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Chapter 1

Vectors and the Geometry of Space

1.1 Three-Dimensional Coordinate Systems

We would use an ordered tuple of three numbers (x, y,z) to represent a point in three-
dimensional space. The three numbers correspond to the distances along the x-axis, y-axis,
and z-axis respectively.

Moreover, we can use a vector to represent a point in space. A vector v can be expressed as:

v=(x,y,2) =xi+yj+zk

where i, j, and k are the unit vectors along the x-, y-, and z-axes respectively.

Remark. Unit vectors are vectors with a magnitude of 1. They are often used to indicate
direction.

The distance, or norm, of the vector v from the origin can be calculated using the formula:

vl = lIvll = v/ x% + y2 + 22

This is also known as the Euclidean norm.
As we are used to consider two-dimensional planes, we always consider the following
equations as circles in two-dimensional space:

X2+ y?=r2
However, in three-dimensional space, this equation represents a cylinder extending infinitely
along the z-axis. As implicitly, the equation does not restrict the value of z. Then the set of
points satisfying the equation forms a cylinder.

In two-dimensional case, the set of points satisfying the equation x? + y? = r? represents a
circle of radius r centered at the origin:

St={(x, N x*+y* =17

In three-dimensional case, the set of points satisfying the equation x? + y? = r? represents a
cylinder of radius r centered along the z-axis:

C={(x,y,2) | x*+y* =1’z €R}
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So if we want to represent a two-dimensional circle in three-dimensional space, we need
to add an additional constraint on z. For example, the set of points satisfying the equations
x2 4+ y? =r? and z = 0 represents a circle of radius r in the x y-plane:

St ={(x,y,2) | x2+ y?=r?,2=0}
For vector operations, we have:
* Vector Addition: a+b = (a; + by, ay + by, as + bs)
* Scalar Multiplication: ca = (ca;,ca,,cas)
Also, we have the dot product and cross product defined as:
* Dot Product: a-b=a;b; + ayb, + asbs
* Cross Product: a x b= (ayb3 —asb,y,asb; —a;bs,a;by —ayb;)

Moreover, the dot product can also be expressed in terms of the magnitudes of the vectors
and the angle 6 between them:

a-b = |all|[b]|cos &
and the magnitude of the cross product can be expressed as:
lla x bl = [|a]|||b]| sin &

It represents the area of the parallelogram formed by the two vectors.
If we want to project vector b onto vector a, we can use the formula:

‘b ‘b
projy b= (22) 2= b,
fall ) Tlall ~ Tlal

The scalar projection of b onto a is given by:

-b
comp,b = ||b||cos 6 = ao

llall

For the cross product, we can use the following determinant form:

i j k
axb=|a; ay a3
by by bs

Remark. The cross product of two vectors results in a vector that is orthogonal (perpendicular)
to both original vectors. The direction of the resulting vector is determined by the right-hand
rule.
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1.2 Lines and Planes

1.2.1 Lines

To represent a line in three-dimensional space, we can use a point and a direction vector. If
we have a point Py(x, Yo, %) on the line and a direction vector v = (v;, v, v3), then any point
P(x,y,2) on the line, the vector 130_15 is parallel to v, i.e., ﬁ = tv for some scalar t. Then we
have the parametric equations of the line as:

(X:y’z> - (XOJ yOJZO> = t(Vl,Vz, V3>

or equivalently,
X = Xg + tVl
Y=Yottvy
Z =2y + th

which are called the parametric equations of the line. The t is called the parameter of the line.
To visualise the parametric equation of a line in 3D, consider Figure 1.1 below.

z

\ Py (0, Y0, 20)

tv

z )

Figure 1.1: Parametric Equation of a Line in 3D
From Figure 1.1, we can also write the parametric equations as:
e
1(t) = OPy + tv = (xq, ¥0,20) + t{v1, V2, V3)

which is called the vector form of the line.
If v= (v;, vy, v3) where none of vy, vy, v5 is zero, we can also express the line in symmetric

form as:

X—Xo Y—Yo 22
V1 Va V3
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Example 1.1. Find the parametric equations of the line that passes through the points A(1, 2, 3)
and B(4,5, 6). Express the line in vector form, parametric form and symmetric forms.
Solution. In order to find the equation of the line, we need
* A point on the line: A(1,2,3);
. . H
* A direction vector: v=AB=(4—1,5—2,6—3) = (3, 3,3).
Therefore, the vector form of the line is:
r(t) =(1,2,3) +¢(3,3,3)
The parametric form of the line is:
x=1+3t, y=2+3t, z=3+3t.
The symmetric form of the line is:

x—1 y—2 z-—3
3 3 3

O

Example 1.2. Find the parametric equations for the line passes through the point P(0,1,2) that
is perpendicular to and intersects the line

x=1+t, y=1-—t, z=2t.

