2), (4,—3,0).
3. Find the angle between these planes and equation of the line of intersection of the planes.

To do 1 we need to find a normal. For this we simply need to compute the cross product of u and v to
find a vector orthogonal to u and v:

i j k
' — —i+2j—3k (123)

n1:u><V:' -1 1 1
7T —4 -5
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Therefore, denoting xo = (1,0,0) one has
(n1,x —x0) =0, (124)
which can be expanded as
—(x—1)+2y—32=0<=2x—2y+3z=1. (125)

For 2 one can do the following. From the position vectors of the points (—1,1,1), (1,-2,2), (4,-3,0)
one can construct two vectors in the plane:

u=(5—-4,-1), v=(2,-3,1). (126)
Their cross product gives,
ng = (=7,-7,-7). (127)
Therefore, if xo = (—1,1,1) the equation of the plane is:
—Tx4+1)=Ty—-1)=-7z-1)=0<=z+y+2z=1 (128)
The angle between the planes is

|~1+2-3 2
V42 Nzv;

To find the line of intersection you need a point on the line an a vector along that line. Set z = 0 in both
plane equations gives:

= 6 = arccos(2/v42) (129)

cosf =

x+y=1, r—2y=1= y=0, xz=1. (130)

So the point (1,0,0) lies on the line. Now note that the vector along the line must lie in both planes, i.e.
it's perpendicular to both normals. Therefore, one can determine it by computing the cross product of the
normals:

w =n; X ng = (5,—2,-3). (131)
Therefore,

x = (1,0,0) + tw. (132)
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6 Curves, Conic Sections, Generalised Cylinders and Quardric Surfaces

In last lecture we studied straight lines in R3. This lecture is about how to write down a mathematical
description of lines that are not straight in R?, i.e. ones that curve in the plane. The first half will cover
how to write curves in terms of a parameter and the second half will look at conics. The term conic refers
to a particular collection of curves that result from intersecting a plane with a cone: the options are an
ellipse (including a circle), a parabola and a hyperbola as drawn below.

A

Parabola

Circle
Hyperbola /

\_

\

6.1 Curves in terms of a Parameter in R?

In this section we will study how to write down an equation or set of equations for lines that are not
straight, i.e. ones that curve, like v above. Depending on the curve one can sometimes express y as a
function of z, i.e. y = f(z). A key restriction when doing this is that a function cannot produce multiple
outputs for a given input.® What we've drawn above, on the left, is the graph of some function f:

Graph(f) ={(z, f(z)) : € I}, (133)
where [ is some interval in R. Therefore, the curve v above would be precisely this set: the graph of f(x).

In many instances curves cannot be represented as the graph of a single function. For example, even
something as simple as a unit circle,

St = {(z,y) € R?: 22 + 42 = 1}, (134)

cannot be represented as the graph of a single function. In particular, one requires two functions’:

y = fe(x)=+V1—2a2 (135)
One can also abandon trying to write
y=[f(z)

for the curve . Instead one can treat x and y independently and allow them to depend on a parameter,
A. This involves writing

z=fA), y=g). (136)
The equations in (136) are then known as parametric equations of the curve 7. Then v would be the set
v =A{z,y) = (f(N),9(N)}. (137)

The parameter A may take values in all of the real numbers R or just some interval I of the real numbers.

5This is in the definition of a function: a function f is a rule from a set X to a set Y which prescribes to each input z € X
precisely one output y = f(z) € Y

"You may wonder when a curve can be expressed as more than one function locally. This is covered by the implicit function
theorem, which morally says that most systems of equations (here the curve z* + 3* = 1) can be written Jocally as a graph
of a function.
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Remark 6.1. In the previous section, on lines in R®, we wrote down the parametric equations of lines.

Returning to the circle example. A circle of radius R centred at (a,b) can be represented with the
parametric equations

xr = a+ Rsin()), y = b+ Rcos(\), A€ [0,2m). (138)
One can sanity check this,
(x —a)*+ (y — b)? = R*sin® A\ + R? cos® A = R?, (139)
which is the equation of a circle of radius R centred at (a,b).

Remark 6.2. Sometimes the parameter has physical meaning, sometimes it does not. For example, if one
was modelling the curve traced out by a particle on a plane then the parameter one could use is time, i.e.
A=t

Remark 6.3. In the circle example the sanity check computation is an example of eliminating the parameter,
A. Be warned that it is not always possible to eliminate the parameter.

Let's do an example:

Example 6.1. Consider the curve v defined by

v =A{(z,y) : x = cos(A),y = sin(2\))}. (140)

It's useful to plot x and y as functions of \ to help you visualise the curve. This done on the left with ~y
on the right:

\
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6.2 The Parabola

Suppose you take a line in R? and a point p that does not lie on the line:

The curve that lies equidistant from the point and the line is a parabola. The line here is given a special
name: the directrix. The point p is called the focus. The point denoted with a orange cross in the above
diagram is called the vertex.

Let's work out a simple formula for the parabola by placing the vertex at the origin of our Cartesian
coordinates on R?:
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From pythagoras, one has
d? = (b—y)? + 22 (141)
Also, by the definition of the parabola, |b + y| = d. Therefore, equating and rearranging gives

L o

_ L2 142
1" (142)

Y

So, this is the equation of a parabola with focus at (0, b) and directrix at y = —b.

Remark 6.4. The sign of b controls whether the parabola points up or down, i.e. b > 0 theny > 0, so
the parabola points up, b < 0 then y < 0, so the parabola points down.

As is evident from its drawing the parabola is symmetric with repect to x — —x.

In general, a upright parabola with vertex at (a, c) and focus at (a,c+ b) has formula

1
Yy = @(m — a)2 + c. (143)

6.3 The Ellipse

Take a circle and stretch it, you have an ellipse. The standard equation for an ellipse of height 2b > 0 and
width 2a > 0 centred at (zo,yo) is

(z —x0)* | (y—wo)?

2 + 7 =1. (144)

Note that for a = b this is the equation of a circle of radius a? centred at (xg,%0). For simplicity, let's
assume that (xo,y0) = (0,0) and that @ > b. Then there are two distinguished points called foci fi at
(£c,0) with

c=+Va?— b2 (145)

Let p be some point on the ellipse at (x,y), with x > 0, y > 0. Then the distance from the foci f at
(c,0) to pis

d(p, f+) = V(e —x)* +y*. (146)
Similarly, the distance from the foci f_ at (—c,0) to p is
d(p, f-) = V(x +0)* +y*. (147)

Let's compute d = d(p, f+) + d(p, f—). Squaring gives

1
§d2:x2+02+y2+\/(c—x)2+y2\/(c+:v)2+y2- (148)
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Solving for the square-root terms and squaring gives:

(=) +92)((c+ 2 +47) — (3 —2* & )P =0, (149)

which, using ¢? = a? — b? and the equation (144) reduces to the polynomial:

(4a? — d?)(4b%2? + a®(d? — 42?))
4a?

=0. (150)
This holds for all z € (—a,a). Hence, the only way this is possible is if
d = 2a. (151)

This means that the defining feature of an ellipse is that the sum of the distances from each foci to a given
point has to be constant (here equal to 2a).

The line through the foci is called the (semi)-major axis and the line perpendicular to this is called
the (semi)-minor axis. The ellipse and the above discussion is drawn below:
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Remark 6.5. The parametric equations defining the ellipse centred (xo,yo) = (0,0) with a > b are

(x,y) = (acos(N), bsin(N)), A € [0,27). (152)

6.4 The Hyperbola

Recall that defining feature of an ellipse is that the sum of the distances from each foci to a given point
has to be constant. The hyperbolas defining feature is that the difference of the distances from each foci
to a given point has to be constant, i.e if one returns for the above computation

d(p, f+) — d(p, f-) = *a. (153)

If one lets ¢ = v/a? + b2 then the equation for a hyperbola with foci at (+¢, 0) is

1.2 y2

When y = 0 then & = ta. These are the vertices of the hyperbola. Also, observe

2

a
m2:a2+ﬁy22a2:>$2aorzx§—a. (155)
These are two branches of the hyperbola. Finally, note that there is no y-intercept since y? = —b? < 0.

The hyperbola in equation (154) has two asymptotes:

b
y= j:aar. (156)
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One can reverse the roles of = and y by sending #/a to ¥/b and visa versa to obtain the equation
2 2
Y =

which has the same asymptotes and is known as the conjugate hyperbola. This is drawn below:

S

Note that the parametric form of the equation for the hyperbola is

x = Facosh(N), y = bsinh(A). (158)

6.5 Generalised Cylinders

Up to a rotation and a translation a cylinder of radius R is the set of points in R3:
{(z,y,2) : 2> + " = R*}. (159)

This is drawn below as:

One can think of this is the Cartesian product of the circle times a line:
Sk x R, (160)

where S}Q denotes the circle of radius R. In other words, its the surface that results from taking the circle
and take all lines that pass through the circle and are parallel to a given line:

One can use this type of construction to consider more general objects called generalised cylinders
(Stewart simply calls these cylinders but we will make the distinction). More precisely, a generalised cylinder
is defined as a surface consisting of all the points on all parallel lines which are orthogonal to a fixed curve
in a plane. In particular, given a curve « in the plane it is the set:

{(z,y,2) : (z,y) €7,z €R} (161)
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A cylindric section is the intersection of the cylinder with a plane. If we orientate the generalised
cylinder such that the lines of the cylinder are parallel to one of the axes (say the z axis). Then the
cylindric section that results from intersecting the generalised cylinder with the coordinate planes (or any
parallel plane to the a coordinate plane) is called the cross-section or trace.

Example 6.2. Consider the parabola P = {(z,y) € R? : y = 2%}. Now take its Cartesian product with R
to give

PxR={(z,y,2) € R®:y=2?}. (162)

This is a parabolic cylinder, which we can draw as

Example 6.3. Consider the hyperbola H = {(z,y) € R? : 22 — y? = 1}. Now take its Cartesian product
with R to give

HxR={(z,y,2) e R®: 2% —9? =1}. (163)

This is a hyperbolic cylinder, which we can draw as

Example 6.4. Consider the ellipse E = {(z,y) € R?: % +y% = 1}. Now take its Cartesian product with
R to give

2
ExR={(z,y,2) €R®: T +3> =1}, (164)

This is an elliptic cylinder, which we can draw as
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6.6 Quadric Surfaces

A quadric surface, Q, is a set of points in R? which satisfy an equation of the following form:
P(z,y,2) = Az> + By? + C2> + Day+ Eyz+ Faz+ G+ Hy + 12+ J = 0, (165)

where A, ..., J are constants, i.e. Q is the zero set of a quadratic equation in 3 variables.® By a rotation or
translation one can always bring the equation of the quadric into one of the two following ‘standard forms':

Az? + By +C22+ D =0, Az? + By? +Cz =0, (166)
where A, B, C, D are not necessarily those above. Compare these equations to the quadratic/ellipse/hyperbola

equations:

2 2 2 2
2 T Yy T Yy

One can consider these quadrics a generalisation of the conic sections.

In this course we are going to content ourselves with looking at the standard quadrics. These are listed
below:

8In R, Q is the zero set of a quadratic equation in n variables.
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. . 2 2 2
Ellipsoid &+ bLQ +5=1
Cone oy a2

a? b2 c?

. . . 2 2

Elliptic Paraboloid o+ bLz =z

. 2 2 2
Hyperboloid of 1 Sheet | %5 + b% -5=1

. 2 2 2
Hyperboloid of 2 Sheets | % + b% -5 =-1

T
. . 2 2

Hyperbolic Paraboloid 5 - b% = Z

We will come back to a constructive way of plotting these when we consider multivariable functions.
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7 Vector-Valued Functions and Curves in Space

A function (or sometimes called a map) is a rule/assignment of each element of one set X to exactly one
element of another set Y. This is denoted f : X — Y. The set X is called the functions domain and Y
is called the codomain. Often you will see these denoted X = dom(f) and Y = codom(f). The term
range can be slightly ambiguous since some people use range to refer to the codomain of a function whilst
others use it to mean the image, denoted im(f), of a function which is the set of all possible values in the
codomain reached by f:

im(f) ={f(z) €Y : 2 € dom(f)}. (168)
Note that the image may not be the whole codomain as demonstrated by this picture:
f
) / 1
B > 2
C 3
D 4
E 5

Here the dom(f) = {A, B,C, D, E}, the im(f) = {1,2,4} and codom(f) = {1,2,3,4,5}. A functions
domain can be specified as part of the definition of a function.

Thus far, you have probably studied functions that map some subset of the real line to another subset
of the real line, i.e. dom(f) C R and im(f) C R. Such functions typically have a natural domain or
domain of definition,

{r eR: f(z) € R}, (169)

which is the set of x on which the function produces real (in particular, not infinite) values, i.e. where
the function is well-defined. In this course, unless otherwise stated, a functions domain will be its natural
domain. Here are some examples of functions with various domains and the corresponding images:

@)=+  dom(f)=R  im(f) = [0,00) (170)

fl)=2> dom(f)=[2,3] im(f)=[4,9] (171)

o) = % dom(f) = (—00,0)U (0,00)  im(f) = (—o00,0) U (0,00) (172)
1 x#0 )

f(z) = {S o dom(f) =R im(f) =R. (173)

In this lecture we will study vector-valued functions. These are functions whose image is a subset
of R", i.e. the function outputs a vector with real valued components. For now we will consider functions
that have a domain which is a subset of R.% These functions take as an input some real number z € dom(f)
and output a vector:

f(z) = (fi(2), f2(), f3(2)) = fr(@)i+ f2(2)] + f3(2)k. (174)
Note that fi, f2, f3 are called the component functions of f.

Example 7.1. Consider the vector-valued function

1 2 .
f(zr) = (;,:U ,Sln(l’)). (175)
Then its domain is R\ {0} and its image is R\ {0} x R x [—1,1].

9Later we will consider functions whose domain is a subset of R™, i.e multivariable functions.
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7.1 Review of Limits for Real-Valued Functions

Recall the definition of limits for functions of single variables

Definition 7.1 (Limits of Scalar Functions). Let f be a function defined on some open interval I = (a,b),
except possibly at some point ¢ € I. Then one says that the limit of f as x tends to c is L € R if for all
€ > 0, there exists a 0 > 0 such that if 0 < |z —c| < § and x € I implies |f(x) — L| < €. In this case one
writes

lim f(z) = L. (176)

Tr—cC

What this definition is saying is that L is the limit of f at ¢ if f(x) gets closer and closer to L as x is gets
closer and closer to ¢. The ¢ — § terminology can often come across as confusing. You can think of it in
the following way:

e You give me an error, let's call it e.

e | can give you a distance, let's call it §, away from the point ¢ such that all of the functions values
f(z) are within error e away from L when z is within distance ¢ of the point c.

This is illustrated on the following plot:

f(x)

!
!
L X
c-6 c c+6 \

, let’s show that lim,_,q f(x) = 0.

Example 7.2. Let f(z) = |x

For any € > 0 we must show we can find a 6 > 0 such that |f(z) — 0| < € when |z — 0] < J. So,
[f(z) = 0] = [f(@)| = [|=]| = |=| <. (177)
So picking 6 < € we have
|f(z) —0] <e. (178)
Example 7.3. Let f(z) = 2®> — x + 1, let’s show that lim, o f(z) = 1.

For any € > 0 we must show we can find a 6 > 0 such that |f(z) — 1| < € when |z — 0] < J. So,
[f(@) = 1] = |a® — 2] < |2*| + |z (179)
by the triangle inequality. So,
|flx) =1 < |z|* + 2| < 6°+ 6 (180)
So picking § < 1 min(v/€, €) we have
If(z) — 1] <e. (181)
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Recall also the definition of one-sided limits:

Definition 7.2 (One-Sided Limits). Let f be a function defined on some open interval I = (a,b), except
possibly at some point ¢ € I. Then one says that the limit from below of f as x tends to ¢ is L~ € R if
for all € > 0, there exists a § > 0 such that if c— 0 < x < c then |f(x) — L™| < e. In this case one writes

lim f(x)=L". (182)

Tr—Cc—

Similarly, one says that the limit from above of f as x tends to c is L™ € R if for all ¢ > 0, there exists
ad > 0 such that ifc <z < c+ 6 then |f(x) — LT| < €. In this case one writes

lim f(z)=L". (183)

z—ct

Recall the useful fact that the limit of definition 7.3 exists if and only if both one sided limits exist and
are equal, i.e.

lim f(v) = L <= lim f(x) =L =L" = lim f(z). (184)

T—cC T—c™ T—ct

This is often a good way to show the limit does not exist.

Example 7.4. Define the sign : R — R function

1 x>0
sign(z) =40 x=0 . (185)
-1 z<0
Then lim,_,q+ sign(x) = 1, lim,_,o- sign(x) = —1. So, lim,_,¢ sign(x) does not exist.

What are other ways limits fail to exist? One can have a function that increasingly rapidly oscillates
the closer you get to ¢ and therefore it does not approach a fixed number. Such a function would be

() = sin (E) (186)

X

which oscillates between 1 and —1 increasingly rapidly as x — 0. This is plotted below:

To see directly that the limit does not exist consider the sequences x,, = % and z}, = ﬁ Then
2

flzy) =0 Vn flzl)=1 vn. (187)

Therefore, lim,, oo f(x,) = 0 and lim,,_,~ f(2,) =1 but 2,, — 0 and 2/, — 0, i.e. one has a contradic-
tion to € = 1/2 since |f(z,)] = 1 > 1/2 but n can always be chosen to satisfy |z/,| < ¢ for any § > 0.
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Additionally, a limits fail can to exist if the function diverges, i.e. the function values grow arbitrarily
large. For example the function

1

flz)=—. (188)
x

One can introduce the notion of an infinite limit in this case (note we do not think of the limit as existing

in this case since £0o is not a number, it is a symbol to denote that a function becomes unbounded):

Definition 7.3 (Infinite Limit of Single Variable Function). Let f be a function defined on some open
interval I = (a,b), except possibly at some point ¢ € I. Then one says that the limit of f as x tends to c
is o0 (—o0) if for all M > 0, there exists a § > 0 such that if 0 < |z —c| < § then f(x) > M (f(z) < —M
resp.). In this case one writes

lim f(x) = o0 (hm f(x) = -0 resp.) (189)

Tr—cC Tr—cC

Remark 7.1. One can generalise the definition of infinite limit to one-sided limits.
Recall some properties of limits:

Proposition 7.1 (Limit Properties). Suppose f and g are defined on I = (a,b), except possibly at some
point ¢ € I. Further suppose,

lim f(x), lim g(x) (190)

Tr—cC Tr—C

exist and k € R. Then

1 limgse(f(2) + g(2)) = limg e f(2) + limg e g(2).
2. lim—e(f(z) — g(2)) = lim,ye f(2) — lim,yc g(2).
3. limg e (kf(2)) = klimge f().
(
(

R

limg . (f(x)g(x)) = limy_. f(x) - limy_. g(x).
5. limy . (F@)/g()) = lima—e f(@)lim, e g(x) if limy_. g(x) # 0.
Proof. You can find a proof of these statements can be found in Stewart. 0

Finally let’s note some helpful theorems and tips for finding limits. The first is I'Hopital’s rule which is
applicable in the ‘0/0" or the oo/’ situation:

Theorem 7.1 (L'Hopital's Rule). Let I an open interval and a € I. Suppose f and g are differentiable
and ¢'(x) # 0 on I except possibly at a. Further suppose,

al:l_r)r(ll f(z)=0 and }Jl_r)rég(x) =0 (191)
or
i}g}b f(z) =+oc0 and i}gz g(x) = %o0. (192)
Then,

lim I(x) = lim f'(z)

z—a g(x) 25 g (x)

(193)

if the limit on the right-hand side exists.
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Example 7.5. Evaluate the limit

1 1
i R+ 1) (194)
z—0 x
Using I'Hépital’s rule one has
1 1 1
i 2D = (195)
z—0 x z—=0x + 1

Another useful theorem is the ‘Squeeze Theorem':

Theorem 7.2 (Squeeze Theorem). Let I an open interval and a € I. Suppose f, g and h are functions
defined on I except possibly at a. Suppose, f(z) < g(z) < h(x) when x # a and

;71_r>1(11 fx)=L= il_r}r}l h(z). (196)
Then,
il_r)r(llg(x) = L. (197)
Example 7.6. Show that
1
. 2 . 2
%gr(l)t sin <t) 0. (198)

Above we noted that lim sin (%) does not exist. So one can't just use the product of limits rule. However,
for all t # 0, sin(%) is bounded above by 1 and below by —1. So, for all t # 0,
2 _ 2. (1 2
12 < ¢%sin (;) <12 (199)

Applying the squeeze theorem gives the result.

7.2 Review of Continuity for Real-Valued Functions
Lastly here is a brief review of continuity:

Definition 7.4 (Continuity). Let f be a function defined on some an open interval I = (a,b) of the real
line R. Then one says that f is continuous at c € [ if

lim f(x) = f(c). (200)

Tr—c

The function f : I — R is continuous if it is continuous at every c € I.

Note that this definition assumes that ¢ € dom(f), i.e. f(c) exists. Additionally it assumes that the
limit on the left-hand side exists and is equal to f(c).!°

Example 7.7. Take the function f(x) = x, this has that lim,_,, x = a and f(a) = a. Therefore, it is
continuous at a € R. In fact f : R — R is continuous.

On the other hand take:

f(z) = (201)

0 x € (—00,0]
1 x = (0,00).

Then f(0) = 0 by definition but lim,_,o+ f(z) = 1 and lim,_,o- f(x) = 0. So f is not continuous at 0.
However, it is continuous everywhere else.

One can unpack this in € — § form, as follows: Let I = (a,b) C R and ¢ € I. Let f: I — R. Then we say that f is
continuous at c if, for all € > 0, there exists a 6 > 0 such that for all y € I with |y — c| < §, we have |f(y) — f(c)| <e.
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Finally let's note that the following proposition:

Proposition 7.2. The following functions are continuous on all of R: €', sin, cos and polynomial functions.
The function In(x) is continuous on for x > 0 and a rational function

P(z)
R(z) = 202
@ =50 (202)
is continuous on the set of values for which Q(x) # 0.
Example 7.8. Where is
.t In(t
oy = 20 (203)

continuous?

It's continuous where its defined: In restricts this tot > 0 and ﬁ restricts this tot # 1. So, its continuous
on (0,1) U (1,00).

7.3 Vector-Valued Functions

One can give two definitions of limits for vector valued functions. Let’s start with the ¢ — § definition:

Definition 7.5 (Limit of a Vector-Valued Function). Let f be a function defined on some open interval
I = (a,b), except possibly at some point ¢ € I. Then one says that the limit of f as x tends to c is L € R™
if for all € > 0, there exists a 6 > 0 such that if 0 < |z —¢| < § and x € I implies ||f(x) — L|| < e. In this
case one writes

lim f(z) = L. (204)

Tr—C

Alternatively,

Definition 7.6 (Limit of a Vector-Valued Function). Let f be a function defined on some open interval
I = (a,b), except possibly at some point ¢ € I. Then the limit of f as x tends to c is defined as

lim £(z) = ( lim fi(2), lim fo(2), lim fi() ), (205)

Tr—cC

provided the limits of the component functions exist.

Both of these are natural extensions of the definition of limits for scalar valued functions and are equiv-
alent, which you should try to prove.

Continuity generalises naturally:

Definition 7.7 (Continuity). Let f be a vector-valued function defined on an interval I = (a,b) of the real
line R. Then one says that f is continuous at c € I if

lim f(z) = f(c¢). (206)

r—cC

The function f : I — R is continuous if it is continuous at every c € I.

7.4 Application: Curves in Space

Suppose r is a continuous vector-valued function with domain I = (a,b) and let t € I. The set of points
(x,y, z) where

x =1r1(t), y = ra(t), z =r3(t) (207)

is a curve in R?. The equations in (207) are known as the parametric equations and ¢ is called the parameter.
You can think of of this curve being traced out by the tip of a vector from the origin to (r1(t),r2(t), r3(t)).
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Example 7.9. Let’s sketch the curve
r(t) = cos(t)i+ sin(t)j + tk. (208)
In the xy-plane the motion is circular since
2% 4 y? = cos?(t) + sin®(t) = 1. (209)

However, the z component means that the one moves upwards with circular motion, i.e. one has a helix:

7.5 Differentiation

Recall that the idea behind differentiability is the ‘rate of change’ of a function with respect to its variable(s).
For functions of a single variable one has the following definition:

Definition 7.8 (Derivative). A function f of a single variable x is differentiable at a € R if

fim 7@+ M)~ f(0) (210)

h—0 h

exists. In this case, we define the derivative of f at a, denoted f’(a) or df/dz(a), as

T Y LCRE) (R PRSP ((RZ) B (0 o)

One can extend this naturally to vector-valued functions:

Definition 7.9 (Derivative of a Vector-Valued Function). A vector-valued function f of a single variable x
is differentiable at a € R if

f(a+h) —f(a)

li 212
MR (212)
exists. In this case, we define the derivative of f at a, denoted f'(a) or % (a), as
... fla+h)—1(a) df ... fla+h)—1f(a)
/ g B —————— _— = B —— e
fla == CLWEm T (213)

Recall that the limit of a vector-valued function can be defined through the limits of its components.
Therefore, a vector-valued function is differentiable if and only if its components are differentiable, i.e. if
f = (f1, f2, f3) and f1, fo, f3 are differentiable then

df (a) (hm filat+h) = file) . falath)—fala) . falat h})L - fs(a)>7 (214)

dx h—0 h ’ h—0 h ’ h—0
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which is the same as

%(a) = (%(a), %(a), %(a)) = ‘C%(a)i + %(a)j ST (215)

How do we visualise this this definition? Suppose we consider the curve y defined by a vector-valued
function f(t):

y={x=(2,y,2) €R3: x = f(t),t € (a,b)}. (216)
Let p be the point with position vector f(a) and g be the point with position vector f(a + h). Then,
1
glha) = 1 (f(a+ 1) — £(a), (217)

is a vector that points in the direction of the displacement vector @ As h — 0, g(h,a) tends to a vector
that is tangent to the curve defined by f at p. Therefore, f'(¢) is often called the tangent vector to the
curve defined by f. As usual this is best draw as below:

Remark 7.2. Just as for scalar functions the n'"-derivative of a vector-valued function (if it exists) is the
derivative of the (n — 1) derivative (if it exists), i.e. the second derivative f" = (f')’.

Example 7.10. Let r(t) = (7t3, (1 — St)e’, cosh(t)).
1. Find the derivative of r(t).
2. Find the unit tangent vector at the point with at t = 0.

One can differentiate each component in turn
1
r(t) = (219, S(1- t)et,sinh(t)). (218)

The tangent vector at the point with at t =0 is r'(0) = (0, 3,0). The unit is r/’(O\) = (0,1,0).
Proposition 7.3. Let ¢ be a scalar and let h be a real valued function. Suppose the vector-valued functions
f and g are differentiable in some interval (a,b). Then one has

1. 4

2.
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6. the chain rule: %f(h(w)) = %(h(x))%(az).