—>
Solution. We can assume the point of intersection is Q(1 + ty, 1 — tg, 2t). The vector PQ is
perpendicular to the direction vector of the given line v= (1,—1,2). Therefore, we have:

m-v:o
(14+1t)—0,(1—tg)—1,2t,—2)-(1,—1,2) =0

- 1
0=35-
So the direction vector of the line we want is:

— 1. 1 1 3 1
PQ=(1+=,1—--1,2-2—2)=(2,—= —1).
2’7 2 2 2’ 2

Then we take the direction vector as (3,—1,—2). Therefore, the parametric equations of the
line is:
x=3t, y=1—t, z=2-2t.

There are 4 types of lines in 3D space:
* Intersecting Lines: Two lines that intersect at a single point.

* Parallel Lines: Two lines that never intersect and are always the same distance apart.
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* Skew Lines: Two lines that do not intersect and are not parallel. They exist in different
planes.

* Coincident Lines: Two lines that lie on top of each other, meaning they have all points in
common.

Example 1.3. Find the distance from the point P, to the straight line L that passes through the
point P; with the non-zero direction vector V.

Solution. Let ry and ry be the position vectors of the points P, and P; respectively. Let the point
——
P, on the line L such that PyP, is perpendicular to the direction vector v. Then the distance
——
from the point P, to the line L is given by the length of the vector PyP,. We have:

. % % .
Distance = ||PyP,|| = ||PyP; || sin O
. % . . ., .
where 6 is the angle between the vectors PyP; and v. Using the definition of the cross product,

we have:
— P .
|PoPy x V|| = ||PoPy|[[v]| sin 6.

Hence, the distance from the point P, to the line L is given by:

Distance = = . (1.1

O

Example 1.4. Find the distance between the two lines L, through point P; parallel to direction
vector v, and L, through point P, parallel to direction vector Vs.

Figure 1.2: Skew Lines in 3D Space
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Solution. Consider Figure 1.2. Let r; and r, be the position vectors of the points P; and P,
respectively. Let n = v; x v, be a vector orthogonal to both direction vectors v; and v,. Then

—
we take the vector P; P, = ry —r;. The distance between the two lines L; and L, is given by
P
the length of the projection of the vector P; P, onto the vector n. We have:

N
|PyPy-n|  |(rp—1q) - (vq X vp)|

= (1.2)
[In]] [[v1 x V2|

. . %
Distance = || proj, P1 P, || =

1.2.2 Planes

A plane in three-dimensional space can be defined using a point and a normal vector. If we have
a point Py(xy, Yo,%o) on the plane and a normal vector n = (A, B, C), then any point P(x, y,2)

—
on the plane satisfies the condition that the vector PyP is orthogonal to the normal vector n,
—
i.e., n- PyP = 0. This leads to the equation of the plane:

(A,B,C) - ((x,,2) — (X0, ¥0,20)) = 0

or equivalently,
A(x —x0)+B(y —yo) +C(z—25) =0

which is called the scalar equation of the plane.
Expanding this, we get:

Ax +By + Cz =Axy+Byy+ Cz

or equivalently,
Ax+By+Cz+D=0

where D = —(Axq + By, + Cz) is a constant. It is called a linear equation in x, y and z.
To visualise the equation of a plane in 3D, consider Figure 1.3 below.
In order to find n, we can use the cross product.

Example 1.5. Find the equation of the plane that passes through the points:
A(1,2,3), B(4,5,6), C(7,8,0).

Solution. In order to find the equation of the plane, we need

* A point on the plane: A(1,2,3);

— —
* A normal vector: n=AB x AC.
— —

First, we calculate the vectors AB and AC:

—_
AB=(4—1,5—2,6—3) = (3,3,3),
e

AC=(7—1,8—2,0—3) = (6,6,—3).
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Figure 1.3: Equation of a Plane in 3D

Taking the cross product, we have:
k
3

— —
AB x AC = =(0,0,—9).

AW =
A W .

-3

For simplicity, we can take the normal vector as n = (0,0, 1). Therefore, the equation of the
plane is:

O(x—1)+0(y—2)+1(z—3)=0
z—3=0
z = 3.

O

If we have a point P;(x;, y;,%1) not on the plane, we can calculate the distance from the
point to the plane using the formula:

n-b A(xy —xg)+B(y; — +C(z;—32 Ax;+By;+Cz;+D
Distance — I I _ (x 0) (1 —y0) (21 —20) _ |Ax, 1 1 | (1.3)
[In]| VA2 + B2+ C2 VA2 + B2+ C2

N
where b = PyP; = (x1 — X0, Y1 — Y0,%1 — %0)-

Example 1.6. Let L, be the line through the points (1,2,6) and (2,4,8). Let L, be the of
intersection of the planes m, and 75, where 1 is the plane x —y +2z+1 = 0 and 7, is the plane
through the points (3,2,—1), (0,0,1) and (1,2, 1). Calculate the distance between the lines L,
and L.
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Solution. First, we find the direction vector of the line L:
v;=(2-1,4—2,8-6)=(1,2,2).

We know that the normal vector of the plane m; is n; = (1,—1,2). Then find two vectors
on the plane m,:

—_—
P].PZ = <0_3)O_231_(_1)> = (_3:_2’2>)

PPy = (1-3,2—2,1— (1)) = (~2,0,2).
Taking the cross product, we have:
i j k
_— —
ny = P1P2 X P1P3 =|-3 =2 2|= <_4, 2,_4>
-2 0 2

For simplicity, we can take the normal vector as n, = (2,—1,2).
Then the direction vector of the line L, is perpendicular to both normal vectors of the planes
1, and 7,. So the direction vector of the line L, is given by:

i ok
vo,=n; xn,=|1 —1 2|=(0,2,1).
2 -1 2

Note that the point (3,2,—1) lies on two planes, so it also lies on the line L,. Therefore, we can
take the point P,(3,2,—1) on the line L,. We can calculate the cross product of the direction
vectors:

k
Vl X VZ - 2 - <_2,_1,2>.
1

O = -
N N .

Then we can calculate the distance between the two lines L; and L, using the formula:

(rp—r1) - (vixwp)| _ [(3—-1,4—2,0-6)-(=2,—1,2)|

Distance = =
[[vy X Vo] V(=2)% + (—1)% + 22
[(2,2,—6) - (—2,—-1,2)] |—4—2—12| 18
= = = — = 6.
J/9 3 3

1.3 Cylinders and Quadric Surfaces

1.3.1 Cylinders

A cylinder is a surface that consists of all lines that are parallel to a given line and pass through
a given curve. The given line is called the generatrix of the cylinder, and the given curve is
called the directrix of the cylinder.



1.3. CYLINDERS AND QUADRIC SURFACES 9

Example 1.7. Sketch the graph of the surface defined by the equation:

Z:.Xz

Solution. This equation represents a parabolic cylinder. For any fixed value of y, the cross-
section in the xz-plane is a parabola defined by z = x2. The surface extends infinitely along
the y-axis, forming a cylinder-like shape. Consider the Figure 1.4a below, which illustrates the
parabolic cylinder defined by the equation z = x2. If we take cross-sections at different values
of y, we obtain parabolas that open upwards in the xz-plane. O

Example 1.8. Sketch the graph of the surface defined by the equation:

Solution. This equation represents a circular cylinder. For any fixed value of z, the cross-section
in the xy-plane is a circle defined by x? + y? = 1. The surface extends infinitely along the
z-axis, forming a cylinder-like shape. Consider the Figure 1.4b below, which illustrates the
circular cylinder defined by the equation x? + y2 = 1. If we take cross-sections at different
values of z, we obtain circles in the x y-plane. O

Figure 1.4: Cylinders in 3D Space

jnnann
IHRNRNA|
(FENENEN]
INNEREN)

(a) Parabolic Cylinder of z = x? (b) Circular Cylinder of x2+ y? =1

1.3.2 Quadric Surfaces

A quadric surface is a surface in three-dimensional space defined by a second-degree polynomial
equation in three variables x, y, and z. The general form of a quadric surface equation is:

Ax?>+By?+Cz> +Dxy +Eyz+Fxz+Gx+Hy +I1z+J =0.
By simple translation or rotations, it can be brought into one of the following forms:
Ax?+By?+Cz2+J =0, Ax’+By?+Iz=0

There are 6 kinds of quadric surfaces, as shown below:
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Figure 1.5: Quadric Surfaces
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1.4 Vector Functions

A vector function is a function that takes one or more variables and returns a vector. In
three-dimensional space, a vector function can be represented as:

r(t) = (x(6), y(6),2(1))

The limit of the vector function r(t) as t approaches t, is defined as:

tll)ngo r(t)= <tll>nt10 x(t), tll)ngo y(t), th—>nt10 z(t)>
The derivatives of the vector function r(t) is defined as:

dr

e r(t+h)—r(t)
T T -

. (x'(0), y'(1),2' (1))

There are some properties for derivatives of vector functions:

L u(®) +v(0] = w0 + V(0

d /
. E[cu(t)] = cu'(t)

%[f(t)u(t)] = f/(Ou(t) + f(Ouw'(e)
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. %[u(t)-v(t)] =u'(t)-v(t) +u(t)-v(t)
. %[u(t) xv(t)]=u'(t) x v(t) +u(t) x v/(t)

. %[u(f(t))] = f/(OW'(f (D)

The definite integral of vector functions r(t) from a to b is defined as:

b b b b
f r(t)dt=<f x(t)dt,J y(t)dt,f z(t)dt>

We have the following arc length formula for a curve defined by the vector function r(t)
fromt=atot=b:

b b
L= J ¥ (t)lldt = J V() + /() + @ () de

We can parametrise a curve by its arc length. The steps are as follows:
Given a curve r(t), compute the integral:

s=s(t)= J l¥'(T)lld T

Then express t as a function of s, i.e., t = t(s). Lastly replace all t in r(t) as r(t(s)), a function
in terms of s.
Note that in the arc-length parametrisation, we have ||¥(s)|| = 1.

Example 1.9. Find the arc-length parametrisation of the curve:
r(t) = (cost,sint,t), t€[0,2nr].

Solution. We have:

¥ (Ol = v/ (=sint)? + (cos £)* + 12 = v/2.
So, .
s= J V2dt = V/2t.
0

Express t in terms of s, we get t = % Replace all t’s in r(t), we have the arc-length parametri-

sation:
f‘(s)=<cos(%),sin(%),%>, se[0,2nv2].
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Chapter 2

Partial Derivatives

2.1 Functions of Several Variables

For a function of two variables z = f (x, y), the domain is a subset of the xy-plane, and the
range is a subset of the z-axis. The graph of the function is a surface in three-dimensional space
defined by the set of points (x, y,z) such that z = f(x, y).

We can consider the “natural domain” of the function, which is the largest possible domain
on R" for which the function is defined for n variable functions. For example, the natural
domain of the function f(x,y) = /9 —x2— y2 is the disk defined by x? + y? < 9. Itis
to find the largest possible domain on R? such that the expression under the square root is
non-negative. Then the natural domain is:

D={(x,y) | x*+y*<9}

2.2 Level Sets

Instead of visualising the graph of a function of two variables in three-dimensional space, we
can also visualise the function using level curves (or contour curves). A level set of a function
f :R™ - R is a subset of the domain where the function takes on a constant value. For a
function of two variables z = f (x, y), the level curves are defined by the equation:

flx,y)=k

Given f(x,y) = x2 + y2, an example of level curves is x2 + y? = 1, which is the unit
circle on R? centered at the origin. The level set diagram of the two variables function consists
of some representative level sets of function on R2. The level set diagram of the function
f(x,y)=x2+ y? is shown in Figure 2.1.

2.3 Limit and Continuity

Definition 2.1 (Limits). The limit of a function of two variables f(x, y) as (x, y) approaches
(x0,¥0) is L and we write

lim (x,y)=L.
(X,y)*(xo,y())f Y

13
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) 8
>
6 “
217 A
VO Ao
o ::
2 ¥

Figure 2.1: Level Sets of f(x,y) = x? + y?

if for every € > 0, there exists a § > 0 such that whenever 0 < ||X — X}|| < 8, it follows that

lf(X)—Ll<e.