Proof. The proof of all these statements follows from writing the vector-valued function in terms of com-
ponents and using the above properties for real-valued functions. O

Proposition 7.4. Suppose r(t) has constant norm for all t, then %r(t) is orthogonal to r(t) for all t.
Proof. If ||r(t)|| = k for k € R then

(r(t),x(1)) = [[r(t)||* = &*. (219)
Therefore, using proposition 7.3 one has
('(t),r(t)) + (r(t),r'(t)) = 0. (220)
The symmetry of the scalar product then gives
2(r'(t),r(t)) = 0, (221)
or in other words r and r’ are orthogonal. O

7.6 Integration

Definition 7.10. Let f(t) = (f1(¢), fa(t), f3(t)) where fi(t), f2(t) and f3(t) are continuous real valued
functions on the interval [a,b]. Then we define the integral of f as the vector

/ dx— /f1 d:): /f2 dx /f3 d:c (222)

We now extend the fundamental theorem of calculus to vector-valued functions:

Theorem 7.3. Let f : [a,b] — R" be continuous. For x € [a,b] define the antiderivative

F(z) = / f(y)dy. (223)
Then F is continuous on [a,b] and differentiable with ¥'(x) = f(x) for every x € (a,b).

Additionally, suppose that F : [a,b] — R is continuous on [a,b] and differentiable on (a,b) with ¥’ = f
n (a,b) then
5 5 b
F(b) — F(a) = / f(y)dy. (224)

The fundamental theorem of calculus is a very useful theorem in mathematics. For example:

e |t tells us that integration and differentiation are essentially inverse operations. If you can find the
appropriate F' such that F/ = f then you can compute the functions integral. This is how we
integrate by hand!

e In particular, suppose a function is defined through an integral

= /x f(y)dy (225)

for x > a and f(x) continuous. The fundamental theorem of calculus tells us this is a well-defined
object and we can simply compute from the fundamental theorem of calculus that

g'(z) = f(=). (226)
One can take this further and suppose
h(zx)
o@)= [ sy (227)

for h(x) differentiable then by the chain rule and the fundamental theorem of calculus we have:

g (@) = F(h(@) (@). (228)
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e |t allows us to compute areas under curves.

e When trying to solve ordinary differential equation (ODE)
dx _
dt

for a function x(¢) with a given f. The fundamental theorem of calculus tells us

£(t) (229)

x(t) = x(0) + /Ot f(s)ds (230)
is a solution to this ODE.
Remark 7.3. Often we will use the notation [ f(x)dx for an indefinite integral.
Example 7.11. Let r(t) = (73, (1 — 5t)e!, cosh(t)).
1. Find the indefinite integral of r(t).
2. Find the definite integral from ( to 1.

The indefinite integral is computed component-wise but one now must add a vector of constants
c=(c1,c9,03):

1
F(z) = %x‘li n (g - §t) etj + sinh(t)k + c, (231)
where we've used integration by parts on (1 — 1/at)e'. The definite integral is
F(1) - F(0) = gi + (e - g),; + sinh(1)k. (232)

7.7 Application: Motion in R?

Suppose r is a continuous vector-valued function with domain I = (a,b) and let ¢t € I. Suppose r models
the motion of a particle in space, i.e. its position vector. If r(¢) is differentiable, the particles velocity at
t, v(t), is the first derivative of r, i.e.

v(t) =1'(t). (233)
The particles speed is the norm of its velocity,
s(t) = [[v(®)]l. (234)

If r(¢) is twice differentiable, the particles acceleration at ¢, a(t), is the second derivative of r, i.e.

a(t) = v'(t). (235)
Let's do some examples:
Example 7.12. The helix:
r(t) = cos(t)i+ sin(t)j + tk. (236)
Let's compute v(t) and a(t):
v(t) =r'(t) = —sin(t)i + cos(t)j + k, (237)
a(t) =r’(t) = — cos(t)i — sin(t)j. (238)

Example 7.13. Suppose a particle has acceleration vector
a(t) = (3t,—2t,1), (239)

with initial velocity v(0) =i+ j —k and position r(0) = (0,1,0). Find its velocity as a function of t.
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8 Multivariable Functions I: Introduction and Limits

8.1 Introduction to Multivariable Functions

In lecture 7, we discussed domains, codomains and images of functions. We want to consider ‘multivariable
functions’, i.e. functions that take more than one input.

Definition 8.1. Let D be a subset of R™ then a (real-valued) multivariable function f is a rule that assigns
to each ordered n-tuple (x1, ..., x,) to a real number denoted f(x1,...,x,). In other words, the domain of
f, dom(f) = D, is a subset of R™ and the image of im(f) is a subset of R. In notation,

f:D—R. (240)

For us we are going to restrict n < 3, i.e. functions of two variables f(x,y) and functions of three
variables f(z,y,z). For the moment, we are not going to allow for vector-valued multivariable functions,
i.e. functions with domain in R™ and codomain R™ for m > 1. All functions will map to a subset of the
real numbers (m = 1). Let's do some examples:

Example 8.1. Define f : D C R?2 — R by
fla,y) =a® + 42 (241)
One could pick D = [1,2] x [1,10]. However, its domain of definition is R?.

Example 8.2. Define f : D C R?> — R by

1

flz,y) = 2t (242)

This function is well-defined as long as its denominator does not vanish, i.e. as long as x # y # 0. So its
domain of definition is R?\ {(0,0)}.

Example 8.3. Define f : D C R> — R by

22 — g2’

This function is well-defined as long as its denominator does not vanish, i.e. as long as x> — y?> # 0. One
can factorise to find the set of ill-definition:

(243)

(z—y)lz+y)=0<=z=y, z=-—y. (244)
So its domain of definition is
{(,y,2) ER* 1wy 0 # —y}. (245)
Example 8.4. Define f : D C R? — R by
f(z,y) = log(z —y). (240)

The natural logarithm is well-defined for it's argument in (0,00). Therefore, for f(x,y) to be well-defined
x —1y > 0. So, its domain of definition is

{(z,y,2) €ER? : x —y > 0}. (247)
Example 8.5. Define f : D C R — R by

flz,y,2) = gefﬁ. (248)

The exponential function and —x? are well-defined on all of R. The only issues appearing is when z = 0
and when y < 0 (due to the square-root). So its domain of definition is the set

{(z,y,2) €R?: 9y >0,z # 0} (249)

(i.e. R3 without a the z = 0 plane and restricted to y > 0).
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There are two groups of functions that are very common:

Definition 8.2 (Polynomial/Rational Functions). A polynomial function of n-variables (x1,...,zy) is a
(finite) sum of terms of the form

cax™ (250)

for mi, ..., my, € No (the natural numbers including zero, Ny = {0,1,2,3,4,...}).

A rational function is a ratio of two polynomials.
Example 8.6. Two examples of polynomials of two variables are
P(z,y) =a — > + 7, Qlz,y) =x"y> +4° +xy — 3y — 1. (251)
An example of a rational function would be the ratio of P and Q,

P(z,y) -y +7
R = = . 252
(@) Qz,y) a3 +yd+ay—3y—1 (252)

8.2 Drawing Multivariable Functions: Graphs

To visualise and draw functions we need to extend the idea of graphs:

Definition 8.3. Let f : dom(f) C R™ — R and denote x = (x1, ..., ;) then the graph of f, Graph(f),
is the set

{(21, 00y 1) ER" 2y = f(x),x € dom(f)} = {(x, f(x)) : x € dom(f)}. (253)

Note that this is a subset of R”*!, which in general is not within our capability to visualise. However,
if n < 2 this is possible, i.e. functions of two variables are still within our capability to visualise. These
sets can be drawn as surfaces in R3. Again, lets do some examples

Example 8.7. Sketch the graph of the function f(z,y) =1—Tx —y.
The graph of f is

Graph(f) ={(z,y, f(z,y)) : (z,y) € dom(f)}. (254)

The domain of definition for f is (x,y) € R%. The graph is determined by z = 1 — 7x — y, which is the
equation of a plane. Let’s find three points on this plane:

z=0=y:>x=% (255)
z=0=0 = y=1 (256)
r=0=y = z=1 (257)
Therefore, we have three points in R? in the plane:
x1 = (1/7,0,0),  x2=1(0,1,0),  x3=1(0,0,1). (258)

The plot of the graph is then:
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Let's look at some of the standard quadrics from lecture 6. Note that sometimes one cannot write
them as the graph of a single function but two functions will suffice if necessary.

Example 8.8. Sketch the graph of the functions fi(z,y) = £4/1 — 22 — 31/—(2).
The graph of fi is
Graph(f:l:) = {(x7y7 f:t(xa y)) : (‘Ta y) € dom(f:l:)} (259)

The domain of definition for fy is {(z,y) € R? : 1 — 22 — ?{—; > 0}, which is the interior (including the
boundary) of the ellipse:

P+ =1 (260)

The graph of fy is determined by z = +41/1 — z2 — %. Let’s find some points on this surface:

r=1= y=0,2=0 (261)

y=v10 = 2=0,2=0 (262)
2

z:0:>m2+%:1 (263)

r=0=y = z==1 (264)

Take z = fy = ki = const. with 0 < ki <1, =1 < k_ <0 then,

.%'2 y2

1—k% * 10(1 — k%)

—1, (265)

which is the equation of an ellipse. So, for k. increasing from 0 to 1 we have a smaller and smaller ellipse
at each z = k4. Similarly, for k_ decreasing from 0 to —1 we have a smaller and smaller ellipse at each
z =k_. The plot of the combined graphs of f+ is then:



8.2 Drawing Multivariable Functions: Graphs 57

This is an ellipsoid.

Example 8.9. Sketch the graph of the functions f(x,y) = 2% + }1%.
The graph of f is
Graph(f) = {(z,y, f(z,9)) : (z,y) € dom(f)}. (266)

The domain of definition for f is R%. The graph of f is determined by z = x> + %. Note that z > 0 and
atz=0x=0=y. Take z = f = k = const. with 0 < k, then,
2 2
€z Y
—+=—=1 267
T (267)

which is the equation of an ellipse. So, for k increasing from O we have a larger and larger ellipse at each
z=k.

If we take y = k then
k2 9
= — 2
=15 +x (268)
which is the equation of a parabola with variable x. Similarly, if x = k then
Y
=K+ 269
2 + 15 (269)
which is also a parabola in y. The plot of the graphs of f is then:

This is an elliptic paraboloid.
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Remark 8.1. The process employed above of considering z = k, y = k, x = k means we are looking at
intersections of the surface with planes parallel to the coordinate planes xy, zx and yz. The curves that
result from such intersections are called cross-sections.

2

Example 8.10. Sketch the graph of the function f(z,y) = x* — 4.

The graph of f is

Graph(f) = {(z,y, f(z,9)) : (z,y) € dom(f)}. (270)
The domain of definition for f isR?. The graph of f is determined by z = xQ—%. Take z = f = k = const.
with 0 < k, then,
22 2
. a— 271
k 10k ’ (271)

which is the equation of a hyperbola. Take z = f = k = const. with 0 > k, then,

2 2
y X
—— =1 272
o e Y (272)

which is also the equation of the conjugate hyperbola. So, for k increasing from 0 we have hyperbola at
each z = k and for k decreasing from 0 we have the conjugate hyperbola at each z = k. If one looks at
x =k and y = k one will find parabola. The plot of the graphs of f is then:

This is an hyperbolic paraboloid.

Example 8.11. Sketch the graph of the functions fi(x,y) = +1/—1+ 22 + %

The graph of f is the set

{(z,y,2): 2= y; +a22 -1} (273)

{(z,y, 2) :z:—\/y;-i-:ﬂ—l}. (274)

The graph of f_ is the set

Let’s look at cross-sections fi.:
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1. If z =k then for f, we have

feey) =L a2 1=k (275)

For there to be a solution k > 0. If kK = 0, then

a2t =1 (276)
which is an ellipse. If kK > 0 then

Y 5
2(k24+1)  k2+1

1 (277)

which is an ellipse with increasing size. So with increasing z we have ellipses with increasing size
from z = 0.

If we now look look at f_ we have

2
fo(z,y) = — %—i—mQ—l:k. (278)

for solution k < 0 with % +22 =1 when k = 0. Now as k decreases we have ellipses with equation:
2 2

y L
20k2 +1)  kK2+1

1. (279)

Therefore, down the z axis we have ellipses of increasing size.

2. x=k:
Y2
z2:?+k2—1 (280)
which can be written as
2
22 % e (281)

If k = +1 then z = :l:@ so we have two lines in the z = +1 planes. If k> — 1 # 0 then we can
write

22 y2 . 9 1 E2—-1>0
T =T A BV T SIS (282)

3. y =k is completely analogous to x = k.

This is an hyperbola of one sheet.
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. 2
Example 8.12. Sketch the graph of the functions fi(x,y) = £/1+ 22 + %

This is an hyperbola of two sheets.

Example 8.13. Sketch the graph of the functions fi(x,y) = +1/2? + %

ST
N\

T
LD

i

This is a (elliptic) cone.

8.3 Drawing Multivariable Functions: Level Sets/Surfaces/Curves

So far we have been ploting graphs of functions. There is an alternative: level sets or curves. You've
probably encountered such drawings in maps: contour/topographic maps are drawings of level curves of
some region on Earth. Here is the topographic map of K2 (left) vs the plot/picture of its graph (right):
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The topographic map marks different contant height levels on the map with the grey lines: these are
the level sets or level curves.

Definition 8.4. The level sets of a function f of n-variables (x1, ...,x,) are the sets

{(x1,yzn) : fla1, oy xn) =k} (283)

for k constant. If f is a function of two variables we call these level curves. If f is a function of three
variables we call these level surfaces.

Example 8.14. Sketch the level curves of the function f(x,y) = % + 92

We look at the curves % +y? =k for k constant. For a solution, we must have k > 0. If k = 0 then
this is the point (z,y) = (0,0). If k > 0, these are ellipses, which are plotted as follows:

n 1 FR—" n 1 n FR—" 1 n FR—" 1 n n Fa— n n Fa— n n n -

-6 -4 -2 0 2 4 6

Lets view k as a z coordinate then f(x,y) = k can be rewritten as

2

%+y2—z=0 (284)

which is the equation of a elliptic paraboloid. One can view the contour plot in the plane as a projection of
the curves resulting from intersection the elliptic paraboloid with planes {z = k}, i.e. the z cross-sections.
This is drawn below:
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Example 8.15. The following is a computer generated sketch of the level curves of the function f(x,y) =

—%yﬁﬂ with the corresponding surface plot of (x,y, f(x,y)):

10}

Example 8.16. The following is a computer generated sketch of the level curves of the function f(x,y) =
cos(x) + cos(y) with the corresponding surface plot of (x,y, f(z,y)):

Example 8.17. A simple example in 3D would be the level surfaces of

2

Fla,y,2) = ”‘"z L 422 (285)

We cannot visualise the graph {(z,y, z, f(x,y, z))} since this requires 4-dimensions. However we can look
at f(xz,y,z) = k for k constant. This gives,

2 2
Y z
+k+kz

SIS

=1 (286)

for k > 0 (which is nessecary otherwise x =y = z = 0). This gives concentric ellipsoids:
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8.4 Limits of Multivariable Functions

We want to talk about how functions behave as their variables approach certain values. We need to
generalise our notion of limit:

Definition 8.5. Let f : dom(f) — R be a function and dom(f) include all points arbitrarily close to
a=(ay,...,an), i.e. forany d > 0, there exists a x = (x1,...,x,) € dom(f) such that ||x — a|| < d. We
say that the limit of f as x goes to a is L if for all ¢ > 0, there exists a § > 0 such that if

0<|x—all<é (287)

and x € dom(f) then
|lf(x)— L| <e (288)

In notation, one writes
Jim f(x) = L (269)

What this says is that given a small interval around L, I = (L —¢, L +€), then one can find a small (open)
ball/disk of radius d centered at a,

Bs(a) = {x € R" : ||x — al| < 6}, (290)

which f maps into I (except possibly a). This is pictured for R? below:

Y
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When we discussed limits for a function f of single variables we recalled that for the limit lim,_,, f(x)
to exist the above and below limits must exist and agree. There we were constrained to a line to approach
the point for which we wanted to investigate the limit of f. In this situation the analogous statement is
that approaching a on any curve should give the same limit. Be careful, this does not mean that if the
limits agree on every line through a point then that is the limit, it must also agree on a parabolic curve, a
hyperbolic curve or any weird path you may choose (as long as it lies in the domain of definition). This is
illustrated below:

N
N

A S

dom(f)

Picking various paths can be very useful for showing that limits do not exist.

8.4.1 Limits Not Existing

These arguments proceed as follows. Assume the limit exists then the limit along any path that passes
through the point must exist and it must agree with any other path. Derive a contradiction based upon
picking paths.

Example 8.18. Show that

2,2
lim 55— (291)
x—=0 % +y
does not exist.
Assume that
a2
L (292)
exists. Then the multivariable limit must be equal to the limit along the z-axis (y =0, x # 0). So,
2_ .2 2_ .2 2
lim = = lim = = lim = lim1=1, (293)

x—0 12 4 12 70 2+ y? 2022 20
y:
along the x-axis.

If the limit exists then the multivariable limit must be equal to the limit along the y-axis (x =0, y # 0).
So,

2oy ey -

lim = lim —- = lim(—1) = -1, (294)

2,2 g
x—0 2% +y y—=0 x4 + vy

along the y-axis. This is a contradiction.
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Example 8.19. Show that

L (295)
does not exist.
Assume that
. Ty
lim —2— 2
xli% x2 + 92 (296)

exists. Therefore, the limit along any path through O must agree.

Take a path along the x-axis, i.e. set y =0, x # 0, then

. Ty . xy . Oz

hmﬁ:hmﬁzlm—2

x—0 1% + Yy a:~>8$ +y x~>(())$
y= y=

=0, (297)

along the x-axis. Take a path along the y-axis, i.e. set x =0, y # 0, then

. Yy . Yy

1 =lim —— = 2

x50 22 + 12 o0 22 + y? 0 (298)
=0

along the y-axis. So far, there is no contradiction. We can now look at other lines through (0,0).

Take a path along the the line y = x then

2
. Ty . xy . T 1
x50 22 + 9% as022 12 en0222 2 (209)
y=x

along the y = x line. This gives us a contradiction.
Example 8.20. Show that
y—x

i - 300
x—g(r{l,l) 1—y+In(x) (300)
does not exist.
Assume that
. y—x
_— 1
<00 1—y+In(x) (301)

exists. Therefore, the limit along any path through (1,1) must agree. Be careful: this limit is through
(1,1) not (0,0). You must pick a path that goes through this point. In particular, x = 0 and y = 0 do
not pass through this point.

First take the path along y = x then

. Yy—x ) 0
1 ——— = lim ————— =0. 302
x_igl,l) 1—y+In(x) s —— In(x) (302)
Consider now the path y = 1, then
. Yy —x . 1—x
1 — -, 303
x—:gl,l) 1—y+In(zx) ] In(x) (303)

This limit is of the ©/o’ form, so we can apply L’Hépital’s rule to try to find the limit:

d
_ d(q_
lim —2 %  — lim (1) = lim(—z) = —1, (304)
x> 1=y +n(@) 2=1 Ling) 2ol

This gives the desired contradiction.
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Example 8.21. Show that
(z—1)(y+1)?

li 305
oty o= 12+ (y + 1)1 (30
does not exist.
Assume that
: (z-1)(y+1)°
1 306
i (@~ 12 + (4 D (3500
exists. Therefore, the limit along any path through (1, —1) must agree.
Let’s look at the path x = 1 then
-1 1)? 0 1)
x=1,-1) (x =12+ (y+1D* y=-1 (y+1)
Let’s check all other lines at once: set y = m(x — 1) — 1. Then
. (x—1)(y+1)2 . (x —1)m?
1 = —— =0.
ey @ D2 (1 e T (e 12 (308)
No contradiction so far!
What about a parabola through (1,—1)7 Let's set x = (y + 1)2 + 1. Then,
_ 2 4
lm @D+ lim WD 1 (309)

xo(e1) (= D2+ (y+ D)E ~ yoo12(y+ 14 2

8.5 Properties of Limits

Proposition 8.1 (Limit Properties). Suppose f and g are defined on D C R™, except possibly at some
point a € D. Further suppose,

lim f(x), lim g(x) (310)

xX—a X—a

exist and k € R. Then

~

- Nlimxa(f
2. limya(f (x)) = limx—ya f(x) — limx—a g(X).

3. limxa(kf(x)) = klimx—a f(x).

(x) + 9(x)) = limx_a f(x) + limx_—a g(x).
(x) -9

x)

4. limyx_a(f(x)g(x)) = limx_,a f(X) - limx—a g(X).
5. limx_m(f(x)/g(x)) = limx—a f(x)/limxﬁa g(x) if limy_,5 g(X) 75 0.
Proof. Omitted (for those interested: try with an € — ¢ argument). O

Under the conclusions (which you can try to prove with an € — § argument) that, for x,a € R",

lim z; = a;, lim ¢ = ¢, (311)
xX—a X—a

one can see that limit laws imply that limit of any polynomial P can be evaluated by direct substitution:
lim P(x) = P(a). (312)
X—a

Similarly, limit laws imply that limit of any rational function R = P/Q can be evaluated by direct substitu-
tion with the caveat that the point x = a must be in the domain of definition of R, i.e. () cannot have a
root there.

Let's do some examples:
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Example 8.22. Evaluate

. 322y + 1
lim

33 oo 313
(@y)—(—2,3) 23y2 — 22 (313)

if it exists.

So, z3y? — 2x evalutated at (—2,3) gives —68 # 0. Therefore, x = (—2,3) is in the domain of the
definition of the rational function. Hence, the limit exists and is

hn STyl 37 (314)
(y)—(—2,3) 23y2 — 2z 68

Example 8.23. Evaluate

2
im ﬂ, (315)
(@,9)—(0,0) 22 + 12

if it exists.

Consider y = mz for m € R. Then

32y 3mz
= 0 316
224+y2 (1+m?) - (316)

as x — 0. So on any line the limit through the origin is (0,0). Along the parabolas y = 2% and x = y?
one has
32y 32 32y 3y°

w2 +y? 2 ’ 22 +y?2 (1+4?) (317)

asx — 0 and y — 0 respectively.

Let's attempt to prove the limit exists and is 0. Let's give ourselves an ¢ > 0. What we need to show
is that there is a & > 0 such that if ||x — 0|| < & then |3%*y/a24y? — 0| < €. First note that

l|x —0|| = Va2 +y? (318)

Now,

322 322
’ vy 0‘ L VIR N P W ) (319)

224+y2 | 2242

Take 6 < § then 3\/x? + y? < ¢, which then gives,

‘ 32y

x2+y2—o(§3 2P <e (320)

This show that limy_,¢ 32°y/z2 44> = 0.
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9 Multivariable Functions Il: Continuity, Partial Derivatives and PDE

9.1 Continuity

Now that we have generalised the notion of limits to multivariable functions. We can define what we mean
for a multivariable function to be continuous at some point a = (ay, ..., a,).

Definition 9.1 (Continuity). Let f be a function defined on some subset D of R". Then one says that f
is continuous at ac€ D if

lim f(x) = f(a). (321)

xX—a

The function f : D — R is continuous on D if it is continuous at every a € D.

In plain terms continuity means that if the point x changes by a little bit, then f(x) changes by a little
bit. This means that a surface that is the graph of a continuous function has no hole or break.

Let's do some examples:

Example 9.1. Where is

:U2+y2

fl(‘r) y) = 1'2 — y2 (322)
continuous? What about the function
0 ify=+x
T,y) = ? 323
fal.) {zzfgz otherwise (323)

The function f; is continuous where it is defined since it is a rational function. Therefore, its continuous
everywhere on R? except where y = +ux.

Now fy is f1 except with a modified definition along y = +x. Note that taking the limit along x = 0
gives

lim(—1) = —1, (324)
y—0

which contradicts the definition of continuity since f(0) = 0. We need to check the lines y = +x too.
This means considering lim,, \\_,(c.+c) f2(,y) for ¢ constant. Consider y = +c, then

2 -+ c? 2 + 2
1. Pu— 1. — T 1. ———————————ee T 325
o 2@V = 0 e = I e St~ (325)

which again contradicts continuity as f(0) = 0 # co. Therefore, f, is continuous everywhere on R? except
where y = +x.

Example 9.2. Let

0 if(z,y)=(0,0)
f@y) =9 3.2, , (326)
N otherwise.
Where is f continuous?
We showed in example 8.23 that
32y

lim

—— 7 _—0. 2
x—0 22 + 92 0 (327)

Since this equals the functions value at that point, f is continuous.
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Proposition 9.1. Suppose f : D C R™ — R is continuous on D and g is a function of a single variable
that is continuous on the image of f. Then the composition h = g o f defined by

h(x) = g(f(x)) (328)
is continuous on D.

Example 9.3. Suppose f(x,y,z) = x3y + zx and g(x) = arctan(z). The function f is continuous
everywhere on R® and the function g is continuous on R then h = g o f defined by

h(z,y, z) = arctan(z®y + 2x) (329)
is continuous on all R3.

Remark 9.1. When dealing with continuity of multivariable functions one should keep in mind proposi-
tion 7.2. For example, that polynomials of many variables are continuous everywhere on R™ and rational
functions are continuous on their domain of definition. Similarly, if constructing compositions based upon
the functions of a single variable in proposition 7.2, one can deduce continuity upon this knowledge.

9.2 Differentiation of Multivariable Functions: Partial Derivatives

Suppose we have a function of two variables f(x,y). We could fix y = b and consider g(x) = f(z,b) as
a function of the single variable . We could look at the limiting process which defines the derivative of
g(x) with respect to z at a

(330)

09 i 90D —0(@) _fathb) = f(a.b)
dx h—0 h h—0 h '

Similarly, we could fix a in f and consider the derivative of h(y) = f(a,y) with respect to y at b then
dh . h(b+h)—g(b)

. f(a7b+h)_f(a7b)
- =1 =] .
gy 0 = i h hs0 h

(331)

If these limits exist we have a type of derivative of a multivariable function known as the partial derivative
of f with respect to z or y, respectively, at (a,b). One writes:

of (a+hb) f(a;b)

5o (a,b) = lim (332)
of . fla,b+ h) f(a,b)
oy o0 = Jm T 3

In general, one has the following definition for partial derivatives:

Definition 9.2. Let f be a function of n-variables, U be a subset of dom(f). Suppose a € U. The partial
derivative of f with respect to the i*"-variable x; at a is defined as

of o flar, e ai hy g an) = fla, . ag, e an)
Gxi (a) N flLlir%) h

(334)

if the limit on the right-hand side exists.

One could let a vary in U. If the limits exist then one obtains functions of x, i.e. partial derivative
functions. These are often denoted many notations listed below:

e Leibniz: %, Oz, f and 0;f, where the latter is often used by lazy relativists.
* fu
e Euler: D;f.

Example 9.4. Find the partial derivative functions of
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1. f(z,y) =x"y™ for m,yn > 1.

aac ($nym) — nxn—lym

2. f(x,y):% form>1,n>1andzx #0.

m

n _7n$n+1
3. f(z,y,2) = In(zyz) for zyz > 0.
Oyn(zyz) = =,  O,ln(zyz) ==, B In(ayz) = -
11 = 2t = 21 = -
vyz) =~ y In(zyz y ryz) =
4. f(r,y,2) =In(x+y+2) forx +y+2>0.

1

Oz, 1 =
i n@+y+z) r+y+z

forx; =1,2,3

Sk

f(r,0) =rcosf +sinb.

Or(rcosf +sinf) = cos ¥, Op(r cos @ +sinf) = cosf — rsiné.

6. f(z,y) = arctan(y/z) for x # 0.

y X
—W, 8y arctan(y/z) = — 7.

0y arctan(v/z) = R
T Y

7. For 23 =1 — 6xyz — 2% — >, find 0,2.

—6yz — 322

0p23 = 32202 = —6yz — 322 = Oyz = 5
3z

9.3 Higher Derivatives

Let f be a function of two variables and that the partial derivatives of f, 0, f and 9, f, exist in some region
D of R?. We can treat 0, f and 0Oy f as functions on D and compute their partial derivatives (if limit above
exists). In other words we can consider,

0,00 = 921 = (12)a = foo = DiD1f = o (2) = 2 (335)
0,0y1 = 05f = (fy)y = fyy = DaDsf = (fy(ag) - gzy{ (336)
0.0, = 0y f = e = = DiDas = o () = 2L (337)
000 = 0f = 1)y = oy = D011 = oo (A1) = 2L (338)

Note that we have separated the cases 0,0, f and 0,0, f. The former means differentiate with respect to
x first and then with respect to y, whilst the latter means differentiate with respect to y first and then
with respect to x. These may not be equal; we will state a theorem below about when these operations
commute below. First let's do an example:

Example 9.5. Let

flz,y) =a — 2%y +yz + 2. (339)
Then,

0p0yf = =6y +1 = 0,0, f. (340)
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Example 9.6. Let

f( ) = 0 (341)
xT,Y) = 2_,2

7”526 yé’ ) X 7& 0
For x 75 0, via the quotient rule, we have

y(2? — y?) + ay(2z)  ay(e? —y?)(2z) 2ty 4+ 42?yd — P

0 f 22 + 32 (22 + y2)2 (22 + y2)2 (342)
and
2 _ .2 2 _ .2 4 2,3 _ 5
y(z* —y°) + xy(2x xy(z® —y°)(2x yrr 4+ dyx® —x
W= : 21 2 o) _ (2 22):_ 21 22 (343)
a2 +y (2% +y?) (% +y?)
For x = 0, we have
0:f(0,0) = lim ; = lim - = 0. (344)
Similarly, we have
0:£(0,0) = lim ; = lim =0 (345)
Lets look at 0,0, f(0,0) and 9,0, f(0,0):
T ayf(h,O)*ayf(0,0)_ . h‘_o_
0:0yf = liny h = e =l (346)
and
T arf(oah)_ayf(oao) BERT —h -0 B
OyOr f = }llgno . = %12%] = —1. (347)

Therefore, 0,0, f # 0.0y f.
This last example illustrates the failure of the following theorem:

Theorem 9.1. Let D be some disk in R? containing (a,b). Suppose f : D — R. If ,0,f and 9,0, f
exists and are continuous on D, then ‘partial derivatives commute’:

0.0y f(a,b) = 0,0 f(a,b). (348)
Remark 9.2. This theorem generalises to more derivatives and to functions of more variables. For example,
0,0y0. f = 0y0,0, f = 0.0,0yf = 0y0,0.f = 0,0.0yf = 0,0,0: f (349)

if these functions are continuous.

9.4 Partial Differential Equations

A partial differential equation (PDE) is a relation between partial derivatives of a multivariable function
f(z1,...,xy,). For example,

Ouf = 0yfs  uByf =0,  [O.f=2(0:1)" (350)

Here f would be ‘the unknown' of the equation for which (in an ideal world) we'd like to solve for. Be
warned this is not always possible; a solution may not even exist. If it does exist, it may not be unique.

Some famous examples of PDE are listed below (the last four examples are simply included for
interest, you’re not expected to fully understand the notation or all comments related to them):
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e Laplace’s equation:
Auiﬁiu—l—@;uzo, Aui8§u+8§+8§u:0, Au=92 u+..+02u=0 (351)

This first is Laplace's equation in 2-dimensions, the second in 3-dimensions and the last in n-
dimensions. Note that in 1-dimension it u(x) must satisfy

d?u

Auz@%u:W:0:>u:aﬂc+b (352)

x
for a,b constants in R. The A often gets called ‘the Laplacian’. Solutions to this equation are
called harmonic functions, which crop up everywhere in physics. For example, in gravitation, fluid
dynamics, heat conduction, electrostatics.

Lets look at u(z,y) = In(x? + y?) for Laplace’s equation in 2-dimensions. Now,

g2 = 2@ =) 202 —y?)

2 2
Cu = RS U= 7(3?2 ) = Oyu+ d,u=0. (353)

So u(z,y) is a harmonic function and is plotted below:

This function could describe the electric potential due to a line of unit charge entire z-axis.

e The heat equation:
Ou—Au=0 (354)

As the name suggests this equation describes how heat is conducted or diffused through a given
material. Solutions are called caloric functions. Note that, if u is independent of time, we have
Laplace's equation, i.e. if the temperature distribution in some material is not evolving it must be a
harmonic function.

Let's look at u(t,z) = e 't

have,

sin(kx) for the heat equation with the 1-dimensional Laplacian. We

o = —k*u, O%u=—rk*u = Qu— 0%u =0. (355)

So, u(t,x) is a caloric function and is plotted below:
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e The wave equation:
O = —920 + AV = 0. (356)

Suppose we take AWV as the 1-dimensional Laplacian of (¢, x). Lets look at the function W(¢,z) =
sin(z — t). Computing partial derivatives gives

O}V = —sin(x —t), 0?0 = —sin(z —t) = —02V + 02V = 0. (357)

The function ¥(t,z) = sin(x — t) is plotted below:

ANVA
AU
f

This is wave type behaviour, hence the name for the equation. This function ¥ could be the a sound
wave, a Iight wave, an ocean wave etc.

Non-Examinable Maxwell’s equations for electromagnetism. In the absence of charges and currents
these have the form:

divE = 0 = divB (358)
curlE = —9,B (359)
curlB = 9,E. (360)

Here E and B are vectors in R? representing the electric field and magnetic fields respectively. One
can show that these equations imply that

—0?E + AE = 0, (361)
~0fB+ AB = 0. (362)

In otherwords, the electric and magnetic fields satisfy the wave equation and therefore, admit wave-
type solutions. This is often why it is said that light (which is electromagnetic radiation) is a wave.
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e Non-Examinable The Navier-Stokes equation for fluid dynamics.
1
v+ (v-V)v= —;Vp +vAv +f. (363)

Here, v is the velocity of the fluid. It is a vector in R? that depends on time, ¢ and space, x. The
function p is the pressure of the fluid and v is something known as the viscosity (related to thickness
of the fluid), f is some external force. There is a 1 million dollar prize to be awarded to the person
who resolves an open problem about the existence of solutions (in some catagory) to this equation.
This is one of 7 Millennium Prize Problems put forward by the Clay Mathematics Institute.

e Non-Examinable The Einstein equation for general relativity is one of the most celebrated PDE in
mathematical physics. It is typically stated as

1
Ric(g) — §Scal(g)g = 8nT. (364)

The unknown in this equation is the ‘spacetime metric’ g;;, which can be thought of as a collection
of functions g;j(xo, z1,x2,x3) with 1 < 4,5 < 4. It encodes the gravitational field, i.e. it dictates
how objects move under gravity. There are g;; that model the gravitational fields of stars, black
holes, galaxies, the universe etc.

The left-hand side of this equation is known as the ‘Einstein tensor’ and is constructed from objects
that should be interpreted as the curvature of spacetime (which is intimately related to properties of
the gravitational field). The right-hand side is an object known as the energy-momentum tensor which
is an object describing the matter in the universe. So in rough terms the matter content in your uni-
verse dictates how the spacetime should curve (how the gravitational field should look) and visa versa.

Unlike its Newtonian predecessor, one can set T' = 0 and there are non-trivial solutions. In this case
the Einstein equation reduces to

Ric(g) = 0. (365)
This can be written in the form

Og(gij) = N(g,99). (366)

Here, O, is an altered version of the [J for the wave equation above and N(g,dg) denotes a term
that involves g;; and 99ij/9z;, but no higher derivatives.

When the gravitational field is ‘weak’ the term N (g, 0g) can be neglected and O, replaced with the
wave equation [J. The functions g;; then satisfy the wave equation, which gave rise to Einsteins
famous prediction of gravitational waves in 1916. Direct experimental confirmation of their existence
was produced 2016 by the LIGO observations.

e Non-Examinable The Black—Scholes equation in mathematical finance:
1
oV + 50—252331/ +7S9sV —rV =0. (367)

Here, V is the price of an option (which is right—or ‘option'—to buy a stock at a given predetermined
price) as a function of stock price S and time ¢. The constant r is the risk-free interest rate, and o
is the volatility of the stock. For example, you could have a friend that potentially wants to buy your
car at the price of 20k. They could ask you to sell them the right (or option) to buy your car in the
next month for 500. This could vary in time dependent on how desperate your friend is for the car
or how much you like your car.

The field of analysis of PDE has been and continues to be a very active field of research in mathematics.
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10 Tangent Planes and Linear Approximations

This section is concerned with the local properties of multivariable functions. In particular, how to partial
derivatives characterise the behaviour of a multivariable function close to a particular point.

10.1 Tangent Planes

For a function of a single variable f(z), 4f/dz is interpreted a rate of change with respect to x. Similarly, for
a multivariable function f(z1,...,x,), partial derivatives of f can be interpreted as rates of change when
all but one variable is fixed. Effectively, this means we're looking at rates of change in certain directions.

Suppose we have a function f of two variables (z,y). Further suppose the partial derivatives of f exists
at (a,b), i.e. 0.f(a,b) and 0y f(a,b) exist. The surface {(x,y,2) : z = f(x,y)} near (a,b) is plotted
below in cyan.

Note that y = b is a plane in R? which intersects the surface in a curve, denoted in the diagram with 7.
This curve has the equation g(x) = f(x,b) and therefore it's gradient at z = a is

99 0) = o110, (368)

So, there is a line tangent to the curve 1 with gradient m; = 0, f(a,b) in the plane determined by y = b,
i.e.

z=my(z —a)+ f(a,b), (369)

in {(x,y,2) : y = b}. Supposing that m; # 0, i.e. 9,f(a,b) # 0 then the symmetric equation of the line
is

z— f(a,b) (x—a) B
ey = 1 v=b (370)

We can put this into the form for the vector equation of a line as:
x(A) = (a,b, f(a,b)) + Avy, (371)

with vi = (1,0,0,f(a,b)). This is plotted in black above 7;. Similarly, z = a is a plane in R? which
intersects the surface in a curve, denoted in the diagram with ~5. This curve has the equation h(y) = f(a,y)
and therefore it's gradient at y = b is

dh

dfy(b) = 0yf(a,b). (372)
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So, there is a line tangent to the curve v with gradient my = 0, f(a,b) in the plane determined by = = a,
i.e.

z=ma(y —b) + f(a,b), (373)
We can put this into the form for the vector equation of a line as:
x(\) = (a,b, f(a,b)) + Avs. (374)
with vo = (0,1, 9, f(a,b)). This is plotted in black above ~,.

What's so special about curves resulting from intersecting with planes parallel to the zy and zx-planes?
Well, both nothing and something.

e Nothing: We could have any curve on the surface through (a,b, f(a,b)) and look at its tangent line
at (a,b, f(a,b)), if that line exists, which leads to the something...

e Something: The only stipulation about the curves resulting from {x = a} and {y = b} intersection
was that the partial derivatives existed.

This latter point means that the curves that result from cross-sections £ = a and y = b cannot break at
(a,b), i.e. be discontinuous, or have corners like y = |x| (which is continuous but not differentiable at
xz = 0) plotted below:

08l
0.6+
04l

0.2

So, the stipulation that 0, f(a, b) and 0, f(a, b) exist, for the curves resulting from {x = a} and {y = b}
intersection, means that the tangent line is well-defined. In the case of other curves, the tangent line may
not be well defined. Consider the function,

N A (375)
0 (x,y) = (0,0).

This is plotted below:
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Now one can check that

Hence, the partial derivatives exist at (0,0), and, therefore, the tangent lines to (0,0,0) in the i and j
directions exist. However, consider the curve in orange above, which is given by y = x. Therefore,

(:L‘,x,f(x,x) = %), (377)

defines a curve in the surface. This has no tangent line at x = 0 since |z| is not differentiable at x = 0.
What's gone wrong here? Well, note that

3 3

y x
Opf = ——, Oyf =——— 378
@+y)F T @) =
for (z,y) # (0,0). Lets focus on 0, f(z,y). Take z = 0, then
3 3 1 >0
0ufOy) =~ =2m =07 (379)
)z -1 y<Oo.

Therefore, lim(, ), (0,0) 0z f (¥, y) does not exist. In particular, 9,.f(z,y) is not continuous at (0,0).

This example illustrates the following fact: if the partial derivatives are continuous, then all the tangent
lines exist. So when the partial derivatives are continuous, these tangent lines form the tangent plane at
(a,b, f(a,b)), which we will define as the plane which contains the two tangent lines resulting from the
intersection with {z = a} and {y = b}, i.e. the plane containing the point xo = (a, b, f(a, b)) with normal

n=vyXvy= (_axf(av b), _8yf(a7 b)’ 1) (380)

This is plotted below:

Recall that our equation for the plane was
(n,x —xp) = 0. (381)
Expanding gives
9z f(a,b)(x — a) + 8y f(a, b)(y — b) — (2 = f(a,b)) =0, (382)
which is the equation of the tangent plane at (a, b, f(a,b)).

Let's do an example:
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Example 10.1. Take the ellipsoid

$2 y2 22

—+ =4+ —==1 383
4+16+49 (383)

Recall that we can solve for z in terms of two functions
z=fo(z,y) =£T\/1—-——=. (384)

Lets find the tangent plane at (1,1, ;Z\/ll). To easy notation let f = f, and let’s find 0, f and O f:

7 7
Of = —— e, Oyf =~ L (385)
41 -4 - % 164/1 - % — 45
So,
Duf(1,1) = ——— 9 f(11) = —— (386)
T ) - m? Yy Y - 4\/ﬁ
Therefore, the equation of the plane at (1,1, %m) tangent to the ellipsoid is
7 7 7
(-1 4+ —=Hy -1+ (22— -VIL) =0. 387
S+ =1 (o Vi) (387)
Let’s return to the non-example above:
Example 10.2. Consider again the function,
= ) x’ y # 07 0
fz,y) = v+ (w9) 7 (0.0 (388)
0 (z,y)=1(0,0).
As above
Ouf 0 x=00 (389)
A 0,0
L x#0.0)
o f 0 x = (0,0) (300)
y) = 2 _
(x2+y2)% X 7£ (07 O)

which are not continuous at (0,0). However, since the partial derivatives exist at (0,0) we can write down
an equation for a ‘tangent’ plane for f(z,y) at (0,0):

0:f(0,0)(z — 0) + 9, f(0,0)(y —0) — (2 — f(0,0)) =0 = 2z=0 (391)
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On the following plot the {z = 0} plane is impose on the surface:

One can see that this plane is not really tangent to the surface since it does not just touch at a since
point. So the tangent plane was not well defined.
10.2 Linear Approximations of Multivariable Functions

Definition 10.1. A function f from D (a region in R™) to R is called linear if
f(x)=b+ a1z + ... + apxy, (392)
where x = (x1, ..., xy) and a; are real constants for 1 < i <n .

Suppose we have a single variable function f(z) which has derivative f’(a) near some point z = a.
This could look something like the following:

y y
1.0~ 0.5

04

\ 0.3
X

0.2

0.5+

05 o1f

-1.0t 0.40 0.45 0.50 0.55 0.60

Here we have the function f(x) = 27 — 72 + z and the line in orange is the tangent line at (1/2,37/128).
Clearly when we have a global plot of the graph this line doesn't approximate f(z) at all well. However,
as we ‘zoom' in on the graph (i.e. we look locally) the tangent line approximates the function better and
better. See the right-hand diagram. Therefore, one would expect that we can approximate the function
near a point by the tangent line at that point.

This is the intuition behind linear approximation but let's make this a bit more precise. Consider the
definition of the derivative

df .« _ .. fla+h)— f(a)
) = Iy S (99
and suppose the limit on the right-hand side exists. Let h = & — a then this can be rewritten as
df . fl@) = fla)
g\ = (394)
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From the definition of the limit one knows that for all ¢ > 0 that there exists a § > 0 such that if
0 < |z —a| <9 then

f(x) = fla) _df

T —a dx

(a)] <e. (395)

For x close to a (e small and § small), this means that

f(w;: C{(a) _ % (a) + e(z) (396)

where €¢(x) — 0 as © — a. Rearranging gives

df
fl@) = f(a) + ——(a)(z — a) + R(z) (397)
where R(z) = e(z)(x — a), called the remainder, goes to 0 faster than x — a as © — a. This means that

for x close to a one can indeed approximate f(z) as

. df
fla) = L(z) = f(a) + ——(a)(z — a). (398)
The function L(z) is a linear function on R and is known as the linear approximation of f(x) at a. Notice
that for functions of one variable, the linear approximation only exists if f/(a) exists, i.e. the tangent line

exists at x = a. In this case it is always a valid approximation.

For a function f of two variables the intuition is similar: if f has continuous partial derivatives, the
tangent plane at a point (a, b, f(a,b)) with equation (from (382))

z = f(a,0) + (92 f)(a,0)(x — a) + (9, f)(a, b)(y — b) (399)

is well-defined since it contains all tangent lines to the surface at (a,b, f(a,b)). In this case, the tangent
plane becomes a good approximation of the function near (a,b, f(a,b)) see the following diagram:

This means that in analogy with the argument about tangent lines for functions of a single variable we can
approximate f(z,y) using (399), i.e.

f(x,y) = L(x,y) = f(a,b) + 0:f(a,0)(x — a) + 0y f(a,b)(y — b). (400)

The function L(x,y) is known as the linear approximation of f(z,y) at (a,b). It is important to stress
that even though one can write down the linear approximation in equation (400) when the partial derivatives
exist, it is not always a ‘good’ approximation. It is a valid approximation when the partial derivatives are
continuous at (a,b).
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One can generalise the linear approximation to a function f of n-variables x = (z1,...,zy,). In this
case, the linear approximation f at a = (a1, ...,an,) is

L(X) - f(a) + (@mf)(a)(xl - al) +..t (8acnf)(a)(mn - an)' (401)

This is a valid approximation for x close to a when the partial derivatives 0,, f are continuous at a for
1< <n.

Example 10.3. Lets find the linear approximation of f(x,y) = % at (1,3).
Lets compute the first partial derivatives for x > —1
14y 1
Opf = —7"= Oyf = ——. 402
o f (14 2)%’ o 1+ (402)

Note that the partial derivatives in equation (402) are both rational functions and, therefore, continuous
on their domain of definition. In particular at (1,3). Hence, the tangent plane at (1,3) is well-defined and
the linear approximation is valid as shown by the following plot:

f(x. y)

At (1,3),
0.f(1,3) = -1, 9,f(1,3) = % (403)
Therefore, the linear approximation of f(x,y) at (1,3) is
L(z,y) = f(1,3) + 0 f(1,3)(z — 1) + 0, f(1,3)(y —3) =2 — (. — 1) + %(y —3). (404)

Example 10.4. Lets find the linear approximation of f(x,y) = xze™¥ at (1,0).

Note that f(x,y) is well defined on all R? and therefore, we can freely compute the partial derivatives
O f = (1 + xy)e™, Oyf = x2e™ (405)

which are continuous everywhere on R? since these functions are products of polynomials and the expo-
nential. Therefore, the linear approximation is good at (1,0):

L(z,y) = f(1,0) + 0, f(1,0)(x — 1) + 0, f(L,0)(y — 1) =14+ (z — 1) +y =z +y. (406)

Let's illustrate how the linear approximation fails for non-continuous partial derivatives with the following
example:
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Example 10.5. Consider the function,

S 0,0
f(w,y) = ) 24y (m,y) 7& ( > ) (407)
0 (z,9)=1(0,0).
This is plotted below:
One can compute (this is a good exercise):
0 x=(0,0)
Ouf = 2,2 (408)
’ {——z—n’é’iﬁyy)) x # (0,0)
0 x=(0,0)
Oyf =3 s(a2—0? (409)
’ {ﬁ x #(0.0)

Since the partial derivatives exist at (0,0) we can use equation (400) to write down a linear approximation
for f(x,y) at (0,0):

L(z,y) = f(0,0) + 9, f(0,0)(z — 0) + 9, f(0,0)(y — 0) = 0. (410)
However, the partial derivatives are not continuous (you should check this) and therefore, the tangent plane

was not well defined (and therefore, the linear approximation is not a good one). One can see this from
the following plot:
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11 Differentiability for Multivariable Functions

This section is about what it means for a multivariable to be differentiable, not just partial differentiable.

11.1 Motivation and Definition

Lets try to reverse engineer the computation above where we derived the linear approximation for a func-
tion f(x) of a single variable from the definition of differentiability. In other words, let's derive another
condition that a function of two variables must satisfy for the linear approximation to be valid. This will
lead us to a definition of what it means for a function of many variables to be differentiable, not just partial
differentiable.

To this end, suppose x = a + hy and y = b + hy for hy, he small. So, we have hy = x — a and
ho =y — b. To ease notation define

h = (h1, he), (411)

which has the property ||h|| — 0 as (z,y) — (a,b). Suppose that the linear approximation in equation (400)
is valid for (z,y) close to (a,b). Therefore, one has

fla+ hi,b+ hg) = f(a,b) 4+ 0. f(a,b)hy + 0y f(a,b)ha + R(h1, ha) (412)

where our remainder R(hy, hy) = R(xz — a,y — b) goes to zero faster than h; or ho, i.e.
fla+hi, b+ ha) = f(a,b) + 0, f(a,b)h1 + 0y f(a,b)ha + e(h1, ha)||h]| (413)
where we have written our remainder R(hy, ha) = €(h1, ha)||h|| with e(hy, ha) — 0 as ||h|| — 0. Therefore,

|[f(a+h1,b+ hy) — f(a,b) — (Vf(a,b),h)|

Al < Je(hn, ha)]. (414)
where we've introduced the vector of partial derivatives
V= (0:f,0yf) = Oufi+ 0y fj, (415)
which is called the gradient of f.
Remark 11.1. /In R”,
Vf=0ufOusfs ;O f) =0z, fe1 + Oz, fe2 + ... + Os, feNR. (416)

One makes the following definition about differentiability for multivariable functions,

Definition 11.1 (Differentiability). Let f : R™ — R. The function f is said to be differentiable at xy € R"
if there exists a v € R™ such that

o 1700 1) = f(x0) = (v, )

=0. 417
h—0 ||| 0 (417)

The condition that a multivariable function is differentiable at (a,b) implies that the linear approxi-
mation of a the function at (a,b) is valid, just like the single variable case! Note that previously we said
that the linear approximation at (a,b) was valid/good if the partial derivatives of the function at (a,b)
were continuous. Therefore, we expect some relation between (continuous) partial differentiability and
differentiability.
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11.2 Relation to Partial Differentiability

Proposition 11.1. /f f is differentiable at x( then this implies all partial derivatives exist at xo andv = V f.

Proof. Essentially this comes from looking at h = (h,0) and h = (0,h) respectively for d,f and 0, f.
Explicitly, suppose

lim | f(x0 +h) — f(x0) — (v, h)|
h—0 ||h|

= 0. (418)

then since this is a multivariable limit, the limit along all paths through h = 0 must exist and be equal.
Therefore, the limit along the path h = (h,0) must exist and be equal to zero:
|f(zo + h,y0) — f(@0,y0) —v1h|

lim 7 = 0. (419)

We can rewrite this as

f(zo+ h,y0) — f(x0, yo)
h

lim ‘

— =0. 42
h—0 vl ‘ 0 ( O)

Unpacking the definition of the limit this says that for any number € > 0 there exists another number § > 0
such that if 0 < |h — 0| < 6 then

Hf(:vo—i-h,yof)L—f(xoayo) —vl‘—O‘ <e (421)

or equivalently

‘f(ﬂfo + h,yo) — f (w0, y0)

Y - vl‘ < €. (422)

This says that

h —
lim f(mO + 7y0) f(l‘o, yO) =y, (423)
h—0 h

i.e. the limit on the left-hand side exists and is v1. At this point recall that the limit on the left-hand side
is the definition of 0, f(xo,yo):

f(zo + h,y0) — f(x0,%0)
- .

Oz f(x0,y0) = }11_% (424)

Therefore, 0, f(xo,y0) exists and vi = 0, f(xo,y0). A similar argument shows that 9, f(zo,yo) and
v2 = Ox f(20,Y0)- O

The converse is not true: all partial derivatives can exist but f may not be differentiable. For example

Example 11.1. Let f : R> — R be defined by

v 0.0
f(x,y) - {1’2+y2 (I‘,y) 7é ( ) ) (425)
0 (z,9)=1(0,0).
One can check that the gradient at (0,0) is
V fl0,0) = (0,1). (426)
If f is differentiable then the limit of
. h)— f(0) — (v,h
o(h) = |f(h) = f(0) — (v, h)| (427)

||
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should vanish as h — 0 for v.=V f(0,0). One can compute that

h3
O B U (429)

VRIS (B3 4 h3)

Take ho = hy then

hy? 1
g(hi,h1) = l” 5 £0. (429)

22hi 3 2v2

So, we've argued that for the linear approximation to be valid our function must be differentiable
and we've showed that partial differentiability does not imply differentiability. So what use is partial
differentiability then? Well, as you might expect, if the partial derivatives are continuous then partial
differentiability implies differentiability. We simply state the following theorem, which is probably the most
useful theorem to know regarding differentiability of multivariable functions:

Theorem 11.1. [f the partial derivatives O, f and 0y f exist near (a,b) and are continuous at (a,b), then
f is differentiable at (a,b).

Remark 11.2. In practise you're unlikely to ever prove that a function is differentiable directly using
definition 11.1. You will use theorem 11.1.

We will not prove theorem 11.1 in general but we will illustrate it with an example:

Example 11.2. Show that f(x,y) = % is differentiable at (1,3).

So the partial derivatives are for x > —1

1+ 1
ol =—arE W=

1+ (430)

Note that these partial derivatives are continuous on their domains of definition since they are rational
functions. Further (1,3) is in the domain of definition so the partial derivatives are continuous at (1,3),
hence the function is differentiable at (1,3) by theorem 11.1.