Example 2.1. Show that the limit below does not exists:
lim ;y
(x,7)=(0,0) x2 + y2

Solution. Let f(x,y) =
x-axis and y-axis.

x2 +y2 We will approach the point (0,0) along two different paths:
* Along the x-axis (y = 0):
2 02 2
-0
f(X 0)_ X2 402 le
Thus,
lim f(x,0)=1.
x—0

* Along the y-axis (x = 0):

2 2 2
_ Ty _ Ty
Thus,
lim £(0,y) = —
y—0

Since the limits along the two different paths are not equal (1 and -1), the limit lim(,. ),y f (x, ¥)
does not exist.

Example 2.2. Does the limit below exist? If it exists, find the limit.

lim —2
(x,5)—(0,0) X2 + y2
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Solution. Although approaching along the x-axis and y-axis both give the limit 0, we need to
check other paths to confirm the existence of the limit.

Let’s approach the point (0, 0) along the line y = mx, where m is a constant. Substituting
y = mx into the function, we have:

x(mx) mx? mx? m

£, mx) = -

x2+(mx)?  x2+m2x2  x2(1+m2) 1+m?

As x — 0, the expression H% remains constant and depends on the value of m. Since the limit
depends on the slope m of the line we choose to approach (0, 0), the limit does not exist. [

Example 2.3. Find the limit below, if it exists:
. 3x2 y
lim ———.
(x,y)=(0,0) X2 + y2

Solution. Let € > 0. We need to find a 6 > 0 such that whenever 0 < 4/x2 + y2 < §, it follows

that
3x2|y|

x2+y?

3x%y

-0
x2+y?

<€

Note that x? < x2 + y?2, so we have

2
x| <3|yl =34/y2<3y/x2+y2.

x2+y2 "~

Thus, we choose § = §. Then, whenever 0 < y/x2 4+ y2 < §, we have

3 2
xly'SB x2+y2<3-£=e.
x2 4 y2 3

Therefore, the limit is:
3x?
im Y =
(x,7)—(0,0) X2 + y2

We have the following properties of limits for functions of several variables:

o limg_g [f(X)+ g(X)] = limz_ ¢ f(X) +limz_ ¢ g(X)

limg_, ¢ [cf (X)] = climg_, ¢ f(X)
limg_, . [f ()g(¥)] = (limz_,, f (%)) (limz_ 5, g(X))
f(?c)] limg 5 f(X)

— | == —, provided that limy_,z g(X) # 0.
g(x) limy_, ¢ g(X) P 08

llm;_ngo [

limg_, ¢ [f X)) = (lim,?_,fo f (?c))q, where q is a rational number.

limg_,¢ [f(g(X))]=f (limf_,x»O g()_c’)), provided that f is continuous at limy_, ¢ g(X).
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For the last property, functions like polynomials, exponential functions, trigonometric functions,
and logarithmic functions are continuous everywhere in their domains.
If we drop the condition that 0 < ||X¥ — xX||, we get the definition of continuity.

Definition 2.2 (Continuity). A function f(x, y) is continuous at the point (x,, y,) if for every
€ > 0, there exists a 6 > 0 such that whenever ||X — x|| < &, it follows that |f (X) — f (xp)| < €.

2.4 Partial Derivatives

Definition 2.3 (Partial Derivatives). The partial derivative of a function f (x, y) with respect
to x at the point (xg, y,) is defined as:

fx(xO).yO) = ’lll_r)%f(xO +h;}’o}2—f(xo’y0)

Similarly, the partial derivative of f(x, y) with respect to y at the point (xg, y,) is defined as:

fy(xo:)’o) = %ii%f(xo’yo + hz_f(xo,}’o)

If we let (xg, ¥o) be any point in the domain of f (x, y), then the partial derivatives f, (xq, Yo)
and f, (xo, Yo) represent the rates of change of the function f (x, y) in the x and y directions,
respectively, at that point. We have the following notations for partial derivatives:

O o _9f
fx_ xf_Dxf’ fy_ay

dx =0 f =Dyf.

For higher order partial derivatives, we can interchange the order of differentiation if the
function is sufficiently smooth (i.e., the mixed partial derivatives are continuous). This is
known as Clairaut’s theorem or Schwarz’s theorem:

Jxy = fyx (2.1)

2.5 Differentiability

Definition 2.4 (Differentiability). Given a function z = f(x, y). The function f is differentiable
at (xo, yo) if the partial derivatives f, and f, exist in a neighborhood of the point (x,, ;) and
the following equality holds:

fOe,y)=L0x, y) = €10x, y)(x — x0) + €2(x, ¥ )y — ¥o)s (2.2)
where L(x, y) is the linear approximation of f at (xg, y,), given by this:
L(x,y) = f(x0,¥0) + fx(x0, ¥0)(xx — x0) + fy, (X0, Yo )(¥y — ¥0)s (2.3)
and e; and e, are functions such that

lim ey(x,y)=0, lim  ey(x,y)=0,
Gy )mtioye) 1Y ey )mtroe) 27
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2.6 The Chain Rule and Implicit Differentiation

Suppose x = x(t) and y = y(t) are differentiable at t = ty, and z = f (x, y) is a differentiable
at (xg, o) = (x(tg), ¥(ty)). Then the composite function z = f (x(t), y(t)) is differentiable
with respect to t, and its derivative is given by:

dz ) dx )
1 = —f(xo,}’o) - +—f

dy _ dx dy
3y T - 8y(x0,}’o) dt = fx (X0, ¥0) qt +£y(x0, ¥0) qt

t:to
Proof. Note that from the differentiability of f, we have:

[, y) = f(x0, ¥0) = fr(x0, ¥o)(x — X0) + £, (x0, ¥0)(¥ — ¥o) + €1(x —x0) + €2(y — ¥o)
= [f(x0,¥0) + €11(x — x0) + [ f, (x0, o) + €21(¥ — ¥0)-

Then we have:

dz| - _ ) SO0, () — £ (X0, ¥0)
dt |—p, 0o t—to
: x(t) — x(to) (6)—y(to)
= Jim | Gt y (e + ) 0 1 (5 (a0 y (1)) + eV ) |
—lo t— to t— to
dx dy
= fx(x0, Yo) == + £y (xo, o) =+
) dt t=tgy y dt t=to
O
More generally, if 2 = f(xq, X, ..., X,) where each x; is a function of t, then:
dz — Of dx;
—Z =N L 2.

We can draw a tree diagram to visualise the chain rule for functions of several dependent
variables with several independent variables. Two examples are shown in Figure 2.2.

w

ow

w
4\
Oow /Oi\

ox 01 0z
/ ! \/ ‘ \
z

Naeody e W
df\(it/dt t///

(@ w=f(x(t), y(t),z(t)) (b)) w= f(x(t,s), y(t,s),2(t,s))

T

Figure 2.2: Tree Diagrams for Chain Rule

Then we can have the implicit differentiation. Suppose that w = F(x, y) is differentiable
and assume F(x, y) = 0 defines y as a differentiable function of x. Then at any point where
F, # 0, we have:

JF
dy _ F_ o @2.5)
dx F JF " ’
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Proof. Let w = F(x,y) = 0. As y is implicitly a function of x, we can let y = y(x), i.e.,
F(x,y)=F(x,y(x))=0. As w is a constant, then by the chain rule, we have:

0=dY _p 459
Cdx Y Vdx”
Rearranging the equation gives the desired result. O

2.7 Directional Derivatives and Gradient Vectors

Definition 2.5 (Gradient Vector). The gradient vector of a function f (x, y) is defined as:

of of

L) -vn @6

vs ) =

If z = f(x, y) is differentiable at (x, y,), then the gradient vector V f (xg, yo) is perpendic-
ular to the level curve of f that passes through the point (xg, yo)-

Proof. Let C be the level curve defined by f (x, y) = k that passes through the point (xg, yg)-
Let r(t) = (x(t), y(t)) be a parametrisation of the curve C such that r(ty) = (xq, yo). Then we
differentiation both sides of the equation f (x(t), y(t)) = k with respect to t:

d d d
Y S5, L = ) (0,5 () =V e ) (D) =0,

Note that 1/(t,) is a tangent vector to the curve C at the point (x,, o). Since the dot product
of the gradient vector and the tangent vector is zero, it follows that the gradient vector is
perpendicular to the level curve at that point. O