Let’s show directly that f is differentiable at (1,3). For f to be differentiable at (1, 3),

[f(L+ P13+ ho) = f(1,3) = (v, )

li = 431
b ] ! s
forv.=Vf(1,3). Evalutating the partial derivatives at (1,3) gives:
1

Define for notational simplicity:

[f(Q+ 7,3+ o) — f(1,3) = (Vf(1,3),h)|

gk) = Ih|

(433)

Evaluating:

gy - 58 =2l il
NCEYS] 12+ ha|y/hT + B3

For any € > 0, we want to show that there is a 6 > 0 such that if ||h|| < § then

(434)

lg(h)| <e. (435)
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So, note that (the triangle inequality on R tells us)

1 1
’h1 — §h2’ < |h| + §|h2|. (436)
Now ||, [ha| < |h]|, so
1 3
]hl — 5ha| < SIIB. (437)
Hence,
|h1]
h)| < . 438
l9( )|—\2+h1| (438)

You can see that this goes to zero for hy — 0 in the region
{(h1,ho) € R? : hy > —2}. (439)

We have that |hi| < ||h|| < ¢ and we would like

1
— <1 44
2] = (440)

so that |g(h)| < |h1| < ||h||. The inequality (440) is true if |h1| < 1. So pick 6 = min(1,d2) for d3 to be
chosen. Therefore,

|ha| < [[h[| <min(de, 1) <1, (441)
and
1 1

2+ h 2—|hyll >1 < 1. 442
R R PR R 2

Therefore,

|h1] )

lg(h)| < 21 Il < |h1| < min(do, 1) (443)

if one now picks 05 = € then

lg(h)| <e. (444)
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12 The Chain Rule

The chain rule provides a way to differentiate a composite function. You are probably familiar with this for
functions of a single variable. This section is about how to generalise this to multivariable functions.

12.1 Single Variable Functions

Proposition 12.1. Suppose f is a differentiable function of a single variable t and suppose t = g(x) for
a variable x and g is differentiable. Then the composite function f(g(x)) or (f o g)(x) satisfies the chain
rule for differentiation with respect to x:

d(fog) _dfdg d(fog) _ df dt d(fog) _dfdg
dx dg dx’ dx dt dz’ dx dt dx

(445)

or explicitly in with arguments

d(fog)
dxr

_df
Cdt

dg
dz

(a) (9(a))==(a). (440)
Proof.(Sketch). This can be proved in the following way. Suppose f and g can be differentiated at g(a)
and a respectively. Assume that g(x) # g(a) when 2 # a (you can deal with the case g(z) = g(a) for x

close to a by noting that then ¢’(a) = 0 and prove that (f o g)'(a) = 0). Then

d(fg) (a) = lim flg(2)) = fl9(a)) _ . Fl9(z)) = f(9(a)) 9(2) — g(a)

dx z—a r—a z—a  g(x) —g(a) rT—a

(447)

Now by the assumption that the derivatives of f and g exist one has

. flg(=) — flgla)\ (.. g(x) —gla)\ _ df dg
(i 22— ™) (i 505 ) = (@) g (@), (448)

T—a Tr—a

From the if the product of the limits exist then the limit of the product exists and therefore,

lim

A 0g) ) _ ( flg(x)) - f(g(a))) (tim M) = ¥ o) Y (), (449)

dx a—a  g(x) — g(a) T=a T —a  dg g dx
O
Remark 12.1. Often one is sloppy and does not explicity keep the composite function in all expressions,
i.e. it is understood when writing % we mean the derivative of the composition,
df _ d(fog)
dx dr

. d
Example 12.1. Suppose f(z) = 32% and v = g(t) = 2t> — 1. Find d—{.

We compute using the chain rule

df  df do ,
Vo G () ar) = 2110212 - ) (450)
Example 12.2. Suppose f(z) = ™ and x = g(t) = In(t) fort > 0. Find &.

We compute using the chain rule

df  df dx ey (1Y) _
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12.2 Multivariable Functions: A First Step

Suppose we have a differentiable function of two variables, f : D — R where D is a subset of R?. So f
takes (x,y) and evalutates f(x,y). Suppose z = g(t) and y = h(t) are differentiable, so that one has a
single variable function in reality. How does one compute df/dt?

Proposition 12.2. Let f be a differentiable function of two variables (x,y) and g(t) = (g1(t), g2(t)) such
that g1 and go are differentiable. Then the composite function f o g which is a map from R to R satisfies

d(fog) , ,dx dy d(fog) , ,dgi dgs
7 —(%Cfa—}-ayf%, 7 —(%fﬁ—#—@yfﬁ. (452)
or if you wish to be explicit in your arguments
HI28) (1) = 0, f(g(a)) 2 (a) + 0, F(g(a). (@) 22 (a) = (V1(g(a), Bla)).  (453)
o (@) =0:f(gla))—(a yf(9(a), ha))—~(a) = g(a)), - (a)).

Remark 12.2. Again, one is often sloppy and drops the explicity dependence on the composite function,
ie.

df _d(fog)
dt dt
Example 12.3. Let
flz,y) =y (454)
with x = sin(t) and y = cos(t). We can compute
S—J; = (y)(cost) + (z)(—sin(t)) = cos?(t) — sin’(t). (455)
Example 12.4. Let
fla,y) = 2y + 3ay’ (456)

with x = sin(2t) and y = cos(t). Find %(t =0). We can compute

d
di; — 22y + 3y*) (2 cos(28)) + (2 + 122y®) (—sin(t)). (457)
Let’s be lazy and not simplify. We can just find (z(0),y(0)) = (0, 1) to give
df
=~ = 6. 458
dt lt=0 (458)

12.3 Multivariable Functions: Adding Complexity

One could complicate things further and have = = g(s,t) and y = h(s,t). In this case we have the
following chain rule for the partial derivatives of f. We will need a vector-valued multivariable function
g: D CR? =R ie g(st) = (g1(s,1), g2(s,1)).

Proposition 12.3. Let f be a differentiable function of two variables (x,y) andf g : D C R?> — R? be
differentiable, i.e. g(s,t) = (g1(s,t),g2(s,t)) such that g1 and go are differentiable. Then the composite
function f o g which maps R? to R satisfies the chain rule,

O(fog) 0f0g  O0f0g2 0f0x  Of Oy

ds  Ox ds Oy ds Oxds  Oyds’ (459)
(fog) 0f0g1  0fdga Of0x  Of 0y
= — _— _— 4
o Oz ol Oy ot owor  oyor (460)
or if you want to be explicit in arguments at (s,t) = a = (a,b),
O °8) () = 2F 15229 () + 2F (02292 (a) — g
B @) = S el G )+ G e@) B2 @) = (Vr ). @) (a6)
dfog), . Of g1 of dg2 og

5 (@) = 5 (s(@) Gy (@) + 5 () T () = (V(g(a), 3 (a)). (462)



12.3 Multivariable Functions: Adding Complexity

Example 12.5. Suppose F(x,y) = xy and x = st and y = In(st) with st > 0 then
85F:yt—i—%t:yt—i—E = tIn(st) + t, O F = sln(st) + s
s s
Example 12.6. Let f(x,y) = esin(y) and z = st?, y = s*t.

Osf = e¥sin(y)t? + e” cos(y)2st = eS¢ sin(s%t) + 2e5” st sin(s?t)
Ouf = 2ste” sin(y) + s%e® cos(y) = 2stest” sin(s%t) + s2et’s cos(st).

Example 12.7. Let’s use the chain rule to show that the Laplacian
Af=0f+0rf
can be written in polar coordinates, x(r,6) = r cos@, y(r,0) = rsinf as
AF= 0,00, 0) + 5ORS.

We will assume that mixed partial derivatives commute: 0,0y f = 0,0 f.

89

(463)

(464)
(465)

(466)

(467)

The function f here is a function of x and y which depend on r and 6 when we change coordinates.

Sox =x(r,0) and y = y(r,0) and our x : R*\ {0} — R? is
x(r,0) = (rcosf,rsinb).

So, using the chain rule (suppressing the composition)

) = (Vaf, 5 = 5L 00,0, 0) 5 (r.0) + 5L (w(r,0). (0 5210,

%(r, 0) = %(1’(7"» 6),y(r,0)) cosf + ggjj(:p(r, 0),y(r,0))sinb.

Call

5(r0) = 50001 0)  92(r6) = 5 (20:0),(r.0)

then

%(r, 0) = cos 0g1(r,0) + sinfga(r, ).

Lets compute now

2
%(r, ) = cos 0%(7“, 6) + sin 9%(7, 0).

We can reuse equation (469) with f — g1 and g2 to deduce:

82f . 2 891 . 92 892
W(ﬁ ) = cos ea(x(ﬁ@),y(?ﬂe))‘*sm 9@($(T79)>Q(T,9))

. dg1 992
+ sinf cos oy (z(r,0),y(r,0)) + o (x(r,0),y(r,0))

Plugging back in g1 = 0, f and g» = 0, f gives (suppressing arguments):

0% f 9 0% f .9 0% f . 0% f
W—COS 9@—’—8111 Ha—y2+281n900s08x8y.

(468)

(469)

(470)

(471)

(472)

(473)

(474)



12.4 Multivariable Functions: Generality 90

If you do the same with 892]" you will find

2 2
(%f = r?sin Gg é r? cos? HZyJ; — 22 sianosGaa:Egy (475)
—rcosf0, f —rsinfo,f.
If you now compute
L 9 2 1 Lo
SO0 f) + 50 = ORf + S 0.f + 505, (476)
you will find
1
LOur0u) + 03 f = 0 + O f 477

using sin® @ + cos? 6 = 1.

12.4 Multivariable Functions: Generality
Let's do the general case:

Proposition 12.4. Let f be a differentiable function of n-variables x1, ..., ,. Suppose that 1, ..., z, are
given by differentiable functions of m-variables yi,...,Ym, i.e. x = g(y1,...,Ym) where g : R™ — R,
Then (f og) : R™ — R satisfies the chain rule,

of Oz ox Of = Of g
Zaxk Oy _< 87%>’ _Zi i’ (478)

0%

for allv=1,...,m. Explicitly at a € R™ with arguments and composition

I(fog) > Za
Tp

=(V

5 (@)= (V/(ga)

Example 12.8. Suppose u(zx,y,z) = zty + y?23, where x = rse
Find Osu at (r,s,t) = (2,1,0).

Oxy,
(91 A1y ) yeees gm(al ----- an)) ayl

(479)

(a11"'7a7l)

t 2 —t

and y = rs?e”t and z = r’ssin(t).
Using the chain rule one has

Osu = O, udsx + Oyuldsy + 0, udsz (480)
= 4a3yret + (z + 2y23)2rse™" + 3y sin(t). (481)

Evaluating at (r,s,t) = (2,1,0) or equivalently (z,y,z) = (2,2,0) one has
dsu(2,1,0) = 192, (482)

Example 12.9. Suppose u(t,r) = sin(t — kr) for a constant k, r = ||x|| where x = (z,y,z) and t = t.
Compute:

k207u — 0%u — qu — 02u. (483)
Computing directly gives

0,u = Opudyt + Orud,r = —k cos(t — k:r)— (484)

Taking a second derivative using the product rule gives

O*u = — k(0. cos(t — kr))i — kcos(t — kr)0, (—) (485)

1|



12.5 Implicit Functions

91

Using the chain rule for multivariable functions on the first term and the chain rule for functions of a single

variable on the second term gives,

k222 k(22 — ||x||?) cos(t — kr)
sin(t — kr) +
1|12 [l

2, —
u = —

The function is symmetric under z <+ x and z < y, so

k22 k(z? — ||x||?) cos(t — kr)
2 _ r
Osu = 77HX||2 sin(t — kr) + e
k?y? k(y* — [|x[|*) cos(t — kr)
2 .
Oyu = _7HX||2 sin(t — kr) + =P .
Additionally,
Otu = —sin(t — kr).
Therefore,

k202u — 0%u — 8§u — 02u=0.

12.5 Implicit Functions

(486)

(487)

(488)

(489)

(490)

One cannot always solve F'(z,y) = 0 for y. We then view F' as an implicit definition of y as a function of

T, i.e.
F(z,y(z)) = 0.
How do we find g—g?
Proposition 12.5. Let y be an implicitly defined function of x by
F(z,y)=0.
Suppose F' and y are differentiable and 0y F # 0 then

dy  O,F
de oy F’

Proof. Writing Fy(x) = F(x,y(x)) = 0 and using the chain rule gives

dF2 . dy
T —0—8xF+8dex.

This generalises to the case where z is an implicitly defined function of (x,y) through

F(x,y,z) =0,

Fy(z,y) = F(z,y,2(z,y)) =0
Proposition 12.6. Suppose F' and z are differentiable and 0,F # 0 then
0z O F 0z OyF

dr —  0.F 9y  O.F

(491)

(492)

(493)

(494)

(495)

(496)

(497)



12.5 Implicit Functions

Proof. This follows from the chain rule applied to Fb, i.e.

Example 12.10. Suppose F(z,y,z) = 23 +y3 + 2% + 62yz — 1 = 0. Find 9,z and 0yz.

Therefore,

0, F = 322 + 6yz,

Opz =

1
0=0,F = 0, Fos% + 0,F0,z.

x? 4+ 2yz
2zy + 22’

Oy F = 3y? + 6yz, O.F = 6xy + 32°.

y? + 22z
2xy + 22

92

(498)

(499)

(500)
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13 Directional Derivatives and the Gradient Vector

As the name suggests directional derivatives are derivatives of a function f in a direction specified by a
vector u.

13.1 Introduction and Definition

Suppse f is a function of two variables (z,y) and u = (uj,uz2) is a unit vector in the xy-plane. The
surface defined by the equation z = f(x,y) is plotted below:

f(x. y)

/

Let p be a point on this surface with Cartesian coordinates xg = (a, b, f(a,b)). Consider intersecting
the surface with the plane containing xg, u and k (the unit vector in the z-direction), i.e. the plane with
equation,

(n,x —xp), n=uxk (501)

This produces a curve « lying in the surface defined by z = f(x,y) along which u points. Let ¢ be a
points on this curve with Cartesian coordinates (¢, d, f(c,d)). The projections of p and ¢ to the zy-plane
have Cartesian coordinates (a,b) and (c, d) respectively. The displacement vector v (the black arrow on
the above diagram) from the projection of p to the projection of ¢ is proportional to u by a positive scalar
multiple, i.e.

v = hu = (huy, hug). (502)

Consider the new function

o(h) = f(a—l—hul,b—i-hhuQ) — f(a,b)' (503)

This ratio is the change in height in z as you move along v over the change in length in the zy-plane.
Taking the limit of g as h — 0 gives the rate of change of f in the direction of u. We make the following
definition:

Definition 13.1. Let f be a function of two vartiables (x,y). Then the directional derivative of f at (a,b)
in the direction of the unit vector u = (u1,u2) is

f(a+ huy, b+ hug) — f(a,b)

Dy ,b) = 1i ’ 4
fla.t) = lim - (504)
if the limit on the right-hand side exists.
Remark 13.1. This generalises to n-variables

Duf(ar, ..ay) = lim flar + huy, az + hus, ..., an + huy,) — f(a1, ag, ...,an)7 (505)

h—0 h
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Example 13.1. Note that even all directional derivatives existing does not imply differentiablility. For
example, let

S (@) #£0,0)
2, y) = { Y 506
fle) {o (z.) = (0,0) o)
Now,
o flhug, hus) — £(0,0) (hu)® _ v
Duaf(0,0) = limy h = B )2 + Ga)?] — w2 a2 (507)

So all directional derivatives exist at (0,0). In particular, by take u = (1,0) and u = (0, 1), one finds
Vf=(1,0).

So, to check the differentiablility of f one has to check the following limit vanishes:

_ _ 2
b0 [h] b0 (12 4 2)3
Take h1 = mhoy then
palhg _mllef _pml (509)

(B2 4+ h2)2  ((m2+1)h3)2  (m2+1)3

Therefore, the limit in definition differentiablility does not vanish and hence, f is not differentiable.

13.2 The Relation Between Directional Derivatives and the Gradient Vector
If f is differentiable then we have a nice relation to the gradient vector above:

Proposition 13.1. Suppose f is a differentiable function of n-variables (x1,...,x,) and u is a unit vector
in R™. Then all directional derivatives exist and

Duf=(Vfu). (510)
Proof. (Non-Examinable) We will prove this in R?. If f is differentiable one has

|f(a1 + hi,a2 + h2) — f(a1,a2) — (Vf, h)|

li =0. 11
AT Th] (511)
Set h = hu where u is unit. Then one has
h h -
fiy |fl2 ¥ P02 ¥ hug) = flar,00) g0 w| =0, (512)
h—0 h

since ||h|| = h||u|| = h. Now this say that for all € > 0, there exists a 6 > 0 such that if |h — 0| < ¢ then

Hf(ch + huy,as + hug) — f(a1,a2)

. —<Vf,u>‘ —0‘ <e (513)

which is equivalent to

‘f(lh + huy, ag + hug) — f(a1,a2)

W —(Vf, u>‘ < e, (514)

which by definition says that

lim f(lar 4+ huy, a2 + hug) — f(a1,a2)

h—0 h = <Vf, u)’ (515)
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Example 13.2. Find the directional derivative of the function f(x,y) = 2% — 3zy + 4y? in the direction

u=(1,3). Evaluate Dy f(1,2).

Let’s now compute the partial derivatives:

Opf =322 — 3y (516)
Oyf = =3z + 8y. (517)

These are continuous and therefore f is differentiable.

Since f is differentiable one has from proposition 13.1,

Daf = (Vf.1) (518)
So let's make u a unit vector. Its length is ||u|| = @ Therefore, 0 = (2/v/5,1/v/5) and
Daf = ((32% — 3y, =3z + 8y), (3/v5,1/v5)) = 2/v5(32* — 3y) + 1/v5(—3z + 8y) (519)
= \%x? — jgx + jgy. (520)
Evaluating at (1,2) gives
Duf(1,2) = L (521)

V5

13.3 Properties of the Gradient Vector
We have already seen one interesting property of the gradient vector. Namely for differentiable functions,
Duf =(V/f,u). (522)

Another interesting property follows from considering level sets/curves/surfaces. Suppose we consider
a level curve v of a continuous function of two variables f(z,y), i.e. we look at

{(z,y) € R*: f(x,y) = k, k = const}. (523)

Suppose the level curve v can expressed as a differentiable vector-valued function r(t) = (x = r1(t),y =
r2(t)). So we have

g9(t) = f(r1(t), m2(t)) = k (524)

for all t. We note that d9/dt = 0 and suppose % and %5 exist. We now compute df(r1(t),r2(1))/d¢ using the
chain rule:

. 8f dT’l Bf d?"g
T ordt oy dt

The vector r'(¢) is tangent to the curve 7. Hence, if Vf # 0, it must be orthogonal to v, i.e. the gradient
vector is orthogonal to the level curves. Note that this generalises to level surfaces and general level sets.

0 = (V£ (t)). (525)

The final interesting property of the gradient vector that we will mention here is that V f(x) points
in the direction of maximum rate of increase of f at x, and that maximum rate of change is ||V f(x)]|.
Precisely:

Proposition 13.2. Suppose f is a differentiable of n-variables. The maximum value of the directional
derivative Dy f(x) is ||V f(x)|| and it occurs when the unit vector u is in the same direction as V f .

Proof. From propositions 13.1 and 3.2 one has
Dyuf = (Vf,u) = [[ul[[[Vf|[cos® = ||V []| cos . (526)

The left-hand side is maximised when 8 = 0. Hence, Dy f has maximimum ||V f|| and this occurs when
0 =0, i.e. when u and V f are in the same direction. O
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14 Extrema: Maxima and Minima
14.1 Review of Single Variables
Here we briefly recall the notions associated to extrema of functions of a single variable.

Definition 14.1 (Maxima/Minima/Extrema). Let f : D — R where D is a subset of R. We have the
following notions of maxima and minima (collectively known as extrema):

e The point a € D is said to be a local maximum for f if there exists an e > 0 such that f(z) < f(a)
for all x € (a —€,a +€).

e The point a € D is said to be a local minimum for f if there exists an € > 0 such that f(z) > f(a)
for all x € (a —€,a + €).

e The point a € D is said to be a global maximum for f if f(z) < f(a) for all z € D.
e The point a € D is said to be a global minimum for f if f(xz) > f(a) for all z € D.
One can place the word strict in front of these notions if the inequality is strict.

This definition is illustrated with the following picture:

Here we have a function on the interval D = [—2,2].

e The point in purple is a local max.
e The point in cyan is a local min.

e The point in orange is a global max.
e The point in green is a global min.
Recall also the following definition:

Definition 14.2 (Critical /Stationary Point). Let dom(f) be a subset of R. A stationary point of a function
f :dom(f) — R is a number a € R such that f'(a) = 0. A critical point a € R of f is a stationary point
or a point where f’(a) does not exist.

Example 14.1. Let
fla) = (-3 (527)
T — + .

This is plotted below:
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0.251

0.20+

0.15}

This function is continuous on R: observe that lim,_,o f(x) = 0 = f(0). For x # 0, the functions
derivative is the following

f% <0

PO a(e-1) o0 ©29)

r—3

Therefore is has a stationary point at x = % plotted in green). For x =0 then

. f(h) = f(0) . (h—%)ij’—i—%—() 3
lim —4%——~ = lim = —. 2
hio+ h hiO*’ h 4 (529)
. f(h) = f(0) . —%h—O 1
1 CAASA A A | 8" - _ -
h—>1%l— h h—>1%l— h 8 (530)

Therefore, f' (0) doesn't exist, which means its a critical point, shown in cyan in the figure above.

14.1.1 Local Extrema

The following theorem of Fermat gives a nessecary condition for finding a local min/max for differentiable
functions via stationary points:

Theorem 14.1 (Interior Extremum Theorem). Suppose f has a local minimum or maximum at a. If f is
differentiable at a then f'(a) =0, i.e. a is a stationary point.

This can be used to attempt to identify local maximums and minimums for functions that are differen-
tiable. You should think that it narrows down the points we need to examine as potential local min/max.
For example,

Example 14.2. Let f(x) = 2% — 222 + 4. The function f is differentiable everywhere with

f'(z) = 32° — 4. (531)

To find the stationary points we consider 32> — 4x = 0, which gives the stationary points x = 0,z = %

What this doesn't tell us is whether the stationary points are local maximum/minimums or something
else. There are a few ways to check, the most common is the second derivative test:

Proposition 14.1 (Second Derivative Test). Suppose f” is continuous near a. If a is a stationary point
e and f"(a) > 0, then f has a local min at a.
e and f"(a) <0, then f has a local max at a.

e and if f"(a) = 0, then the test is inconclusive.
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Let's return to our example

Example 14.3. Let f(x) = 2® — 222 + 4. We've found

f'(z) = 32° — 4. (532)
You can compute that

f"(x) = 6x — 4, (533)

which is continuous. So, evaluting at the stationary points x = 0,x = % gives

1"(0)=—-4<0 = (0, f(0)) is a max. (534)
f”(%) 450 — (g, f(%)) is a min. (535)

What's so inconclusive about the case f”(0) = 07 Here's a little bit of context:

Definition 14.3. Suppose f is a function of a single variable x which is twice differentiable with continuous
second derivative on its domain dom(f). A point a € dom(f) is said to be a point of inflection of f"(x)
changes sign at a, i.e. f"(a) =0, f"(z) >0 (f"(z) <0) forz < a and f"(x) <0 (f"(z) > 0) for x > a.

Example 14.4. Let’s look at three examples:

1. Let
fla)= (o~ 3)" (536)
Then
! 1 2 " 1
Fla)=3@— 3% f) =6 ) (537)

2

So, f'(z) = 0 implies x = % is a stationary point, with f"(3) = 0. This is in fact a point of inflection
(and not a maxima or minima) as shown in the following plot:

2. Let
fla)= (e~ )" (538)
Then
/ 1 3 " 1 2
Py = -5) @) =12 - ) (539)

So, f'(z) = 0 implies x = % is a stationary point, with f”(%) = 0. However this is not a point of

inflection since f"(x) > 0 for all . In fact x = § is a minima:



14.1 Review of Single Variables 99

3. Finally, a point where f"” = 0 does not need to be a stationary point. For example, take

f(z) = —sin(x). (540)

This gives
f'(x) = —cos(x), f"(z) = sin(x). (541)
We have f"(nm) = 0 for n integer and f"(x) changes sign at nw, i.e. nw is a point of inflection.
However, f'(nm) = —1(£1)™ # 0. So, it is not a stationary point and certainly not a maxima or

minima of — sin(x).

14.1.2 Global Extrema

The following theorem characterises when one can find an absolute maxima or minima for a function:

Theorem 14.2 (Extreme Value Theorem). Suppose f : [a,b] — R is continuous. Then f attains an
absolute maximum f(c) and absolute minimum f(d) for some ¢, d € [a, b].

Remark 14.1. Relax closedness of the interval or continuity and this theorem is not true.

To go from local maximum/minimums to absolute maximum/minimums of a continuous function f on
a closed interval [a, b] we have the following method:

e Find the critical points of f in (a,b) by considering f’: call them ¢y, ...,¢;,, € R and evaluate f at
Cly-eey Cm, 1.€. compute f(c1), ..., f(cm).

e Evaluate f(a) and f(b).

e The absolute maximum of f on [a, b] is then

max(f(a), f(b), f(c1), ... flem)). (542)
o The absolute minimum of f on [a, b] is then
min(f(a), f(b), f(c1), ., f(cm))- (543)
Example 14.5. Take f(z) = |z| on [~1,1]. One has the following derivative
1 x>0
fllx)=<¢-1 x<0 (544)

undefined r = 0.

Hence, there are no stationary points but there is a critical point at x = 0, for which f(0) = 0. We can
evaluate at the end points f(—1) = 1 = f(1). Therefore, the absolute max of f is

max(1,0) =1, (545)
and the absolute min of f is

max(1,0) = 0. (546)
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14.2 Local Extrema of Functions of Two Variables

We can generalise our notion of local max/min to 2-variables. Effectively, a local max is a point a in R?
such that f(a) is greater than f as any point ‘near’ a. Similarly, a local min is a point a in R? such that
f(a) is less than f as any point ‘near’ a. We formalise this as follows:

Definition 14.4 (Local Maxima/Minima). Let f : D — R where D is a subset of R?. We have the
following notions of maxima and minima:

e The point a € D is said to be a local maximum for f if there exists an € > 0 such that f(x) < f(a)
for all x € {x € R? : ||x — a|| < €}.

e The point a € D is said to be a local minimum for f if there exists an € > 0 such that f(x) > f(a)
for all x € {x € R? : ||x — al| < €}.

One can place the word strict in front of these notions if the inequality is strict.
The notions of critical and stationary points generalise as:

Definition 14.5 (Critical/Stationary Point). Let dom(f) be a subset of R?. A stationary point of a
function f : dom(f) — R is a point a € R such that 9, f(a) = 0 and 9, f(a) = 0. A critical point a € R?
of f is a stationary point or a point where 0, f(a) and/or 0, f(a) does not exist.

We have the generalisation of theorem 14.1:

Theorem 14.3. Suppose f has a local max/min at (a,b) and 0, f(a,b) and 0, f(a,b) exist. Then (a,b)
is a stationary point.

Proof. If f has a local max/min at (a,b) then g(z) = f(x,b) has a local max/min at a. By theorem 14.1
¢'(a) = 0, which implies 9, f(a,b) = 0. Similarly, if f has a local max/min at (a,b) then h(y) = f(a,y)
has a local max/min at b then by theorem 14.1 1/(b) = 0, which implies 9, f(a,b) = 0. O

The generalisation of the second derivative test for single variable functions is

Proposition 14.2. Suppose the second partial derivatives of f are continuous on a disk with center (a,b),
and suppose that (a,b) is a stationary point of f. Further, let

2 a 2 a
D(a,b) = ’ ( gfyj; ((a,’f;))) %%yf ((a:bb))> ‘ — 021(a, )02 f(a,b) — [62, f(a, ). (547)

The we have the following cases:
e IfD(a,b) >0 and 92 f(a,b) > 0, then f(a,b) is a local min.
e IfD(a,b) >0 and 92 f(a,b) <0, then f(a,b) is a local max.
e IfD(a,b) <0, then f(a,b) is a saddle point.
e IfD(a,b) =0, then the test is inconclusive.

Example 14.6. Suppose f(x,y) = axy — bx? — cy? with a # 0 and b,c > 0. This function has partial
derivatives

O f = ay — 2bx, Oyf = ax — 2cy. (548)

To find the stationary points we look for 0, f = 0 and 0, f = 0. One can solve the first of these for x = 5y
which gives
(‘12 9 ) =0 (549)
T IA .

So either a> — 4bc = 0 or yy = 0. So one has two cases:
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1. If a®> — 4bc # O then (z,y) = (0,0) is a stationary point.
2. If a® — 4bc = 0 then (z,y) = (3y,y) is a line of stationary points.
Let’s find the second deritivatives:
D2 f = —2b, of = -2, 2, f =a. (550)
So
D =02 f0,f — (02,f)* = 4bc — a’. (551)
Let’s compute our cases:

1. Ifa® — 4bc < O then (z,y) = (0,0) is a stationary point, D(0,0) > 0 and 92f(0,0) < 0 so we have
a maximum at (0,0) by the second derivative test.

2. If a®> — 4bc > 0 then (x,y) = (0,0) is a stationary point, D(0,0) < 0, so we have a saddle point at
(0,0) by the second derivative test.

3. If a® — 4bc = 0 then (z,y) = (3y,y) is a line of stationary points, but the second derivative test is
inconclusive. One can show that this is a line of maximums.

Here is the plots of the three cases (1,2,3 from left to right):

, , 1xy - —— -
1.xy-1.2-1.y? 1000 1000

Example 14.7. Let

22 +y? +ay— s
x? 4+ y?

flz,y) = (552)

Note that its domain of definition is {(z,y) : x,y # 0}. To look for stationary points in its domain we
compute:

(2y — D(y* — 2% x(z® +y —y°)
8a:f = (xQ T y2)2 5 6yf = (1‘2 T yg)g (553)
So,
1
8zf:O:>y:§ y = +x. (554)
Therefore,
1 dx
and

x(x? +x — 22 1
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So, (z,y) = (0, %) is a stationary point of f.

Lets check its second derivative

x(2y — 1)(2* — 3y°) 23(1 = 6y) + xy*(2y — 3)

0 f = (22 + y2)3 ’ 9,f = (22 1 42)3 ; (557)
and
62 f = C 2t 3% (1 - 29y + (y - 1)y3‘ (558)
(22 + 42)3
So,
D(o, %) — 4 <0. (559)
Therefore, (z,y) = (0, 1) is a saddle point.
Example 14.8. Suppose
f(z,y) = arctan(zy). (560)

Note the following trick if you forget the derivative of arctan. Let w(z) = arctan(z). Therefore, from the
chain rule

_dz  dtan(w) dw

Now,
_ sin(w)
tan(w) = con(w)’ (562)
So, from the product rule
L gin(w) d 1 sin?(w)
—t =dw” 1 7 i — = =1+ tan?(w). 563
d an(w) cos(w) n(w) dw cos(w) cos?(w) + tan®(w) (563)
Therefore,
dz 9 w dw 1
So,
d 1
% arCtan(Z) = 1_{_7 (565)

So, returning to the maxima and minima of arctan(xy) we can search for stationary points by consid-
ering

- _ Y _ 7
0uf = ey Ol = (566)

using the chain rule. The only stationary point is (x,y) = (0,0) and there are no critical points. Let’s
attempt the second derivative test,

293 223y 1—2%y?
Pf=— Rf=—" Rf= s, 567
A e e e e
So,
D(0,0) = —1 < 0. (568)

Therefore, we have a saddle point at (z,y) = (0,0).
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14.3 Global Extrema of Functions of Two Variables

Definition 14.6 (Global Maxima/Minima). Let f : D — R where D is a subset of R?. We have the
following notions of maxima and minima:

e The point a € D is said to be a global maximum for f if f(x) < f(a) for all x € D.
e The point a € D is said to be a global minimum for f if f(x) > f(a) for allx € D..
One can place the word strict in front of these notions if the inequality is strict.

What happens to the extreme value theorem 14.2 for function of two variables. We need a notion of
closedness for sets in R? to replace the closed interval [a, b]. Effectively, what one requires is that the set
in R? contains all points on its boundary. For example,

would be closed where as,

would be not be closed. For this course you can associated the term closed with contains all boundary
points.

Non-Examinable: If you're interested in making this precise read on. The relevant definition to capture
the idea of boundary points is this:

Definition 14.7. Let S be a set in R?, x € R? is a limit point of S if for all ¢ > 0 there exists y € S
such that

y € {(z,y) € Rt []x —y|| < e} (569)

The following would be a limit points of S

The following would not be a limit point of S:

We then characterise closedness with the condition that all boundary points must be included:
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Definition 14.8. A set S is closed if S contains all its limit points.

Something slightly problematic is that R as a subset of R? (i.e. the z-axis say) is closed. The property
we need to capture from the extreme value theorem for single variable functions is the fact we were using
an interval, which is finite or ‘bounded’.

Definition 14.9. Let S be a set in R?. The set S is bounded if S is contained in a disk/ball of radius
R < oo:

Br ={(z,y) € R?: 2% +4* < R?}. (570)

Theorem 14.4. If f is continuous on a closed and bounded set D in R?, then f attains an absolute
maximum value f(z1,y1) and an absolute minimum f(z2,y2) at some points (x1,y1) and (x2,y2) in D.

Why is this theorem important you may ask? Well, if we have a continuous function on a closed and
bounded set D we know that the global max/min are attained. If the set was not closed or bounded
the function could approach a maximum but never attain it. So we know the function attains its global
max/min in the set D. At this point we know the local max/min are contained in the stationary points
of the function, if those lie in D then these are good candidates for global max/min. We have two other
places to check: 1. the critical points, since the function can have odd behaviour there (think |z| has a
minimum at x = 0 but not stationary points), 2. the boundary, the value on the boundary could be greater
than all these points.

So, to go from local maximum/minimums to absolute maximum/minimums of a continuous function
f on a closed and bounded set D we have the following method:

e Find the critical points of f in D by considering 0, f, 0, f: call them cq,...,cp, € R? and evaluate f
at ¢q,...,Cp, i.e. compute f(cy), ..., f(cm).

e Evaluate f on the boundary of D.
e The absolute maximum of f on D is then the maximum value from steps 1 and 2.
e The absolute minimum of f on D is then the minimum value from steps 1 and 2.

Example 14.9. Find the absolute maximum and minimum values of the function
fz,y) = —2® + Toy + 1+ 3y (571)
on the square {(z,y) ER?: -1 <2 <1,-1<y<1}.
Note that we have a polynomial, so we have continuity everywhere. Let’s find the critical points:
O f = —2x + Ty, Oyf =Tz + 3. (572)

Therefore, x = —% for 0y f =0 and y = — 15 for 9, f = 0. Now one can evaluate f(=32 —4%) = %.

Let's evaluate on the boundary which is given by the four sets

G]Rz:aszland—lgygl}
eRz:x:—land—lgygl}
GRZ:yzland—lg:rgl}
€R2:y:—1and—1§m§1}.

(573)
(574)
(575)
(576)

1. z =1 then f(1,y) = 10y, which is an increasing function from —10 at y = —1 to 10 aty = 1.

2. x = —1 then f(—1,y) = —4y, which is an decreasing function from 4 at y = —1 to —4 aty = 1.
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3.y =1 then f(z,1) = —x® + Tz + 4, which is 10 at x = 1 and —4 at x = —1 and has a maximum
ofat z =1 > 1 (so is not in our domain).

4. y=—1 then f(x,1) = —2> — Tz — 2, which is 4 at x = —1 and —10 at x = 1 and has a maximum
atx = —% < —1 (so is not in our domain).

Therefore, our absolute maximum is 10 at (z,y) = (1,1) and absolute minimum is —10 at (—1,—1).



15 OPTIMISATION: LAGRANGE MULTIPLIERS 106

15 Optimisation: Lagrange Multipliers

In the previous section 14, we studied maximums and minimums of functions. If the function represents
some physical quantity, say a heat distribution in a room, then the maximum and minimum come with a
physical interpretation also, the point with highest and lowest temperture respectively. You could imagine
that you want to know where these maximums and minimums are in a physical problem to help you with
a decision, i.e. if its a cold day you want to sit at the hottest place in the room. On a less personal level:
suppose you work for a renewable energy company and you want to build a new wind farm. You could
collect data on where the wind speeds around the world. This could be modeled with a function s which
depends on the longditude and lattitude (z,y). Finding the maximum is then important to know where to
place your windmills. However, you may not want to place them anywhere in the world. You could have a
constraint on where they can be coming from where the energy needs to be, the cost of transport of that
energy to the consumer and perhaps where people live. This would be a contrained optimisation problem:
find the maximum (or minimum) of a function with a constraint. This is where the method of Lagrange
multipliers comes into play: find the maximum or minimum of a function f(z,y, z) given a constraint that
g(z,y,z) = k where k is a constant.

15.1 llustration of the ldea

Let's think about finding extreme values of a function of two variables f(x,y) given a constraint g(x,y) = k.
So (z,y, f(x,y)) determines a surface in space R3. The constraint is a level curve of g, i.e. a curve in
the plane. We can plot these together in the plane R?, i.e. we can plot the level curve of g along with
a collection of level curves of f, f(z,y) = ki1,...,k,. This is plotted below for f(x,y) = % + y? and

g(z,y) =2 —y*>=1and klz%o,kgzl,kgz%,k4:%4....

We can see here that we've rephrased the problem of minimisation under the constraint as: which is the
lowest level curve of f(x,y) which touches the level curve given by the constraint? We can see this is the
level curve of f that is tangent to the level curve g(z,y) = k, i.e. the ellipse that touches the hyperbola
on the y-axis. You can also see this from the neighbouring picture in 3D.

It turns out that above is the general principle: the extreme values of f(xz,y) under the constraint
g(x,y) = k occur when the level set of f(x,y) is tangent to the level curve g(z,y) = k. You should
think that if the level curve of g crosses a level curve of f there is a lower level curve of f that g touches.
Therefore, the lowest level curve of f selected is the one which g = k just touches and no more, i.e. it
should be tangent.
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15.2 Derivation of the Method

Suppose we want to find the extreme values of f(z,y, 2) subject to the constraint g(z,y, z) = k.

e An extreme point for f(z,y,z) subject to the constraint g(x,y,z) = k must lie of the surface S
defined by g(z,y, z) = k. Let this extreme point be denoted x¢ = (¢, Y0, 20)-

e Suppose we take a curve v in S with equation r(t) = (ri(t),r2(t),r3(t)) and at to, r(tg) =
(20, Y0, 20). So it passes through the extreme point of f subject to the constraint g(z,y, 2) = k.

e Denote h(t) = f(r(t)) = f(ri(t),r2(t),r3(t)). Note that since r(¢) constrains the inputs of f to the
surface S, then the extreme value of f subject to the constraint g(x,y, z) = k occurs at the extreme
values of h, i.e. when the derivative of h vanishes. We know that the extreme value of f subject to
the constraint g(x,y, z) = k occurs at (g, Yo, 20) SO

K (to) = 0. (577)

e Using the chain rule gives
0 = H(to) = 9u f (0, Y0, 20)71 (to) + By f (0, Yo, 20)75(t0) + 0= f (0, Yo, 20)73(t0) (578)
= (Vf(x0),¥'(t0))- (579)

So Vf(x¢) is orthogonal to r'(ty). Note that the curve determined by r was an arbitrary curve
in S that passes through xg. So this has to be true for any such curve and, therefore, V f(xg) is
orthogonal to the level surface S determined by the constraint g(x) = k.

e As shown in section 13.3, the gradient of g is orthogonal to the level surfaces of g, if it does not
vanish, i.e. provided Vg # 0.

e This shows that V f(x0) and Vg(xo) must be parallel, i.e.
Vf(x0) = AVg(xo) (580)

for A € R and Vg(x¢) # 0. The number X\ is ascribed the name the Lagrange Multiplier. The
equation (580) is what we want to solve to find the extreme values of f under the constraint

g(x,y,2) = k.

This is a sketch of the derivation of the equation. In practise what you need to do is the following:

The method of Lagrange Multipliers: Suppose you wish to find the maximum and minimum values of
f(z,y, z) subject to the constraint g(z,y,z) = k under the assumption that these extreme values exist
and Vg # 0 on the surface {g(x,y, z) = k}. Then one executes the following algorithm:

1. Find all values of z,y, z and A such that

Vf=AVg and g¢g(z,y,2) =k. (581)

2. Evaluate f at all points (z,y, z, \) that result from the first step. The largest of these is the maximum
of f subject to the constraint and the smallest is the minimum of f subject to the constraint.

15.3 Examples
Example 15.1. Find the extreme values of
fla,y) = 2® + 24

subject to the constraint
gla,y) =2 +y* =1
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Let's compute the gradient of f and g. We have
Vf=(2z4y), Vg=(22,2). (582)

So we want to solve the system of equations

2r =2\x (583)
dy = 2\y (584)
glz,y) =2° +y° = 1. (585)

So the first has solutions x =0 or A = 1.
1. Ifz =0 then y = £1 from the constaint 4> = 1 — 2. The second equation then enforces \ = 2.
2. If X\=1 then y = 0 from the second equation. This enforces x = +1 from the constraint.

Therefore we have 4 solutions (z,y,\) = (0,1,2), (x,y,A) = (0,—1,2), (z,y,A) = (1,0,1) and (x,y, ) =
(—=1,0,1). Evaluating f at these points gives

f0,1)=2, f(0,-1)=2, f(1,00=1, f(-1,0)=1. (586)

So we have the maximum of f subject to the constraint g is 2 at (0,41) and the minimum of f subject
to the constraint g is 1 at (£1,0).

BN
e

Example 15.2. The plane x +y + 2z = 2 intersects the elliptic paraboloid » = 2% 4+ y? in the an ellipse.
Find the points on this ellipse nearest and farthest the from origin (0,0,0).

First, notice that the distance from the origin is given by

d(z,y,2) =22 +y?> + 22 (587)
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Note that minimising and maximising the distance from the origin is equivalent to maximising/minimising
the distance squared. Second, note that we can solve for z here using the plane equation:

1 1

=1——x—-y.
z 57~ 5V (588)
Therefore, we want to minimise/maximise
1 1 1 1
flz,y) = d(w,y, 1-— §x — iy)2 =2+ %+ (1 — 51’ — §y)2. (589)

We need to find an equation for our constraint, which is to lie on the ellipse determined by the
intersection of the paraboloid and the plane. To do this we can substitute in the plane equation solved for
z:

1 1

1 1
1—§ﬂz—§y=:ﬂ2+y2:>9(~’Uay):$2+y2+§$+§y:1' (590)

Therefore, by the method of Lagrange multipliers, we need to find (x,y, \) such that

Vf=AVg (591)
g(z,y) =1 (592)
Computing the gradients we have
5 1 1 5
1 1
Vg = (23: bt 2y + 5) (594)
So, equating Vf = AVyg gives
) 1 1
—1+§x+§y—)\<2m+§> (595)
1 ) 1
—1+§x+§y—)\<2y+§>. (596)
Solving the second for x gives
r=2+A+ (4N =5)y. (597)
Substituting this into the first gives
A=1D2+ A+ (4N—-6)y) =0. (598)

Soeither A=1o0or2+ X+ (4X—6)y =0. If X\ # % then the second can be solved for y

y= —42;—_)\6- (599)
If\= % then 2+ X =0, i.e. A\ = —2 which is a contradiction. So either
y— —42A+_A6 or A=1. (600)
If X\ =1 then from (597) x = 3 — y. Therefore, from the constraint
93—y = B-y)?+12+5(B-y) + 2y =1 (601)

2 2

So, y has to be a root of the polynomial:

19 312
2 Gy + 5 =0 = 2(y-3) +5 =0 (602)
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which has no solution.
24
/fy = ~D—6 then

24 A
r=— (603)

from (597). Then plugging x,y into the constraint gives that A must satisfy:

9A2 — 27X + 8 1 8
4(3 — 20)2 3 7 3 (604)
This then gives x =y = % orx =y = —1. We can then solve for z via the plane equation this gives two
points in R3:
111
(x,y,Z) = (57575)7 or (337%2’):(—17—172)- (605)

d(—1,-1,2)? =6. (606)

Therefore, distance is maximise at (—1,—1,2) and minimised (%, %, %)

Example 15.3. Find the max/min of f(x,y) = x? 4+ y? + 4z — 4y subject to the constraint x> 4 y* < 9.

This problem can be dealt with using Lagrange multipliers by introducting a dummy variable to encode
the constraint with an equality:

P 4y? <9 = 2 +y* -9 <0. (607)
We can write this as
9— 22 —y? =22 (608)

since, for x2 +y2 —-9<0,9—22 —y2 has to be some positive number. Therefore, we want to max/minimise

fa,y,2) = 2% +y° + 4o — 4y, (609)
subject to the constraint
g(x,y,2) =9 —2® —y* =2 =0. (610)
Computing gradients gives
Vf=2z+4,2y—4,0), Vg = (—2z, -2y, —2z2). (611)

Therefore, the system resulting from the Lagrange multiplier method gives

2r+4=-2\x (612)
2y —4=-2\y (613)
0=-2\z (614)

Therefore, A\=0o0rz=0. If \=0thenxz = -2 andy=2. If z=0 then

(615)
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Substituting into our constraint gives

8 2v/2
% ) = \A=-—14+2¥2 1
) (14 )2 0 37 (616)

and, therefore,

3 3 3

3
(a:,y,z) = (_Ea 570)7 (:ana Z) = (\ﬁa _\ﬁao)' (617)

Evalutating f at these points gives a maximum of 9 4 12v/2 at (z,y) = (%, —%) and a minimum at
(«T7y) = (_27 2)

Example 15.4. Here's an example of what can go wrong if Vg = 0.

Consider optimising the function f(x,y) = = subject to the constraint g(x,y) = y> +2* — 23 = 0. We
now compute

Vf=(1,0) = A\Vg = A(4a® — 322, 2y). (618)
Note that \ # 0 otherwise we have 1 = 0 which is a contradiction. So,
y=0 MN4x3 —32%) =1 ot —a23 =0.

The second tells us that x = 0 or x = 1. Note that, naively x = 0 is a contradiction since 1 # 0. However,
note that Vg(0,0) = 0, so this is outside our method, so we should check what happens here! In the case
where x = 1, A = 1 and we have the solution where (x,y,\) = (1,0,1). So we have an extrema candidate
at (1,0) of f(1,0) = 1.

However, note that in the case (x,y) = 0 then Vg = (0,0), so this is outside the realm of our method.
Let’s look at the level curve g = 0 (blue) with the level curves of f (orange) superimposed (increasing
from left to right) and see whats gone wrong:

1.0F

A

TN

-0.51

We see here that the level curve of g has a cusp at (0,0) and this is in fact a minima for f subject to
the constraint. The failure of the method is that our level curve g = 0 has no tangent vector at (0,0).

Having looked at the problem geometrically we have maxima at (1,0) of 1 and a minima at (0,0) of
£(0,0) = 0.
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16 Integration

16.1 The Riemann Integral for Single Variable Functions

Let f be a real-valued function defined everywhere on an interval [a,b]. We partition [a,b] by a sequence
of numbers

a=20<x1 <. <T; < ..<xp=2">

into n sub-intervals [z;, x;11] with i = 0,1,...,n — 1. For simplicity, make them of equal width (this is not
strictly necessary)

b—a

n

Az =241 —a; =
Fori=0,...,m — 1, let we take a distinguished sample point of each subinterval ¢; € [z;, z;11].

The Riemann sum of f with respect to the partition {x;}" , and the sample points {ti}?:_ol is

We say that the Riemann integral of f is s on [a, b] if for all € > 0 there exists 0 > 0 such that for any
partition {z;} ; with any sample points {t; ?:_01 with Az < § then

One can think of this in terms of the limit
n—1
nlbngozgf(ti)Am =s
1=

for any partition {z;}? ; with any sample points {ti};zol. If this limit exists then we say f is (Riemann)
integrable on [a, b] and write

b
/ F@)de = s. (619)

Remark 16.1. One often interperates the Riemann integral as the difference of the areas where f > 0 and
f<o.

Typically, one does not evaluate this limiting proceedure directly but rather employs the fundamental
theorem of calculus to compute these integrals:

Theorem 16.1. Suppose that F : [a,b] — R is continuous on [a, b] and differentiable on (a,b) with F' = f
on (a,b) then

b
FO) - Flo) = [ fw)d. (620)

16.2 The Riemann Integral in Many Variables
16.2.1 Definition

Let f be a real-valued function defined everywhere on an closed rectangle [a, b] X [¢, d]. We partition [a, b]
by a sequence of m + 1-numbers

a=20<21 <. <Z; < ... <Xy, = b
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into m sub-intervals [x;, z;+1] with i = 0,1,...,n — 1 and partition [c,d] by a sequence of n + 1-numbers
c=ygo <Yy < .. <y <..<y,=d

into n sub-intervals [y;, yi1+1] with i =0, 1,...,n — 1. For simplicity, make them of equal width

b—a d—c
Ar =it — 2 = — Ay =yiy1 — i =

n

Now we construct mn sub-rectangles
Rz] = [xhxi—i-l] X [yi:yi—i—l] = Oa sy M — 1’] = 07 sy = 1

which cover [a,b] x [c,d]. Below is a partition on the rectangle [0,1] into the rectangles of side Ay = &
and Az = 1.
2

For i and j, we take a distinguished sample point (Z;j,7;;) of each rectangle R;;. We construct the
Riemann sum

m—1n—1

Z Z f(:iij, gjl])A:cAy (621)

i=0 j=0

This means we are summing over the functions value at some point in the rectangle and multiplying this
by the the rectangles area, i.e. we are producing a volume in R3. See for example the following figure:

We say that the Riemann integral of f on [a,b] X [¢,d] is s if for all € > 0 there exists § > 0 such that
for any partition into rectangles R;; with any sample points {(&;;, 7;;)} with \/Az? 4+ Ay? < § then

m—1n—1

‘ Z Zf(:i'ijvgij)AwAy — s‘ < €.

i=0 j=0
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Again, one can think of this in terms of the limit
m—1n—1
lim lim Z Z [(Zij, ij ) AzAy = s

m—00 Nn—00 4 ‘
=0 j=0

for any partition into rectangles R;; with any sample points {(Z;;, ¥;;)}. If this limit exists then we say f

is (Riemann) integrable on R = [a,b] X [c,d] and write

/ flz,y)dxdy = s. (622)
R

Remark 16.2. If f(x,y) > 0 then this integral is the volume of the region between the xy-plane and the
surface determined by z = f(z,vy).

We can generalise the Riemann integral to functions of n-variables in the following manner. Let f be
a real-valued function defined everywhere on a closed box in R™:

R = [al,bl] X [ag,bg] X ... X [an,bn]. (623)
We divide this box in the mj...m,, sub-boxes R;, ; of side

Avol, = Az1Axs...Axy, Az; = bi — ai (624)

my

which are disjoint and sum to give R. Let {X;, ; } be the set of distinguished sample points for each
R;, .4,. The Riemann sum is then

mi—1 mp—1

S iy i) Avoly. (625)

i1=0  ip=0
If the limit

mi1—1 mnp—1

lim ... lim Y .Y f(%i..,)Avol,

mi1—00 My —+00
i1=0  ip=0
exists for any partition into sub-boxes R;, ;, with any sample points {X;, ;. } then we say f is Riemann
integrable on R and write

mi1—1 mnp—1

/Rf(x)dazl...d:cn = lim .. lim ZO ZO f (%, ) Avol,.
11= In=

We will use the notation dvol,, = dx...dz,, or dvol if the dimension is clear.

In practise this definition is rather useless; you must take a limit over all partitions with all samplings!
However, if you know the function is Riemann integrable, then the Riemann sum can give produce a value
arbitrarily close to the Riemann integral provided you take a fine enough division into sub-boxes. This is
precisely what a computer does when you ask it to numerically integrate! For example, try ‘Nintegrate’ in
Mathematica.

16.2.2 Iterated Integrals

To compute the integral of a function f of a single variable we typically use the fundamental theorem of
calculus, rather than the definition of the Riemann integral explicitly, i.e. we find an antiderivative F'(z)
such that F/ = f. Suppose, we are integrating f from a to < co then

€T

a

/x ft)dt = / F'(t)dt = F(x) — F(a).
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For example, the fundamental theorem tells us that

/am cos(t)dt = /: % sin(t)dt = sin(x).

For functions of more than one variable we can use the fundamental theorem of calculus on a partial
integral. For a function f of two variables (x,y), the partial integrals on the rectangle [a,b] X [c,d] are
defined by

d b
~ [ tewi ww= [ fed (626)

Provided f(z,y) with fixed 2 or y is a continuous function on [a,b] or [c,d] respectively, these functions
can be computed using the fundamental theorem of calculus. For example, let f(z,y) = cos(xy) on
[0, 7] x [0, 7] then

g(x) = /OTr cos(zy)dy = /07T ﬁy(smfy))dy = sin(wx). (627)

T

In general, for a function f of n-variables (x1, ..., ), the partial integrals on the box [a1,b;1] X ... X [ay, by]
are defined by

9i(x1, oy Ty / flxr, @iy ooy @) da, (628)

where (21, ..., &, ..., ) denotes (x1, ..., x,) without the i-th coordinate.

Remark 16.3. The fundamental theorem of calculus tells us that partial integration and partial differenti-
ation are inverses.

We can keep partially integrating in each direction to construct the iterated integrals. For a function
f of two variables (x,y), the iterated integrals on the rectangle [a, b] X [c, d] are defined by

Lb/cdf(x,y)dydx—/ /f:cydy //fxydxdy_/cd[/abf(x,y)dx]dy. (629)

Typically, one can use the fundamental theorem of calculus to evaluate such integrals.

Example 16.1. [teratively integrate f(x,y) = xy on [0,1] x [0, 1].

1
/ / xyd:vdy—/ ~ayliz dy—/ Jydy = 7
y=1 1
azydyda: = f:z:y | odx = *ﬂ?dl‘ =71
0

So the iterated integrals agree!

Example 16.2. [teratively integrate f(x,y) = 22)2 on [0,1] x [0,1]. We note that

e
1 - 2x
x$2+y2 - (1'2 +y2>2

which is close to an antiderivative, we need one more power of x in the numerator. Let's try

T 1 222 y? — 22 F(y)
= — = = — x’ .
a2 4y? 2?4y (22492 (22 4yP)? Y
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So,

Therefore,

1 1 2 2 1 1 L
r= -y x 1 }1 -
W= A\ ) =— dy = — _ T
/0 /0 (x2—|—y2)2d$ Y /0 /0 0, ( x2+y2)dxdy /0 1+ 42 Y arctan(y) . 1
y | 1
/ / (x2 + dyd:c o / / dydﬂf = /0 mdx = arctan(x))o =7

So the iteratred integral disagree!

In the above example we have two different answers depending on the order of integration! Is either the
Riemann integral? In this case no, the function is not Riemann integrable. Now, the question is when/how
are these related to the Riemann integral defined above for functions of two/many variables. The answer
comes from Fubini's theorem (which can be with more relaxed assumptions than appear here)

Theorem 16.2. (Fubini) Assume f be an Riemann integrable function on the rectangle R = [a,b] X [c, d]

and suppose
/ab f(z,y)dz, /Cd [z, y)dy, /ab /Cdf(:v,y)dyd:v, /Cd /abf(;v,y)dxdy

/R f (@, y)dudy = / ’ / " ) dyda = / ' / ’ Fla,y)dady. (630)

More generally, assume f be a Riemann integrable function on the box

exist. Then

R = [ahbl] X ..o X [an,bn]

and

bl bl b2 bl bn
f(acl,...,xn)da;l,...,/ f(a:l,...,a:n)d:cl,...,/ f(z1, .., xp)dzy...dxy,
ay as al an

al

exist, where the ... denotes all partial integrations all the way up to all n! iterated integrals. Then

by bn
/ f(x)dvol,, = / f(x)dzy...dzy, = ... (631)
R ay an

where the ... denote any permutation of integrals.

Remark 16.4. The assumptions of Fubini's theorem are satisfied for bounded functions on R which have
discontinuous on a finite number of continuous curves. In particular, a continuous function on a box is
bounded and have no discontiniuities, so Fubini applies.

Example 16.3. Integrate f(x,y,z) = x%yz* over [0,1] x [0,2] x [~1,1].

The function is continuous so Fubini applies. Therefore,

1 2 1 1
1
/x2yz4dxdydz:/ // x2yz4dzdydx:/ /ny(15—(—1)5)dydx
D
//acydzdy—//xydyda:—/ / —? dx
4
2
= dr = —.
/0 57 15



16.3 Integrating over General Regions 117

Example 16.4. Evaluate:

/Rysin(xy)dxdy (632)
for R =[1,2] x [0, 7].

Again, the function is continuous so Fubini applies

s

) g 2 ) T ) 1 '
/Rysm(:vy)d:vdy = /0 /1 y sin(zy)drdy = /0 (cos(y) — cos(2y))dy = sin(y) — B sin(2y) o 0.

16.3 Integrating over General Regions

For functions of more than one variable we can integrate over more than just boxes. For example

To define an integral of f over a general bounded region D (can be contained in a ball) we define a
new function

) xeD
g(x)_{o x e R"\ D. (633)

Then we integrate g over a large rectangle/box R which contains D. If g is Riemann integrable over R
then we say that f in Riemann integrable over D with Riemann integral given by

/D F(x)dvol,, = /R g(x)dvol,. (634)

Note that effectively we are cutting off our function outside the region D we wish to integrate over
which will often result in a jump discontinuity. However, if f is continuous on D and the boundary of the
region D is ‘well-behaved’ this is usually not a problem and

/D F(x)dvol

will exist. We will examine two special cases below.

16.3.1 Normal Domains

Definition 16.1. (Normal Domain in R?) A domain D C R? of integration is normal if D can be written
as the region between the graphs of two continuous functions. More precisely, D can be written in one of
the following two ways:

D={(z,y):a<x<bg(z) <y<ga(r)}

or

D={(z,y):c<y<dhi(y) <z < ha(y)}

for g1, g2, h1 and hg continuous.
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To evaluate an integrals over a normal domain D, we choose a rectangle R = [a, b] X [c, d] containing
D and define g as in equation (633). Then we have

/ £, y)dedy = / o(a, y)dady. (635)
D R

Let's assume that f is continuous so that g is bounded and is only discontinuous on the boundary of D
(which will be continuous by definition). Using Fubini one has

/D f(a, y)dady = / ’ / " g(a,y)dydz = / ' / ' (e y)dady. (636)

D={(z,y) :a<z<bagi(z) <y < gz)}

Let's suppose that

then

g(z,y) = if y > ga(x) or y < g1(x). (637)

Therefore,

b rd b prga(x) b rg2(x)
/ f(z,y)dady = / / o, y)dydz = / / o, y)dydz = / / f(a,y)dyde.  (638)
D a Jc a Jgi(z) a Jgi(x)

Similarly if

then
d rha(y)
/ f(z,y)ddy = / / f (@, y)dady. (639)
D c hi(y)

Example 16.5. Lets integrate xsiny on D bounded by y = 0, y = 22 and x = 1. The function is
continuous so we can evaluate iterated integrals. Now the domain is normal since:

D={(z,y) eR*:0<2<1,0<y<z%}

1 px? 1 2
/fdvol:// msin(y)dyd:n:/ —zcos(y)| dx
D 0o Jo 0 0
1

= /0 {— z cos(z?) + x} dr = {— 1sin(x2) + %xQ] ‘; = %(1 —sin(1)).

Therefore,

2

Definition 16.2. (Normal Domain in R?) Let I1,(D),I1,(D), 11, (D) denote the projections of a set D on
to the yz, xz or xy-plane respectively. A domain D C R3 of integration is normal if D can be written as
the region between the graphs of two continuous functions uy, and us. More precisely, D can be written in
one of the following three ways:

D = {(CE,y,Z) : (xvy) € HZ(D)7U1(‘TJy) Szs U’?(x?y)}

D = {($7y7 Z) : (y,z) € HZE(D)?ul(y7 Z) Sz < UQ(yaz)}
or
D = {(z,y,2) : (z,2) € II,(D),ui(z,2) < z < us(x,2)}.

for uy, ug continuous.
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As above, with appropriate assumptions (say f is continuous on D) we can then write

/Df(x)dvolg = /HZ(D) [/UW(MJ) f(z,y, z)dz] dvols. (640)

1(z,y)

If additionally II,(D) is normal then, under appropriate (say [ fdz is continuous on I, (D)) assumptions,

/D f(x)dvols = /ab [/::j) [/1:(2(%2”) f(x7y,z)dz] dy] dx. (641)

z,y)

Example 16.6. Let's integrate f(x,y) = xy over a domain D which lies below 1 + x + y and above the
region in xy plane bounded by the curves y = \/x y =0 and x = 1.

We have that

D={(z,9,2):0<2<1,0<y<vVr,0<z2<1+z+y}

1424y 1+x+
/fdvol / / / xydzdydx—/ / :Uyz y dy :E—/ / y(1+ x + y)dydx

/[ 2y L2y | 1¥*a /[1 2y Loy 2]d L 1,2_

= T T x xr = T —x r=-—-—4+-—4+-—=—".
, 127 T vt eyl , 2" Tt T3 68 21 168
16.3.2 Changing the Order of Integration

If we wish to integrate a continuous function on D C R? we can do so in two ways by Fubini's theorem. It
is often the case that one way is much harder than the other. Let us suppose that our domain is normal
and in fact can be written in either way stated in definition 16.1. The integral can be computed in two

ways:
b rg2(x)
/ f(z,y)dzdy —/ / fx,y)dxdy —/ / f(z,y)dydx. (642)
h1(y) a Jgi(x)

One is often very hard; it may not even be expressable in terms of elementary functions. The other can be
easy, for example:

Example 16.7.
/ sin(y?)dvol (643)
D
with D = {x € R? : x € [0,1],y € [z, 1]}.

So the function is the composition of two continuous functions so therefore is continuous. Hence, we
can apply Fubini! Now for the iterated integrals we in theory could want to compute

1
/ sin(y®)dy

Although it is integrable (it is continuous), it cannot be expressed as an elementary function, e.g. rational
function, trignometric function, exponential, logarithm etc. This integral arises so much that it has a name:

S(x) = /0 " sin(y?)dy

is called the Fresnel integral and arises in optics. It does have a power series expansion which converges
for all z:

00
m4n+3

;:4:) (2n+1)!(4n+3)°

S(z) =
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The point is that this integral is problematic, especially if one wish to compute an iterated integral with it.

The assumptions of Fubini are satisfied so we can change the order of integration. So we can integrate

x first. Note that region we are integrating over can be written as
D={xcR*:yc|0,1],z€0,y]}
Therefore,

1 1
/D fdvol = /0 /Oy sin(y?)dzdy = / ysin(y?)dy = —% cos(y?) (1) = %(1 — cos(1)).

0

16.4 Properties
Proposition 16.1. Assume that f and g are Riemann integrable on D C R™ and let k € R. Then

1. f(x) + kg(x) is Riemann integrable with
/ (f(x) + kg(x))dvol :/ f(x)dvol + k/ g(x)dvol.
D D D

2. if f(x) < g(x) for all x € D then

/Df(x)dvolg/Dg(x)dvol.

3. if D = D1 U Dy where Dy and D5 are disjoint (they may share a boundary)
/ f(x)dvol = f(x)dvol + f(x)dvol
D Dq Dy
4. If f =1 then
/ 1dvol = Vol(D).
D

5. if f(x) is bounded, i.e. there exists ¢ and C' such that
c<flx)<C

one has

cVol(D) < / f(x)dvol < C'Vol(D).
D
Example 16.8. Let D be the region contained in the ellipse:

L 2
- =1
2x +vy

(644)

(645)

(646)

(647)

Let’s estimate the function e3™*°°5Y on D. First, eS"* %Y js the composition of continuous functions and

therefore is Riemann integrable on D. We note that
—1 <sin(z) cos(y) < 1.

So,

< f(z,y) <e.
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Therefore,

V(D
(e ) < /Dfdvol < eVol(D).

Now, lets work out the volume integral as a bonus.

Vol(D) = / Ldvol.
D

Note that the domain can be split into two normal regions

1
Dl:{X€R25—\/§§$§\/§,0§y§ 1—5552}

1
DQZ{XER2:_\/§§$§\/§’OZZ/2_ 1_5562}‘

V2 oy f1-1a? 2 1 -

Vol(D :/ / 1dyd$:/ \/1—za?de = —
(D) —v2Jo 2 2 V2
V20 2 1 s
Vol(D :/ / 1dydx:/ \[1— sa?de = —
( 2) -2 —1/1—%$2 -2 2 \/i

where one uses the trignometric subsitution x = \V/2sin . Therefore,

So,

o

Vol(D) = 7

16.5 Changing Variables

An extremely useful tool for evaluating integrals in changing variables. If we trying to integrate a function
of one variable x from a to b, we could find it useful to find a one-to-one substitution u = g(z), i.e. it
maps precisely one x € [a, b] to each u € R, see the following figure: If it is one-to-one which we can invert
for x = x(u) and write

b u(b) dx
/ f(x)d:c:/ f(z(u))—du. (648)
a u(a) du
Example 16.9. Lets evaluate

1
1

with |a| > 1. Set © = asinf. Then

1 arcsin(%) 0 arcsin(%)
dx = acosfdf = ——dz = ACBT_ 19 = / sign(a cos 6)db.
0o Va?—x? 0 lacosd)| 0
We note that
T . 1 T
—— < arcsin (7> < — = qacosf >0
2 a 2

1 1 arcsin( ;) 1
/ ———dr = df = arcsin(—)
0o Va?—uz? 0 a
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The same holds true for multiple integrals.

We'll start with R2. Let's suppose we have a function of two variables that gives out two numbers
T:R?2 5 R? ie.

T(u,v) = (z,v), (650)

i.e. = x(u,v) and y = y(u,v). The picture you should have in mind is

T(D)

We will assume that T is a C'-mapping!!; this means x(u,v) and y(u,v) have to have continuous
first partial derivatives. Additionally, we will assume that the mapping is one-to-one: every pair (u,v)

is mapped to a unique pair (x,y). This means that one can invert the transformation T for an inverse
function T—1.

Example 16.10. Let T be defined by the linear transformation x = u+2v+1andy =v—u—1. Find
the image of the square [0,1] x [0, 1] in the uv-plane.
We note that

o (u,v 0,v) goes to (z,y) = (2v+ 1,v — 1) which means y = %x —

\][%)

® (U,

<

) =(0,v) ( (

(u,v) = (u,0) goes to (z,y) = (u+1,—u — 1) which means y = —x.

) = (1,v) goes to (z,y) = (2+ 2v,v — 2) which means y = 32 — 3
o (u,0) = (u1) (

u, 1) goes to (x,y) = (3 + u, —u) which means y = —z + 3.

Therefore, the region is contained in the parallelogram:

1A C*-mapping T means that z and y have to have continuous partial derivatives up to order k.
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Y
A S

Any linear mapping:

e st o ()2 0-()+()

will take a rectangle to a parallelogram.

Example 16.11. Let T be defined by x = r cos ) andy = rsin 6. Find the image of the square [1,2]x[F, 5]
in the xy-plane.

Note that z% + y? = r? so that at fixed r we get an arc of length & between [T, Z]. Hence,

\9 /\y

v
A S

Note that for x(r,0) = rcosf and y(r,0) = rsinf the linear approximation is valid. These are
differentiable functions, so for (r,0) close to (rg,0p) one has

x(r,0) = rgcos by + cos y(r — rg) — rosin By (6 — Oy) + err

y(r,0) = rosin By + sin Oy (r — o) + ro cos Oy (6 — 6y) + err
where err is a small error term. Therefore, for (r,0) close to (1, 6y) the transformation is approximately
linear.
Example 16.12. Let T be defined by x = u? —v? and y = 2uv. Find the image of the square [0,1] x [0, 1]
in the uwv-plane.

Now let us construct what happens to the Riemann integral under a change of variables. What we
need to know is how the Riemann sum changes, i.e. how does the following formula look in w, v variables:

m—1n—1

DO f(Eiy, i) AzAy. (651)

i=0 j=0
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In theory, we can substitute (Z;;,9i;) = T(@;;,vi;) in f, we don't yet know how AzAy changes.

To do this consider a very small rectangle R in the uv-plane whose sides are Au and Av with lower left
corner at (ug,vg). Under T, R is mapped to T(R) and (ug, vp) is mapped to (zo,yo) = T(ug,vp). We
claim that the boundary points are mapped to boundary point (this is not obvious, see a topology course).
So, (x0,y0), T(ug,v) and T(u,vg) sit on the boundary of T'(R). This is shown in the following picture:

/\U /\y
T(uo,v)
A (z,y)
X Av
(s @) (z0, yo) X
(uo, vo)
Au U T(U, UO) x
— ?

We now construct an approximation of the area in green on the right hand side of the diagram. The
claim (that one has to justify in a proper proof) is that we can approximate the green region with a
parallelogram with sides given by the vectors a and b with an angle 8 between then as shown below:

T (ug, v) c

(20, y0)

How does one justify this? Well, it shouldn't be too hard to convince yourself that for a linear transfor-
mation this is true as such a transformation will give a parallelogram identically (as in the above example)!
The key point is that for a C''-transformation the partial derivatives of z(u,v) and y(u,v) are continuous
and therefore, the linear approximation is valid close to some point (ug,vg) in R, i.e.

x(u,v) = x(up, vo) + Oux(uo, vo)(u — up) + Opx(uo, vo)(v — vo),
y(u,v) = y(uo, vo) + duy(uo, vo)(u — uo) + dyy(uo, vo) (v — vo).

Therefore, we approximately have a linear transform! The area A of a parallelogram is its height h =
||al| sin @ multiplied by its base length b = ||b||:

A = bh = ||a]|||b]| sin 6
If we extend a and b to vectors in R3, as
a:(CLl,CLQ,O), b:(bl,bQ,O),

we can write

i
A=l = e (o a0 [ = [aee (G2 32) 1n=faec (51 52) |
bg b2 0 2 2 2 2

Now, a is the point T'(ug,vo + Av) along the vector valued function T(ug,v) from T(ug, vp). So,

a= T(UO, Vo + AU) — T(UO, Uo)
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and, similarly,
b = T(uo + Au, vg) — T(uo, vo).
However, note that the partial derivatives of T are defined as

. T(uo + Au,vg) — T(uo, v0)
= lim
Au—0 Au
. T(ugp,vg + Av) — T(ug, v
0. (uo, ) = Jim (uo,vo Ai); (u0, vo)

OuT (ug, v0)

So, one has the approximation

b = T(uo + Au, v9) — T(uo, vo) = 9uT (uo, vo)Au
a = T(uo, vo + Av) — T(uo, vo) =~ 9yT(uo, vo) Av.

So,

A= e (BB 0T | (B 20)]

Therefore, the approximate change in area for the Riemann sum formula is

Ou Oy

AwAy%‘det(ax Doy

) |Auae.

If we do this for our partitioning of our domain of integration for each rectangle we will conclude that, for
f Riemann integrable,

/f(x,y)dxdy:/ f(T(u,v))|det[J(T(u,v))]|dudv.
D T(D)

The matrix

J(T(u,v)) = (gﬁ gZZ)

is called the Jacobian matrix and is defined as the matrix of all first partial derivatives of a (vector-valued)
multivariable function. In general, the Jacobian matrix for a function f = (fi,..., fn) of m-variables

(1 ey Ty IS

O ft oo Ouifa
JE) =1 : (652)
Oumft o Oupfn

which is the generalisation of the gradient!

What the above discussion motivates (but does not prove, if you're interested check Spivak) is the
following theorem for change of variables

Theorem 16.3. Suppose f is a continuous function of n-variables (x1, ..., z,) on D C R™. Suppose that T
is a C1 transformation from D to T(D) with non-vanishing Jacobian, which is one-to-one except possibly
on the boundary of D. Then,

o forn =2, where (x1,x2) = (z,y),

/Df(a:,y)dxdy = /F(D) (T (u, v))’det (?}Zi gZZ) )dudv.
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o forn =3, where (x1,x2,23) = (z,y, 2),

Oyt Oyy Oyz
/f(x,y,z)dxdydz:/ f(T(u,v,w))‘det Owr  Opy Ouz ’dudvdw.
D T(D) Owx Owy Owz

e for arbitrary for n,
/ f(x)dvol(x) = / f(T(u))‘ det[J(T(u))Hdvol(u).
D T(D)

16.5.1 Integrals in Polar Coordinates

Lets start by doing the change of variables from Cartesian coordinates to polar coordinates on R2. Our
C'-transformation is given by

x =rcosé, y =rsinf.
Therefore, the Jacobian is
J— <8Ta: 8Ty> _ < cosf sin 6 >
Opx  Opy —rsinf  rcosf
The determinant is then
det(J) = rcos’ 6 — (—rsin®6) = r. (653)

So, to integrate of a domain D is polar coordinates one would compute
/ flx,y)dzxdy = / flr,0)rdrdd.
D T(D)

This is particularly useful if one wishes to integrate of radially symmetric region. For example:

e a disk of radius R, D = {(z,y) € R? : 22 + y> = R}. Note that this is the union of two normal
domains in (x,y) coordinates,

Dy ={(z,y): ~R<zx < R,0<y<VR-2z?} (654)
Dy={(z,y): ~R<z<R,~VR—a2<y<0}. (655)

However, in (7, 0)-plane this is a ‘rectangle’ since
T(D)={(r,0) eR*:0<r < R,0<6<2r}.

Therefore, integrals of continuous functions (or conditions so that Fubini applies) can be very simple

on disks:
27 R
/f(:v,y)dxdy—/ / f(r,0)rdrdd.
D 0 0

For example, if f(z,y) =1 = f(r,0) would be

2 R
/ f(fE, y)dxdy = / / rdrdf = 7 R>
D 0 0

which is the area of a disk.
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e an annulus is a region between two circles of radius Ry < Ry, i.e. our annulus for integration is
D ={(x,y) e R?: Ry < 2?4+ 4? < Ry}.

Again, you can split this up into normal domains in the (z,y) plane. However, if you write this in
polar coordinates things simplify and, once again we have a ‘rectangle’ in the (r,6) plane:

T(D) ={(r,0) €R*: Ry <r < Ry,,0< 0 < 2r}.
So,

2m
/fxydmdy—/ fr@rdrd@

If f =1 again, we get the area of the annulus:

2
/dxdy_/ / rdrdf = n(R3 — R?).

e a flower. Consider the domain of integration:
D= {(r,0) : —% <6< %,o < r < cos(20)}.

Note that this is a normal domain. Suppose we wanted to find its area then

cos(20) T
A(D) = /lrdrdﬁ—/ / rdrd&zg.
= Jo
4

16.5.2 Integrals in Cylindrical Coordinates
Cylindrical coordinates in R? are defined by
T = 1rcosb, y = rsinf, z=z

which is a C'-transformation. The Jacobian of this transformation is

Orxr Opy Opz cos 6 sinf 0
J=|0gxr Ogpy Oyz| = | —rsin@ rcosf 0
asz“ azy azz 0 0 1
Therefore,
det(J) =
and

/f(x,y)dvolz/ f(r,0)rdrdfdz.
D (D)

Example 16.13. The mass m of an object is the integral of its density p(x,y, z). Find the mass of a solid
that lies between the cylinders 2% + y* = R? 2% + y? = R% with Ry < Ry, the xy-plane and the {z = 1}
plane with a density

pla,y,2) = (@* +y°)*.

m= / pdvol = / rrdrdfdy
D T(D)

So the mass

where
D={xeR’: R <22+ 12 < Ry,z€0,1]}
T(D)={(r,0,z) €R*: Ry <r < Ry,0 € [0,27),z € [0, 1]}.
So,

2T 2
/ / rSdrdody — 271'/ rSdr = g@g - R?).
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16.5.3 Integrals in Spherical Coordinates

Spherical coordinates (7,6, ¢) in R? are defined by
x = rsinf cos @, y = rsinfsin @, z=rcosf

which, again is a C''-transformation. The Jacobian of this transformation is

Orxr Opy Opz sin @ cos @ sin fsin @ cos 6
J=|0pxr Opy Opz | = | rcosfcosp rcosfsing —rsind |,
0ot Opy 0Opz —rsinfsiny rsinfcosp 0

which has determinant
det(J) = r*sin 6.

Therefore,
/ f(z,y)dvol = / f(r,0)r*sin fdrdfde.
D T(D)

Example 16.14. Let's compute the volume between two surfaces:
e the cone 22 = 2% + 12

e the unit sphere 12 +y? + (z — 1)? = 1.

Vol(D) = / ldxdydz = / 72 sin Odrdfdp.
D T(D)

We can express our sphere in spherical coordinates as

r? =2 =rcosf < r = cosb.

Our cone has equation

. . T
r?sin? 0 = r? cos? @ < sinf = cos = 6 = 1

T(D) ={(r,0,¢): 0<p<2m0<0

IN

%,0 <r < cosf}.

So,

2r  p%  pcosf
Vol(D) = / /4 / 72 sin Odrdfdep.
o Jo Jo

Therefore,

i1 2
Vol(D) = 27r/4 ~ cos® fsin 0d = —W(—cos4 0)| =
0 3 12

(=N

|3



17 VECTOR CALCULUS 129

17 Vector Calculus
17.1 Vector Fields

For the purposes of this course the following definition of vector field suffices:

Definition 17.1. Let D be a subset of R™. A vector field on D is an assignment of a vector in R™ to
each point x € D, i.e. it is a vector-valued multivariable function f on D which maps x € D C R"™ to

f(x) e R™.

The picture you should have in mind is an arrow at each x representing f(z) as plotted blow:

Example 17.1. Let’s draw the vector field f(x) = yi — xj in the plane. Notice that on a circle of radius R
If(x)|| = 2% + y? = R? therefore the magnitude increases radially and is constant on each circle. In the
first quadrant it points positively in the x-direction and negatively in the y-direction. You can deduce the
other quadrants. You'll find that it looks something like this.
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Example 17.2. Let’s draw the vector field f(x) = i+ yj and f(x) = —xi — yj and in the plane.
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Remark 17.1. As with vector-valued functions of a single variable, a vector field is continuous if its

components
f(x) = fi(x)i+ fo(x)j + f3(x)k

are continuous. Similarly, a vector field is differentiable if its components are differentiable.
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Let's think about the gradient again briefly. Let f be a scalar function of two variables (z,7) € D C R?
then

Vf=0.fi+0yf].
This is a vector-valued multivariable function! So the proper interpretation of V f is that of a vector field.

22

Example 17.3. Consider the level sets of the (elliptic paraboliod) function % + y?. The gradient vector
field Vf = %xi + 2yj. We can plot the level curves and the gradient vector field together.

IRSIERRERRRRRERREIEE
1 Hiii40
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V¥V ¥ ¥ ¥ Y
oW A A AN I IR
20y LB IR RN ERNERNIN
ST TR
AAERRRRERASERRERANY
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As we saw before, the gradient vector field V f is orthogonal to the level curves of f.

Definition 17.2. A vector field f is called conservative if it can be written as the gradient of a scalar
function of many variables, i.e.

f=Vf
for some f.

The reason for this name will become apparent with line integrals. We can interpret line intergals
as measure work done (energy used) by a vector field moving a particle between points. Effectively,
conservative vector fields have zero line integral around a closed loop, so no energy used.

Remark 17.2. In Newtonian gravity, the gravitational force between to masses M and m is defined to be
conservative:
GMm GM

f=Ve, &=-—17" = f=-m i
Il [1xll

By Newton's second law:

GM |

f=ma — a=——5Xx
[l

If you compute ch{% using G ~ 6 x 10711, M = Mg ~ 6 x 10?4 and ||x|| = rg = 6 x 10, you find
10m/s? as the magnitude of the acceleration close to the surface of the Earth. Note we have treated the
Earth as an idealised point mass. The direction of f is X. This points radially inwards as one might expect.

We define two useful operations on vector fields:

Definition 17.3. The divergence of a vector field f in R™ is

: — 0f;
divf = ; .

if the partial derivatives on the RHS exist.
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Note that if we think of V as the vector
V = (0gyy--,01,)
then one can write
divf =V -f = (V,f).
Definition 17.4. The curl of a vector field f = (f1, f2) in R? is a scalar multivariable function
curlf = 0, fo — 0y f1.

The curl of a vector field f = (f1, f2, f3) in R3 is a vector field

Curlf = (8yf3 — azfg)i - (8xf3 - azfl).] + (8:1:f2 - 8yf1>k~
if the partial derivatives on the RHS exist.

Remark 17.3. You may wonder how the curl generalises to R™. The most natural generalisation of the
curl differential operator is the ‘exterior derivative’ d of vector field f = (fi1,..., fn) which is a matrix,
denoted df, with components:

(df)ij = O, fi — Ou; fi-

Note this matrix is antisymmetric.

Let’s see how we get the curl back from this. So in 2D we have the matrix:

_ 0 8151 f2 - (9@ fl _ 0 Curlf _ 0 1
df = <_8x1f2 + O0xy 1 0 —\ _curlf 0 = curlf 10}

As a repesentation of the information in it, this matrix has redundancy. Typically then one out identify df
with the curlf.

In 3D we find

0 Op1 fo — Oup f1 Ouy f3 — Ous f1
df: ax2f1_8x1f2 0 axzf?)_angQ
81'3f1_ax1f3 8w3f2_8x2f3 0

Note that, again, this matrix is a representation of the vector

a:BQ f3 - a:23 f2
VvV = 8% f1 — 8961 fg = curlf.

8x1f2 - a:vzfl

In R3, if we think of V as the vector

V = (03,0y,0:)
then one can write
i j k
Vxf=det|0, 0, 0.
i fo fs

How should you think of these curl and div operations? The divergence of a vector field is a measure
at each point of how much a vector field is ‘outgoing’ or ‘ingoing’. The curl is a vector field representing
how much a vector field would rotate an object sitting in its flow (thinking of the vector field as a fluid)
and, in R? it gives the axis of that rotation (with the right-hand rule convention). The following examples
illustrate this:
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Example 17.4. Let's promote our first example above to a vector field in R® by trivially extending in z.
Let f(z,y,z) = yi — xj. Now the lets compute curl and divergence of this vector field:

curlf = —2k divf = 0.

The vector field is plotted in green below with its curl in orange.

Example 17.5. Let's compute the divergence of the vector fields f1(x) = xi + yj and fa(x) = —zi — yj:
dinl = 2, dinQ = -2

Note that its curl is 0. Compare to the figures below f; is on the left and fs is on the right. We see that
divf; > 0 and its flow is outward, divfy < 0 and its flow is inward.
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Proposition 17.1. Let f be a function of two or three variables that has continuous second partial
derivatives, then

curl(V f) = 0.
In other words, if a vector field f is conservative, then curlf = 0.
Proof. In 2D this goes as follows:
Vf=(0:f,0yf) = curl(Vf) = 0,0,f — 0y0,f

which vanishes when second partial derivatives are continuous since in this case the partial derivatives
commute.
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In 3D this goes as follows:
curl(Vf) = (ayazf - azayf)i — (020.f — 0.0, f)j + (awayf - ayamf)k-

Since second partials commute when the partial derivatives are continuous all terms vanish and we are left
with the zero vector. ]

This theorem says if we show curlf # 0 then we know f is not conservative. In general, the converse
of the theorem is not true, unless the vector field is well-defined on all of R3.

Theorem 17.1. If a vector field f is defined everywhere on R3, and curlf = 0 then f is conservative, i.e.

f=Vf.
Example 17.6. Let’s consider the following vector field
f(x) = 32231 + 22y23) + 30922k
on all of R3. If one compute the curl of this vector field
curlf = 0.

From the above theorem we know that f is conservative so we can try to search for a f such that f =V f.
So we want

O f =222, Oyf = 2ayz3,  O.f = 3xy?22.

So,
F(x) = 2y*2% + g(y, 2).
Therefore,
0yf = 2ay2* + 8,9 = g(y,2) = h(2)
and

d.f = 3xy?2®> + K = h = constant.
In conclusion,
f(x) = zy*2> + constant.
Proposition 17.2. Let f be a vector field on R which has continuous second partials, then
divcurlf = 0.
Proof. We compute directly that

diveurlf = 0, (curlf), + Jy(curlf), + 0. (curlf),
= 000y fz = 0:fy) + 0y(0:fo — Onfz) + 0=(0ufy — Oy fa)-

All terms cancel. O

17.2 Line Integrals

A line integral is an integral of a function along a curve v € R™. This can be a scalar function, or a vector
field.
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17.2.1 Definition

Suppose we have a curve 7 in R™ which we parameterise by ¢ € [a, b], i.e. v has the parametric equations
x1=x1(t),..., 2y = zn(t) = r(t) = (z1(t), ..., zn(t)).

We will assume that the curve is C' (‘continuously differentiable’): the tangent vector r’ is continuous
and r’ # 0 (although this assumption is slightly unusual for a definition of C'). We divide up out interval
[a, b] into n intervals [t;_1,1;] of length At = l’fTa with tg = a and t,, = b. Further, on each subinterval,
we sample the curve at the point r(¢;) (you can pick other points). We then approximate the curve on the
interval [t;_1,t;] with the a straight line between r(¢;,_1) and r(¢;). We then denote

Asi = |le(ti) —x(tic1)ll,  i=1,..,n

This is the distance between sample points, or in otherwords, the length of the straight line approximating
the curve on the interval [¢t;_1,%;] (an approximate length of the curve between r(¢;) and r(t;—1)).

r tg)

I'(tl) r b)
r(2) f2)

r(ty)

If we sum over all these distances we get an approximate length of the curve:

zn: ASZ‘.
i=1

Taking the limit of this as n — oo and As; — 0 gives the arc length of the curve:

s-/ds.
Y

You should think of ds as the infinitesemal arc length.

Now, the mean value theorem!? tells us that there exists a t; o € [t;_1,t;] such that

dI‘(ti 0) I'(ti) — r(ti_l) ’
) — tZ pu—
p e = (o)l

ASZ'
At

So we can replace As; with (approximately) ||r/(¢;)||At; (note the drop of the ¢;). So, taking the limit

gives
b
s:/ds:/ ||x’(¢)]]dt.
o a

Note that gives the length of the curve v and, in particular, is always positive! In other words, there's no
directional information in this integral: it doesn't matter what way you move along the curve:

s:/ds:/ ds
¥ -

If you are unconvinced consider a simple straight line segment in R™ connecting a and b as shown below:

2The mean value theorem says that a continuous function on a closed interval [a, b] which is differentiable on the interior
(a,b) then there exists a ¢ € (a,b) such that f'(c) = %{’:(a)
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X

We can describe it with the equation
ri(A1) = (1 —A1)a+ Ab, A1 € ]0,1].
Now — is the curve from b to a, so we can describe it with the equation
ro(A2) = (1 —A2)b+Xea Ay €0,1].

Therefore,

ir, ar

Dy TP T Ty

Hence,

1 1 0 1
[as= [ Ionlan = [ b-ajin = [ <) - b-a)dre= [ I0a)lde= [ ds
v 0 0 1 0 —

Since one approximates a curve with straight line segments. You can generalise this argument infinitesemally

for any curve. So we have
/ds = / ds.
v —

Another thing to notice is that the arc length s is a very natural way to parameterise a curve since
it is literally how far along the curve you have travelled. Typically we can pick any number of ways to
parameterise a curve; whatever is most convenient.

Example 17.7. Let’s consider a unit circle in the plane:
St ={(z,y) e R? : 2® + y> = 1}.

We can parameterise this curve via the length of the curve which is just s = 0 € [0, 27| or we may pick a
parameterisation:

x = cos(t) y = sin(t)

or
x = cos(3t) y = sin(3t)
or
x =cos(Tt+1) y =sin(7t + 1)
etc...

Consider a continuous function f from R” to R which we wish to integrate along the curve, i.e. we
want to consider f(x(s)), i.e. the function evaluate at the points on the line parameterised by the arc
length. We can return to the above Riemann sum for the arclength and then construct the Riemann sum
of the function along the curve:

n

> F(x(s))As;.

i=1
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Taking the limit of this as n — oo and As; — 0 gives the line integral of f along ~:

/f ds—hme x(8;))As;.

Recall that above we found that arc length was related to our prefered choice of parameterisation (say
As;
(1) by [Ir'(ti0)l] = A% So,

fds = hm Zf ))As; = hm Zf DY () || At

Therefore,

/fds—/f DI (8|t

Again, the line integral of a function f is independent of the direction along the curve we integrate

over:
/7 fds = /_ i fds.

We can relax our assumption of a C'! curve slightly and require that it is piecewise C!, i.e. it is a
continuous curve made up of C' curves 71, ...,7,. Then

/fds = Z fds.
v 3 Vi

This is essentially because integrals don't ‘see’ points.

Example 17.8. Let’s integrate the function f(x,y, z) = 2%y along the curve with parametric equations
T = cost, y = sint, z=1 t €10,
Note that
() = VITT=V2

fort € [0, 7.

So,
Lfds—/oﬂ () 2y() || ()| dt = \f/ cos?(t) sin(t)dt — f/ (= cos’ (1)) dt _—fcos3t;r_2\3/§.

To generalise the above to a vector field f : D C R™ — R™ along a C'! curve 7 in R, we have a couple
of options. Suppose + is described by a vector-valued function r(¢) with ¢ € [a,b]. Then v has tangent
vector r’ (shown in orange below):

r(to2)
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The tangent vector is unique up to scaling. So let's fix the normalisation by taking the unit tangent
vector:

So we can take the tangential component of our vector field by projecting our vector field onto the unit
tangent vector t, to construct a scalar function g = (f,t). This g we integrate with respect to ¢:

. N b r'(t) v _ b r o
[ s = [ (e, = [ e

This is what is defined as the line integral of the vector field f in R" along v and is often denoted:

/f-dr:/<f,£>ds

In there notes, the latter notation will typically be used, since this makes it clear what we do to integrate
a vector field along a curve: we pair it with the unit tangent vector and integrate the scalar function along
the curve as above!

One this to notice is that the line integral of a vector field is direction dependent. We should think
of each curve « as coming with an orientation, which is the direction along the curve. Equivalently, it can
be thought of as the direction of the tangent vector t. This is because if integrate along —~ instead of
the tangent vector flips direction. So for the line integral of a vector field over a curve v with tangent

ty:
/(f,fwds:/_ (f,fv)ds:—/_ (f, —£7>ds:—/_ (f,t_)ds.

Example 17.9. Evaluate the line integral of the vector field f(x) = sin(z)i + cos(y)j + zzk along the
curve with parametric equation

r(t) = (£, —t%t)  te[o,1].
So,
r' = (3t?,—2t,1).

So,
. 1
/ (£, E)ds = / 321 (e(t)) — 20 fol(r(t)) + f3(x(t))dt
¥ 0

1
6
= / [3t2 sin(t3) — 2t cos(—t?) + t|dt = =
0

£~ cos(1) —sin(1).

In R2, we could look at the normal component of the vector field f at each point along the curve (this
is unique up to scaling).!3 What is the normal to our curve? The normal n(t) is vector orthogonal to the
tangent vector r

(n(t),r'(t)) =0 = ni(t)r}(t) + n2(t)rh(t).

and is unique here up to scaling. So n(t) o< (r5(t), —r}(t)). To overcome the scaling ambiguity we take
the normal

n(t) = (ry(t), —ri(t))-

31n R™, we do not have a unique normal direction. For example, in R® the normal ‘direction’ is really a plane.
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Additionally, we normalise it to 1:

h(t h(t
A= n TQ()i ry(t) .

Il ~ @l @

We then contruct a line integal with respect unit normal:

o n() e e
[ mas = [ (steon, il = [ ),

Remark 17.4. There is still sign ambiguity here that one has to adopt a convention for; we will return to
this later.

Example 17.10. Evaluate the line integral normal component of the vector field f(x) = yi — zj along the
curve with parametric equation

r(t) = (sin(t), cos(t)) t €[0,1].
So,
v’ = (cos(t), —sin(t)) = n(t) = (—sin(t), — cos(t)).

Therefore,
1
/(f, n)ds = / (—sin(t) cos(t) 4 cos(t) sin(t))dt = 0.
o 0

17.2.2 Path Independence and Conservative Vector Fields

Suppose we consider many paths 1 and o from a point a to b in R™ as shown below:

Suppose 71 has unit tangent vector t; and o has unit tangent vector to. In general, the line integral
of a vector field f will depend on the path from a to b, i.e.

/71<f,i51>ds + /y2<f,f2>ds

If this is equality then we say that f is path independent.

It turns out that if f is conservative then its line integral is path independent from ato b, i.e. iff =V f
then the line integral of f is path independent.

Theorem 17.2. Let v be a C' curve with unit tangent vector t and initial point a and end point b. Let
f be a differentiable function of many variables whose gradient is continuous on ~y. Then,

/ (V1. 8)ds = f(b) — f(a)
i
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Proof. Let v be given by the vector-valued function r(¢) with parameterisation by ¢ € [a, b] so that r(a) = a
and r(b) = b. Then

. r dxy dxy,
tzi /t = e I
T <dt’ ’ dt)

We note that

n

dx; d
VS = O 0un ) = () = S0 =Y
=1

using the chain rule. Therefore,

~ b , bdf
Vi t)ds = Vf(r(t)),r dt = —dt = f(r(b)) — f(r(a
[ @ = [ seonwani= [ Gae= sew) - sieta

where we've used the fundamental theorem of calculus. O

What can we say about the converse? In particular, is it true that if a vector field is path independent
it is conservative? We need two notions for paths before we can state some general theorems addressing
this situation.

Definition 17.5. A curve v in R" is closed if its starting point and end point coincide.

Definition 17.6. A curve v in R™ is simple if it does not intersect itself between the endpoints.

Figure 1: Top Left: closed, simple curve, Top Right: not closed, simple curve, Bottom Left: closed, not
simple curve, Bottom Right: not closed, not simple curve

We previously discussed closedness of a set in R?, here is, the complimentary notion of closedness,
openness:

Definition 17.7. A set S in R™ is open if for every x € S there exists an € such that the ball of radius ¢
at x, B(x), is contained within S.

We also require a notion of connected set:

Definition 17.8. A set S in R" is (path) connected if for every pair a,b € S there exists a path within S
connecting a and b.

On the left is a connected set and on the right is a disconnected set.
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S

Definition 17.9. A set S in R™ is simply connected if every closed simple curve can be contracted to a
point.

Effectively this means that the set has no holes. On the left is a simply connected set and on the right
is a set that is not simply connected.

S

We can now state the theorems relating path independence and conservative vector fields.

Theorem 17.3. Let v be a path in D C R™ with unit tangent vector t. The line integral

/ (f, £)ds

is independent of the path -~y in D if and only if

/(f,f)ds =0
7

for every closed path in D.

Proof. Consider the following closed curve:
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Y2
—

(7

a! ﬁ

X

We split v up into two sections y; and o so that v = 71 — 72 and 1, 72 have the same initial and
end points. So, 77 has tangent t,, =t and 73 has tangent t,, = —t. Then

L (£, Byds — / (@i + / s / (62t - /w<f,£72>ds.

(<) Suppose then that the fy<f,f>ds =0 then

/ (8,8, )ds = / (£ &) ds
Y1 Y2

and, therefore, the line integral is path independent.

(=) Suppose the line integral is path independent, i.e.

[ etds - [ @d)ds =0
71 Y2

for any paths v; and 5 linking a and b. Hence,

/<f,£>ds =0

for an arbitrary path. ]

Theorem 17.4. Let f be a continuous vector field on a open connected region D C R"™. If the line integral

L (f,t)ds

is path independent in D then f is conservative vector field, i.e. £ =V f for some f.

Proof. Let's fix a point a € D and let vy(a,y) be some path from a to an arbitrary point y € D. We
define a candidate potential function

f(y) = / JRGLIS
Y&,y

Note that our choice of y(a,y) does not matter since the line integral is path independent.

Recall that the partial derivative with respect to x; can be thought of as a directional derivative in the
e; direction. So, we want to consider

) = (D 1)) = Jim FOEEGIIO) i ST gas [ e
Y@, y-rhe; Y&,y

=1l
h—0

Now why is looking at this limit ok? Well D is open, this means that for any point in x € D there is a
small open ball of radius € centred at x. So for h < ¢, y + he; € D and, therefore, we are free to look at
this limit. The picture you should have in your head is
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X

D

So, the integral in our derivative above is simple along the purple straight line in the diagram. Let's
call this line L; and it has the equation

ry(\) = (1= Ny + Ay + he;) =y + Ahe;, A€ [0,1], = r)(\) = he;

So,

1
O, f(y) = lim — / (f,t)ds = lim — / (rn(X)), he;)d\ = lim/ filrp(N))dA
h—0 0

h—0 h h—0 h

Now, for h small, ry(\) =~ y, so

1
0. 0(3) = Jim £(3) [ dx= £(y)
So, f = V. O

Theorem 17.5. Let f = f(z,y)i+g(z,y)j be vector field on a region D C R? with continuous first partial
derivatives on D.

1. If f is conservative
ayf = &pg
2. If D is open and simply connected and

ayf = arg
then f is conservative.

Proof. Proof of 1: If f is conservative then f = Vh. Therefore,
f = 0zh, g = Oyh.

Since, f and g have continuous partial derivatives, h must have continuous second partial derivatives,
which means they must commute:

Opg = 0,0y = 0,05h = 0, .

Proof of 2: follows from Greens' theorem and theorem 17.3.
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17.2.3 Green’s Theorem

Green's theorem states that the integral of the tangential component of a vector field to a curve -y is related
to how much the vector field rotates on the interior of the region. We will soon come to its generalisation
in 3D (in fact there is a generalisation in n-dimensions) where it is called Stokes' theorem.

Definition 17.10. We will say a simple closed curve is positively orientated if it is traversed counter-
clockwise.

Theorem 17.6. Let v be a positively oriented, piecewise-C'' , simple closed curve in R? with unit tangent
vector t and let D be the region bounded by ~y. If f = (f,g) is a vector field with continuous first partial
derivatives on an open region containing D then

/(f,f)ds:/ curlfdvols
0 D

where the path integration is calculated using the positive orientation.

Proof (Normal Region). Suppose that y can be described by the parametric equation r(¢). We note that

L<f7£>d8:[y{fﬁ +g§;]dt:[yfdx+gdy.

Suppose our region can be expressed as
D:{XERQ:angb,gl(fL‘) <y <go(x)}

A differentiable function (continuous partials imply differentiability) is continuous so we can use Fubini.

/Dayfdvolz/ab/gz(m) 8yfdyda::/ab (2. 02(2)) — f(z, g1(a))) dx

g1(x)

from the fundamental theorem of calculus.

We now write v = v1 U2 U3 U 4 as shown below:
V3 L
( 172

Y4t ‘
T

Therefore,we can write the integral as

/Vfda:: Vlfda:—i—[ﬁfd:c%—[ﬁfdm—i—[mfdx

= [ 1oy [ 1w
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since the integrals on 5 and 4 are zero. Therefore,

Afdx:/ab [f(a;,gl(x))—f(a;,gg(x))}dx:—/Dayfdvol.

/gdx:/ 0y gdvol.

0% D

/gdy—l—/fdx:/ (&;g—ayf)dvol:/ curlfdvol.
Y Y D D

Remark 17.5. Clearly the proof of this generalises to a finite union of normal domains.

Analogously one can show

So that

Green's theorem in 2D gives rise to the extremely useful divergence theorem, which tells us that a
vector fields outgoingness or ingoingness in a region can be related to the flux of the vector field through
the boundary of the region. For this, we need to fix a direction for our normal.

Definition 17.11. Let v positively oriented simple closed C*-curve. Let r(t) be a parametric equation for
the curve. Extend the tangent vector r' to R? by

/ / /
r' = (r],75,0).
We define the outward normal as
n=r xk=rhi—rlj

You can see that this definition works out using the right-hand rule on the following picture (z, and
therefore k, is out of the page):

Corollary 17.1. (2D Divergence Theorem) Let v be a positively oriented, piecewise-C'', simple closed
curve in R? with unit outward normal vector fi and let D be the region bounded by y. If f = (f,g) is a
vector field with continuous first partial derivatives on an open region containing D then

/(f,fl)ds:/ divfdvols
vy D

[y(f, f)ds = /ab<f, n)dt

b
— [ [#a(0. 50/ ®) - glalt) w1’ 1)

= / curlgdvoly
D

Proof. We have



17.2 Line Integrals 145

by Green's theorem for g = (f, —g) but

curlg = divf.

Example 17.11. Let’s use Green's theorem to compute

/S (f,t)ds,

1
R
for f = yi — zi.
Our curve ~y is a circle of radius R, so its interior is a disk of radius R:
Dp = {(z,y) e R? : 2? +y* < R}.
We can compute that
curlf = —2,

so, by Green’s theorem,

J

Let's check that everything works out and compute the line integral explicitly. Let's use the parame-
terisation

(f,t)ds = /D (—2)dvoly = —2(7R?).

1
R

r(t) = (z(t),y(t)) = R(cost,sint) = t = —(—y,z).

So,

J

Example 17.12. Let’s use the divergence theorem to compute

/S (£, ) ds

R

N 1
(f, t)ds = / = [ —z? - y2}>ds = —/ Rds = —27 R
S S

1 1 1
R R R

for f = xi + yj.
We can compute that
divf = 2,

so, by the divergence theorem,

J

Example 17.13. The work done, W, by a force f moving a particle along a curve ~y is given by

(f,n)ds = / (2)dvoly = 2w R?.
) D
W = /(f,f)ds.
gl

Let’s use Green's theorem to compute the work done by the force

f(z,y) =z(x+y)i+ xy2j
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in moving a particle from (0,0) to (0,1) to (0,1) and then back to the origin along straight lines.

We note that the curl of f is
curlf = y? — z
We can write our region as the set
D={(z,y):0<2<1,0<y<1-—uzx}.
So by Green's theorem,

1 1 1

1 11—z
_ 2 _ 2 _ 13 g2 B __r
W = /D (y a:)dvolz /0 /0 (y* — x)dydx 12:B(x 8x” + 122 — 4) . T

Remark 17.6. The divergence theorem is extremely useful. It can give rise to conservation laws! For
example suppose ®(t, x) satisfies the wave equation

0% = 0.
One can compute that

f= ((atcb)? + (0,9)2, 28@69@)

is divergence free. This means that

/<f,£>ds =0!
Y

So if one has a curve v = 1 U 72 such the following

t
L 72
!
T \

This gives the convervation law (up to some technicalities with signs)

/<f,£>ds:/ (£, 8)ds.

For appropriately chosen 1 and 7y, (and some extra theory which we do not develop here) one can use this
to construct the conservation law

| [@@r+@or]e| - [ @02+ @07

— 50 to — 00 t1

for t1 > tyo. One can interprate these integrals as energies for solutions to the wave equation. So the
energy associated to a solution is conserved in time t.

One can show that this implies that the solutions to the wave equation on R? are bounded, i.e.
|®(t,x)| < C for a finite constant C and for all t,z € R2. The use of the divergence theorem and
conservation laws arising from it are important tools in the field of PDE; they allow one to infer many
properties of general solutions without actually being able to write down a general formula!
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17.3 Surfaces in R?

So far we have talked about the graph of a function f of two variables (z,y):
Graph(f) = {(z,y,2) € R® : 2 = f(z,y)},
which we viewed as a surface S in R3.
We also discussed, the level surface S of a function h of three variables (x,y, z):
{(z,y,2) € R®: h(z,y, z) = constant}.

Additionally, we introduced curves in space as vector-valued functions of one variable. We can generalise
this to parameteric surfaces in R?. These are given by an vector-valued function depend taking two
parameters (u,v), i.e.

r(u,v) = z(u,v)i+ y(u,v)j + z(u, v)k.

Remark 17.7. Note that given a surface specified by a graph z = f(x,y), it has a parameteric represen-
tation

r(u,v) =ui+vj+ f(u,v)k
Example 17.14. One can use the spherical coordinate relations
x=rcospsing, y=rsinpsing, z=rcosd
to write down a parametric equation of a sphere of radius R.

r(0,p) = R[cos @ sin Ai + sin p sin #j + cos Ok

Example 17.15. One can view surfaces of revolution as surfaces with a parametric representation. For
example, we can consider the surface of revolution arising from rotating the curve sin(z) around the x-axis.
The parameteric equations are

r=x, y=sinzcosf, z=sinxsinf
or

(0, p) = zi+ cos O sinzj + sin f sin rk



17.3 Surfaces in R? 148

We can generalise our notions of tangent planes and normals to such surfaces. In particular, suppose
we want to construct the tangent plane at (ug,vp). If we hold v = vy fixed then we have a curve that lies
in our surface. We can, therefore, construct its tangent line

Xu(A) = (uo,v0) + A0yr(ug, vo)

Similarly, if we hold u = wug fixed then we have another curve that lies in our surface. We can, therefore,
construct its tangent line

Xy(A) = (ug,v0) + Adyr(ug, v0)

Assuming our surface behaves nicely (r has continous first partial derivatives and 9,r x J,r # 0), the
plane that contains these two lines is then our tangent plane. This means the tangent plane contains the
two vectors

Our = Oyx(u, )i+ Oyy(u,v)j + 0uz(u,v)k,
Oyt = Opz(u, v)i+ Opy(u,v)j + 0yz(u,v)k.
Therefore, a normal to the tangent plane is
n = Jd,r x d,r.

If we let u and v vary we get a normal in each tangent plane, which we call the normal to our surface
(this is a vector field in R3). If r has continous first partial derivatives and d,r x d,r # 0 then we will call
our surface C'.

17.3.1 Orientation

The normal vector of a surface can be thought of as being associated to a notion of ‘direction’ for a surface.
Some surfaces have a well defined notion of direction, others do not. As we shall see this is important
for defining surface integrals of vector fields. This notion of direction is called an orientation and those
surfaces with a well-defined orientation are called oriented.

Definition 17.12. An orientation for a surface S is a continuous choice of normal n for the surface, if
such a choice exists we say S is orientable. A surface S with an orientation n is called an oriented surface.

If the surface is orientable then there are two possible orientations (a surface has two sides) and one
must make a choice! For a C! orientable surface S given by the parametric equation r(u,v) the two
choices are

n = Jyr X Oyr, n = —0yr X Jyr.

If we is have a surface given by the graph of a function z = f(x,y) we can think of this as a specific 0
level surface of

9(@,y,2) =z — f(z,y),
i.e. out surface S is
{x e R®: g(x,y,2) = 0}.
Recall that the gradient of g is orthogonal to the surface. So, we have a normal

n= v3g = (17 VQf) = (17 _8xf7 _8yf)
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Example 17.16. A sphere of radius R is an example of an orientable surface. Recall the parametric
equations of a sphere are
r(6,p) = Rcospsinfi+ Rsinpsindj + R cos 0k
with D = {(0,¢) : 0 € (0,7),¢ € [0,27)}. The normal is then
n = Jgr X Jyr.

We have

Opr = R cos ¢ cos0i + Rsin ¢ cos0j — Rsin 0k,
O,r = —Rsin psin 0i + R cos ¢ sin 0.

So,
n = R?sin? 0 cos ¢i + R? sin? 0'sin ¢j + R? sin 6 cos k.

We can view S%% as the 0 level surface of

g(z,y.2) =2* +y* + 27 — 1 = ny = (22,2y, £2¢/1 — 2% — )

1.0 -0500 0510

1.0

Example 17.17. An example of a non-orientable surface is the Mébius strip. Take a strip of paper, make
one twist and join the ends. This is plotted below

-2 0 2

T T T T T T T T T

1
-

The following set of equation describe it parametrically

r(u,v) = [2cosv+ucos (g)]1+ [251nv+ucos (g)],] + usin (;j)k,
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foru € [—%,1] and v € [0,2n). Let's work out the normal
Dyt = cos (g) (i+]j) +sin (g)k
Oyr = — [2sinv + %sin (g)]l—i- [QCOSU — gsin (%ﬂ‘] + gcos (g)k
n = 0,r X O,r = [E + sin (E) — sin (3—1])}1—1— {— 2 cos (E) + cos (3—1})}] + 2cos (B) (cosv + sinw)k.
2 2 2 2 2 2 2

So at v = 0 we have

u u
= —i— —j+2k
n=3l 2J+ ;

and at v = 27 we have

n=—i- %59k
2' 72

So, whilst (0,0) and (0,2m) describe the same point on the Mébius strip we have n(2m) = —n(0) which
means out normal on the surface is discontinuous, as is shown in the following figure

o.oE / ' \ |

-05 F// \ J’

-1.0 L . . . ! . . . ! N

Effectively what is happening is that the Mobius strip is one-sided, if you traverse around the strip you
can reach all points. This is unlike a sphere where you cannot reach the inside from the outside. There is
a result say that any surface is non-orientable if and only if it has a Mébius strip as a subset.

17.3.2 Surface Integrals

Suppose you want to integrate a function f of three variables over parametric surface S with parametric
equation

r(u,v) = z(u,v)i+ y(u,v)j + z(u, v)k,

where (u,v) € D C R%. We define the surface integral of f over S as

/fdvolg :/ f(r(u,v))||Our x Oyr|dvolge
S D

where dvolg should be interpreted as the infinitesmal volume/area element of the surface and dvolg: =
dudv is the usual volume element on R2.

How does this formula arise? In a very similar manner to the change of variables formula. Suppose
for simplicity our domain D for (u,v) is a rectangle. We we take D and cover it with small rectangles of
side Au by Av. We consider the image of these small rectangles under r which for small Av and Aw will
be a warped shape on S. If S is a C'-surface then the linear approximation is good and, therefore, one
can approximate this shape with a parallelogram (which would be the shape produced by a linear r). The
linear approximation gives around a point (ug, vo)

r(u,v) = r(up, vo) + Our(uo, vo)(u — up) + Opr(uo, vo)(v — o).
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Therefore, the vectors of which define the parallelograms sides are

a= r(UO + AU, UO) - I'(UO, UO) = 8ur(U0, UO)Auv
b = r(ug,vo + Av) — r(ug, vg) = dpr(ug, vo)Av.

Hence,
Avolg = ||a X b|| = ||0,r X Oyr||Aulwv.
Therefore, if we construct a Riemann sum and then pass to the limit to define integration we pick find
dvolg = ||9yr % Oyr||dudv.
Example 17.18. Let's compute the surface integral of y* over the surface
S={xcR¥: 2?2+ 4+22=1,2> \/W}

Let's parameterise our sphere with spherical coordinates:

x =cospsing, y=sinpsinf, 2z =cosf
where the parameter ranges are restricted to

60,7, pelo2n
So, we have

Opr = cos ¢ cos Oi + sin p cos 0 — sin Ok,
O,r = — sin @ sin 0i + cos ¢ sin 6],

Opr X O,r = cOs sin? i 4 sin® @ sin @j + cos f sin Ak.

So, ||Ogr x Oyr| = sin@

T r2r
1
/ fdvolg = /4 / sin? ¢ sin® 0dfdyp = — (8 — 5v/2)7
s o Jo 12

where one uses trignometric identities or expands in exponentials.

Let's generalise to integrating a vector field f on R? over S. We define the surface integral of f
over S as

/ (f, A)dvolg
S

where 1 is the unit normal:

Oyl X Opr
[|Our X Opr||

ﬁ pu—
Therefore, parsing the notation gives,
/(f, njdvolg = / (f, Oyr x Oyr)dudv.
s D
Example 17.19. Let's compute the surface integral of f(x) = zi + yj + xk over the surface

S = {x(u,v) € R®: x(u,v) = ucosvi+ usinvj + vk, (u,v) € [0,1] x [0, 7]}

with the normal in the positive z-direction.
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We have

OyX = cos i + sin vj

Oyx = —usinvi + ucosvj + k
So,
n = sinvi — cosvj + uk

which points upwards for u > 0. So,

/(f, n)dvolg = / (f, Our x Oyr)duduv,
S D

and we compute
(f,n) = zsinv — ycosv 4 zu = vsinv — usinv cos v + u? cos v

which is continous so we can do the partial integrals:

T rl
/ (f,n)dvolg = / / [v sinv — usinwcos v + u? cos v] dudv
s 0o Jo

/” , 1 1
= [USIHU——SIHUCOS’U‘F—COS’U]dUZﬂ‘
0 2 2

17.3.3 Stokes’ Theorem

Stokes’ Theorem is a generalisation of Green's theorem in the plane to a general surface S bounded by
a curve 7 sitting in R3 (note that a subset in R? can be thought of as a surface sitting in R3, i.e. the
xy-plane). It says that the line integral tangential component of the vector field f along ~ is equal to the
surface integral of the normal component of curlf. The picture you should have in mind is the following

Note there is some orientation fixing to be done. The rule is the following: suppose .S has an orientation
with a normal n, this induces a positive orientation ~ given by the right-hand rule, i.e. point your thumb
in the direction of the normal, if you then curl your fingers inwards then this is the orientation of the
curve. So in the above diagram the orientation of the curve for the line integral would be the usual
counter-clockwise orientation in the zy-plane
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Theorem 17.7. Stokes' Theorem Let S be a oriented piecewise-C" surface that is bounded by a simple,
closed, piecewise-C'' curve ~ with positive orientation. Let i be the unit normal vector to the surface
S and t be the unit tangent vector to the curve . Let f be a vector field with continuous first partial
derivative on an open region of R? that contains S. Then

/(f,f>ds = /(curlf, n)dvolg.
o S

Example 17.20. Let’s verify Stokes’ theorem for f = —2yzi + yj + 3zk for the surface
S={x:z=5-22—y%2>1}.
We need to parameterise S and the boundary curve v of S with a consistent choice or orientation.
Note that ~ is the curve given by
2?4+ =4
2

For S let's parameterise as: © = wcosv, y = usinv, z =5 —u*, ie.

rs(u,v) = (wcosv,usinv, 5 — u?)

with v € [0,2] and v € [0,27]. We also need the normal to talk about orientation. Let’s orientate with
n = J,r x O,r. We can compute

Oyr = cosvi + sinvj — 2uk
Oyt = —usin vi + u cos vj
and therefore,
n = 2u?® cos vi + 2u” sin vj + uk

Note that n points upwards in k and ~y lies in the z = 1 plane so we want to traverse v counterclockwise
by the right-hand rule as shown in the following diagram:

::-2

This leads us to the v parameterisation: x = 2cosu y = 2sinu, z =1, i.e.
ry(u) = (2cosu,2sinu, 1)

with u € [0, 27].
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Let’s the surface integral. For this we need the curl,
curlf = 2zk — (3 + 2y)j,
which if we evaluate on the surface gives
curlf(rs(u,v)) = 2(5 — u*)k — (3 + 2usinv)j.

Recall that to compute the line integral from a parameterisation we have

/S<0urlf, nj)dvolg = /D<Curlf(rg(u,v)),8ur X 3vr)dvolR%w
where D is the domain for the parameters (u,v). So,

/S (curlf, n)dvolg = /D [10u — 2u® — 6u? sinv — 4u3 sin® v} dvolgz |
Our integrand is continuous, so we can apply Fubini to write an iterated integral

2 pon 2
/(Curlf, n)dvolg = / / [10u — 4u® — 6u?sinv — 2u? COS(QU)} dvdu = / {207ru — 8mu? | du = 8.
S 0 JO 0

Let’s now do the line integral. Recall that to compute the line integral from a parameterisation we have

2
[y(f,t)dSZ/O (f(r(u)), x5 (u)du

So,
f(r,(u)) = —4sinui+ 2sinuj + 6 cosuk
r/ (u) = (=2sinu,2cosu,0).
Therefore,
(F(r(u)),r! (u) = 8sin®u + 4 cosusinu = 4 — 4 cos(2u) + 2sin(2u).
Therefore,

2
/(f, t)ds = / {4 — 4 cos(2u) + 2sin(2u) | du = 8.
¥ 0
Example 17.21. Let’s compute

/(curlf, n)dvolg
S
for f = 2% sin zi + y?j + zyk over
S={x:z2=1-2%—y%2>0}.

We have that the boundary curve is the unit circle in the xy-plane. So, from Stokes’ we have that

/ (curlf, n)dvolg = / (f,t)ds.
S ol

Let’s orientated the surface upwards so that the curves induced orientation is anti-clockwise in the xy-plane.
Moreover, let’s parameterise the curve by

r =cosu, y=sinu, z=0, u € [0, 2m)
Therefore,
r'(u) = (—sinu, cosu,0)
and
(f,r') = sin® ucosu = %% sin® w.
So,

27 d 1 3
/(curlf, n)dvolg = / 3 sin® udu = 0
S 0
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17.3.4 The Divergence Theorem

Aigﬁw*;#*;#*w_#ij;%i#;ﬁ

-2 1 0 ]

— 1 | L

The generalisation of the divergence theorem to 3D tells us that the flux (surface integal of the vector
field) of the vector field across the boundary of a region is equal to the integral of the divergence of the
vector field. Again, there is orientation issues, we take the outward unit normal.

Theorem 17.8. Let D be a finite union of normal domains and let S be the boundary surface of D,
oriented with the outward unit normal n. Suppose f is a vector field which is continuous on an open region

containing D. Then

/ (f,n)dvolg = / divfdvolgs
s D
Example 17.22. Lets compute the surface integal of
f(z,y,2) = 3zy?i + ze*j + 2°k.
over S which is the boundary of D = {x : y> + 22 < 1,-1 <z < 2}.
We can use the divergence theorem and integrate in divf instead. We compute
divf = 32 + 322

So, the divergence theorem gives

/(f, n)dvolg = 3/ (y? 4 2?)dvolgs.
s D

The integrand is continous so we can compute partial integrals. We can also use cylindricals:

y=rcosf, z=rsinf,x==x

2 2 gl 9
/ divfdvols = 3 / / / r2rdrdfdz = —.
D ~1Jo Jo 2
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Appendices

A Complex Numbers

What z solves the equation
g =17 (656)
Clearly, no real number can satisfy this equation. However, we could define a new ‘number’ i = v/—1 to
be a solution to this equation. This is how imaginary and complex numbers arise.
A.1 Introduction: Definition and Operations
Definition A.1. The complex numbers, denoted C, is the set or collection of all numbers of the form
z=a+bi (657)
where a,b € R and i is a specific element, called the imaginary unit, which satisfies i*> = 1.

One can introduce some terminology to discuss complex numbers:

The real part of z = a + bi is a, this is sometimes written Re(z) = a.

The imaginary part of z = a + bi is b, this is sometimes written Im(z) = b.

The complex conjugate of a complex number z = a + bi, denoted Z, is given by,

Z=a— bi. (658)

The absolute value or modulus of a complex number z = a + bi is denoted |z| and is given by

|z| = Va2 + b2, (659)

e Two complex numbers z1, zo € C are equal if their real parts are equal and their imaginary parts are
equal,
Re(z1) = Re(z2), Im(z1) = Im(22). (660)
We can identify C with R? via
z=a+bi— (a,b) € R? (a,b) — a+bi € C, (661)

which means that we can draw C as we drew R?. We associate the z-axis with the real part of the complex
numbers and the y-axis with the imaginary part of the complex numbers. In this context the plane is called
the Argand or complex plane and the z-axis is called the real axis and the y-axis is called the imaginary
axis. This is plotted below:

Im(z)
1+ 22
2F--- X
i
: R
—— e(:)
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Note that the distance of z € C from the origin is given by the absolute value of z, i.e. |z| = Va? + b2

One can define addition and subtraction of imaginary numbers. Suppose
z1=a-+bi 29 = ¢+ di. (662)
Then,
21+ 2 = (a+c) + (b+ d)i, 21— 22 = (a—c)+ (b—d)i. (663)
Further multiplication is defined with the usual commutative and distributive laws holding:
z1z2 = (a + bi)(c+ di) = (ac — bd) + (ad + cb)i (664)
where we've used i? = —1.

Complex conjugates satisfy some very nice relations:

Proposition A.1. For z,w € C one has

Zz+w=2z+w, ZW = ZW, Z2n=z", 27 = |z|? (665)
Proof. Problem Sheet 10. O

Division of two complex numbers is slightly more tricky. Suppose one has the quotient = with z = a+bi
and w = ¢+ di. One can use the complex conjugate of w and the very useful trick of multiplying by 1 to
simplify a quotient:

z zw zw (a+bi)(c—di) ac+bd bc—ad.

L _ 27 _ — — 666
v ww JuP w2 RSN (666)

A.2 Polar Form, DeMoivre’s Theorem, Roots

As we've discussed above C can be identified with the plane R?. If you recall section 1, we discussed polar
coordinates (r,6). Where we had

x =rcosb, y =rsind. (667)
We can simply translate now to write any complex number z as
z=a+bi=r(cosh+isinb). (668)

This is the polar form of a complex number. The following picture should help with visualisation:

Im(z)
a+ bi
bE--- X
%
9
L R
5 . e(2)
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From our discussion on polar coordinates in section 1, we have that

b
r=lz| =Va%+ b2 tanf = —. (669)
a

One often calls the angle 6 the argument or phase of z, denoted 6 = arg(z) which is usually restricted
to 6 € [0,27) (or often 6 € (—m,7]).

Example A.1. Write the following complex numbers in polar form:
=144,  2=1-Ti, z3=+2-5i (670)

Let’s find the absolute value |21| = /2, |22| = 5v/2 and |23| = 3v/3. Now

1 s
1+i=+2(cosf +isinf) = cosf = — =sinf = 6 =—. 671
Similarly
1 —7i =5V2(cosf + isinf) — COSGZL,SiDQZ*L = 6 = 271 — arccos( ! ), (672)
5v2 5v2 5v2

or § =~ 1.545m. Finally,

5

V2 — 5i = 3v/3(cos 0 + isin0) = cosf = 2
i (cos @ + isinf) cos W

= 6 = 27 — arccos( (673)

Vi V2
——,sinf = — —),
3v3 3V3
or @ ~ 1.588.

The polar form lets us gain new insight on mulitplication and division. Recall the trigonometic formulas

cos 01 sin @y = % [sin(ﬁl + 63) — sin(6; — 92)] (674)
cos 81 cos Oy = % [005(91 — 03) + cos(01 + 92)] (675)
1
sin 0y sin Oy = 5 [COS(Ql — 03) — cos(01 + 92)] (676)
This means
2129 = T1T2 [cos 01 cos 09 — sin 01 sin Oy + ¢ cos 01 sin O + 7 sin Oy cos 91} (677)
=riry [005(91 +63) +isin(6y + 92)} (678)
and
21 = [t |:COS(91 - 02) + isin(@l — 92)], 29 #£ 0. (679)
z2 T2

We are about to state a theorem about the polar form of z™. The proof of this is by a method known as
induction. Theorems that can be proved in this way depend on a natural number n. The idea is to prove
the base case n = 0 or n = 1. Then we assume that the statement holds for some n = k > 1 and prove
that it holds for n = k + 1. Since k is arbitrary this then must hold for all n.

Theorem A.1 (De Moivre's Theorem). If z = r(cosf + isin®) and n € {1,2,3,...} then
2" = (rcosf +irsin@)" = r"(cos(nf) + isin(nd)). (680)
Proof. (Non-examinable). This is clear for n = 1. So lets prove the base case n = 2

22 = 1r2(cos® O — sin? ) + 2r?i cos O sin 0 (681)
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From our trignometic formulas in equations (674)-(676) one has
2% = 1% cos(20) + r%isin(20). (682)
Lets assume this holds for n — 1 and prove it for n. Under this assumption
2" =r"(cos((n —1)0) +isin((n — 1)8))(cos() + isin(d)) (683)
=r" [cos((n —1)0) cos 0 — sin((n — 1)) sin 9] +ar" {cos((n —1)0) sin 0 + sin((n — 1)0) cos 9] .

Using the trig. identities (equations (674)-(676)) once more gives the result. Therefore, by induction we
have the result. 0

De Moivre's theorem can be use to find the nth root of a complex number z, i.e. find w such that

w" = z. (684)
Writing w and z in polar form as
w = s(cosp +ising), z=r(cosf +isin) (685)
gives, via DeMoivre's theorem,
s™(cos(ng) + isin(nep)) = r(cos + isinb). (686)
This requires,
s = rle, cos(ny) = cosf, sin(ny) = sind. (687)
This can be simplified to
5:7’%, 90:0—1—”214:#7 (688)

where k is an integer. This gives distinct solutions for k € {0, 1,...,n—1}. So we have the following result:

Proposition A.2. Let z = r(cosf +isinf) and n € {1,2,3,...}. Then z has n distinct roots given by

W :r%[cos<9+§kﬁ) +z’sin<9+n2k7r>], (689)

fork=0,...,n—1.

1 . . .
Remark A.1. All n roots of z have modulus r~. Hence, they lie on a circle. Moreover, successive roots
are spaced by %’T i.e. they are spaced equally on the circle.

Example A.2. Find all distinct w such that w* = 1.

The above proposition gives us 4 distinct roots:

W :r%[cos<0+42kﬂ) +isin<0+42kﬂ)} (690)

for k =0,1,2,3. The absolute value of z is
and 0 = arctan(0) = 0. So,
k k
wg = [cos (—W> + isin (—Wﬂ (692)
2 2
for k =0,1,2,3. Evaluating gives

wo=1, w =1, wy=-1, wz=—i. (693)
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A.3 Complex Functions and the Fundamental Theorem of Algebra

So far in this course, we've studied functions that take real numbers as inputs and give out real numbers
as outputs. What about functions that take complex numbers as inputs and give out complex numbers as
outputs? We would denote this notationally,

f:C—C. (694)
If 2=+ 1y then
f(z) = u(z,y) +iv(z,y) (695)

for u,v : R? - R.

A.3.1 Polynomials
Let's start with a univariate polynomial of a complex number, z. This is an expression of the form
P(2) = apn2" 4 an_12""1... + ar12' + ag, ag, ..., an € C. (696)

The degree of the polynomial is the largest power appearing in it's equation, i.e. n. The coefficients of
the polynomial are ag,...,a,. A root of a polynomial is a complex number zy such that P(zp) = 0. A
root’'s multiplicity is the number of times that root appears in the factorisation, i.e.

P(z)=(z -1z —-7) (697)

has roots x = 1 with multiplicity 2 and z = 7 with multiplicity 1.

For univarite polynomial's one has a very beautiful theorem about the existence of roots called the
Fundamental Theorem of Algebra.l*

Theorem A.2. Every non-zero, univariate polynomial of degree n with complex coefficients has, counted
with multiplicity, exactly n complex roots.

We do not give the proof here but we will content ourselves with a proof for quadratic equations

P(z) = a2’ + bz + c. (698)
To study the roots sets P(z) = 0. Then
az’ +bz+c=0. (699)
One can rewrite this as
b\2 b
a(z—l—%) — o te=0. (700)
So,
(= + 3)2 _ U~ dac (701)
2a 402
Now when we consider a,b,c as complex numbers and allow for complex roots as above, b2;§“6 is
well-defined. Therefore,
b+ Vb2 —4
= ac (702)

2a

which is two roots unless b?> — 4ac = 0, in which case % appears as a root with multiplicity 2.

“This theorem is usually attributed to Gauss in 1799. However, as is usual in mathematics there is a complicated history
here. If you're interested in the history Wikipedia lays it out well.
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A.3.2 Complex Exponentials

The complex exponential is the extension of e¢* to the complex plane. We denote this with e*. How is this
defined? Well, there's a couple of ways but one is included here for completeness. The most common is
through an infinite series!®

2 3

ez;ii_1+z+i+i+ (703)
= = 5 5

n=0

It turns out that the complex exponential has the same property as the real exponential, namely
eF1T72 — #le?2, (704)

There is a further property in relation to the trignometric functions sin and cos. Let's do some rough
manipulation with this formula.’® Consider, e’ for x € R. By the definition via the series one has
A @) (@) ()| (i)
1r __
e’ =1+ix+ 51 + a3l + o + ] + (705)
Noting that 72" = (—1)" for n = 1,2,3, ... and i*"*! = (—~1)"i for n = 1,2,3, ... one can collect real and
imaginary parts of €@ as

2 4 3 5
e _ (1_T T T
el — (1 T+ +) +z(a: S+ +) (706)

The real part is the series expansion of cos(x) and the imaginary part is the series expansion of sin(x). We
have arrived at Euler’s formula

e = cosx +isinz. (707)
Let's compute using this formula e’
€T =cosm4isinTt =1 = 7 =—1. (708)

This is often viewed as one of the most remarkable relations in mathematics. On the left-hand side you
have two irrational numbers, e and 7 and the imaginary unit. Via Euler’s formula, these combine to give
the integer number —1!

Let's note one last thing about the complex exponential. From Euler’s formula one has

¢ = cos(x) + isin(z), e = cos(—x) + isin(—z) = cos(x) — isin(x). (709)
Therefore,
cos(x) = l(em + e‘iz> sin(z) = 1 (ei"’” - e_i‘”) (710)
2 ’ 21 ’

which are very useful identities to know if you forget your trignometric identities.

A.3.3 A Couple of Interesting Uses/Properties Associated to Complex Numbers
This section is non-examinable.

Definition A.2 (Complex Differentiable/Holomorphic Functions). A complex-valued function f of a single
complex variable z is complex differentiable/holomorphic at z, if the following limit exists

f'(20) = lim M. (711)

Z—20 Z — 20

(Note this is defined in the complex plane the limit has to agree on any path.)

For those of you concerned with convergence of this series one can check via the ratio test that this convergence for all
z € C and is therefore a well-defined object.

®Note: the following manipulation can be made rigorous by noting the absolute convergence of the series. If this doesn’t
mean anything to you do not worry about it.



A.3 Complex Functions and the Fundamental Theorem of Algebra 162

Theorem A.3. Let z =z + iy and let f be a complex-valued function of z, i.e. f:C — C and

f(z) = u(z,y) + iv(z,y). (712)
If the function f is complex-differential /holomorphic it satisfies the Cauchy—Riemann equations

0 0 0 0
Ou_0ov  Ou_ v (13
or Oy oy Oz
If f satisfies the Cauchy—Riemann equations and is continuous and the first partial derivatives of u and v
exist then f is holomorphic.

Example A.3. The function f(z) = 22 is holomorphic:

f(z) = (x +iy)* =2 —y* + 2izy, = ulw,y) =2 —y%,  v(z,y) = 2zy. (714)
Orpu = 2z, Oyv = 2z (715)
Oyu = —2y, OV = 2y. (716)

So, the Cauchy—Riemann equations are satisfied.
Why are holomorphic functions useful you may ask? Well they have some very nice properties:
e They are infinitely differentiable.

e At any point zg in it's domain you can find a small disk where the function coincides with its Taylor
series

1 1
£(2) = £ () + £/ (20) (2 = 20) + 5 £ (20) (= = 20)° + 8" ()= = 20)° e (717)
This is extremely useful for approximating functions beyond the linear approximation.

e You can differentiate this series freely, just like a polynomial.

e The whole behaviour of the function can be reconstructed from knowledge of the function in the
neighbourhood of a single point.

Let’s end the section on complex numbers with a result that allows us to solve an ordinary differential
equation.

Example A.4. Let u(x) satisfy the ordinary differential equation

d’*u
for k constant. This is the equation modelling simple harmonic motion, which arises everywhere in physics.
A simple example is a mass on the end of a spring.
We want to solve for u. You may or may not of seen how to solve this equation before. Here we use a

trick: let’s write

d2
(G +E)u=0 (719)
which we can manipulate to
d . d .
(% + k) (% —ik)u =0, (720)
So, this tells us that
d .
(G + k) =0 (721)



A.3 Complex Functions and the Fundamental Theorem of Algebra 163

where
r=( d k) (722)
= (—— —ik|u.
dz
Lets assume f # 0, then the first equation (721) can be rewritten as
1 d d (i
Lot 4 (71 ) —1 72
Zirfan’ ~ 1 an\plosl) (723)
where we've used % = —i and % log f = %%f by the chain rule. We can now integrate both sides to
obtain
! log(f) = x4 ¢ = f(z) = e klerts) — ppe=tka (724)

k

where ¢y = e ther,

We can return to equation 722 and substitute in f to find

d .
<% — zk)u = coe T, (725)
Multiply both sides by e~*** then we find

o d . .
e Ry — jke Ty = cpe kT, (726)

The left hand side can be written as

%(e*ikxu). (727)
So, our equation becomes
A (eibry) = ek (728)
dx
Both sides can be integrated to find
ety = cpem2RT 4 ¢y (729)
Therefore,
u(z) = 36 + cpe (730)
You can invert the relations:
cos(kx) = %(6““ + e_ikx), sin(kz) = 2%(6“” - e_im), (731)
to find
u(z) = cq cos(kx) + ics sin(kx). (732)

where c4 and cs are related to cs, c4.
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Appendices

A Abbreviations

e . therefore, or ‘it follows that'.

e Prop™: proposition. This is a statement of a result, like a theorem only smaller and less important.
e f: function

o defZ: definition

e not™: notation

e Rem. or Rmk: remark/a comment.

e Cor.: a corollary. a statement of a result that follows from a proposition or theorem above it.
e pt: shorthand for ‘point’.

e #£: shorthand for ‘number’.

e w/: shorthand for ‘with’.

e s.t.: shorthand for ‘such that’.

e w.r.t: shorthand for ‘with respect to'.

e std: shorthand for ‘standard’.

e resp.: shorthand for ‘respectively’

e //: shorthand for ‘parallel’.

e | : shorthand for ‘perpendicular’ or orthogonal.

o (1), (), (1) (%), (*x), (0): said ‘dagger’, ‘double dagger’, ‘star’, ‘double star’, ‘circle’. Labelling of
equations to refer back to in lectures. Does not hold over multiple lectures, only for that lecture.

e RHS: right-hand side

e LHS: right-hand side
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