We have the following properties of the gradient vector:
* V(f+g)=Vf+Vg

e V(cf)=cVSf

* V(fg)=fVg+gVf

. v(f) _8Vf—fVg

g g2

Definition 2.6 (Directional Derivatives). The directional derivative of a function f (x, y) at the
point (xg, ¥) in the direction of a unit vector u = (u;, u,) is defined as:

f(xo+huy, yo + huy) — f(x, o)
h

Duf(XO: J’O) = lim
h—0
Alternatively, it can be computed using the gradient vector:

Dyf (x0,¥0) = V£ (x0,¥0) - u= f(x0, YoJus +fy(X0’y0)u2
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Note that the maximum and minimum values of the directional derivative occur in the
direction of the gradient vector and its opposite direction, respectively, as D, f (xq, ¥y) =
Vf(xg,Yo) uand [|ul]| = 1. Then we have:

—[IVf (x0, Yo)ll < Duf (x0, Y0) < IV £ (x0, o)l

Then the direction of maximum increase is called the direction of steepest ascent, and the
direction of maximum decrease is called the direction of steepest descent.
Example 2.4. Suppose that the temperature at the point (x, y,2) in space is given by

80
14+ x2+2y2+322

T(x,y,2) =

In which direction does the temperature increase fastest at the point (1,1,—2)? What is the
maximum rate of increase?

Solution. First, we compute the gradient vector:
5
VT(1,1,-2) = g(—1,—2, 6)

The direction of steepest ascent is in the direction of the gradient vector, i.e., (—1,—2,6). The
maximum rate of increase is the magnitude of the gradient vector:

5 5
IVT(1,1L,-2)ll = SV(-1)° + (-2 +62 = 2 V4L,
O
Example 2.5. Find the path of the steepest ascent on the surface f(x,y) = 20—4x2— y? starting
from the point (2,—3).

Solution. To find the path of steepest ascent, we need to solve the system of ordinary differential
equations given by the gradient vector:

vf(X,}’) = (—8X,—2y>

Thus, we have:
dy S =2y _ v

dx f, —8x 4x’
Then we can separate the variables and integrate:
4 1
—dy =~=dx = In|y|*=In|x|+C = y*=Kux,
y x
is a constant. Using the initial condition (x, y) = (2,—3), we find:

81
81=K~2=>K=?.

where K = ¢©

Therefore, the path of steepest ascent is given by:

81
4
= —X.
Y =5
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2.8 Tangent Planes and Linear Approximations

The equation of the tangent plane to the level surface k = f (x, y,z) at the point (xg, Yo, %) is
given by:

(x —x0,¥ = ¥0,2—20) - Vf (X0, ¥0,%0) =0,
or equivalently,
fx(x0, ¥0,20)(x — x0) + fy (X0, ¥0,20)(y — ¥o) + fz(x0, Y0,20)(z —20) = 0.

Example 2.6. Two surfaces x> + y?> —2 = 0 and x + z — 4 = 0 intersect at a curve. Find the
equation of the tangent line to the curve of intersection at the point Py(1,1,3).

Solution. We first find the normal vectors of the two surfaces at the point Py. For the first
surface, we have:

n; =Vfi(1,1,3)=(2,2,0).

For the second surface, we have ny = (1,0, 1). Then the direction vector of the tangent line is
given by the cross product of the two normal vectors:

i j Kk
d=n;xny,=1(2 2 0|=(2,-2,-2).
1 01

Therefore, the equation of the tangent line at the point Py(1, 1, 3) is given by:
x=1+2t, y=1-2t, z=3-—2t.
O
Recall that the linear approximation of a function f (x, y) at the point (xg, y,) is given by:
L(x,y) = f(x0, ¥0) + fx(x0, Y0)(x — x0) + £}, (x0, Yo)(¥ — ¥o)-
We have the actual change in f given by:
Af = f(xo+Ax,yo+Ay)— f(x0, Yo,
and the approximate change in f given by:
df = L(xo + Ax, yo + Ay) — L(x0, o) = fx(x0, Yo)Ax + £, (x0, yo) Ay

When Ax and Ay are small, df approximates Af well.
We also have the total differential of f (x, y, ) given by:

df = fedx + f,dy + f,dz.
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2.9 Maximum and Minimum Values

f(xg,Y0) is a local maximum of f if there exists a neighbourhood D of (x,, y,) such that for
all (x,y) € D, we have f(x,y) < f(xg,Yo)- Similarly, for a local minimum.
If (x9, o) is a local extremum of f(x,y) and the partial derivatives f, and f, exist at
(x0,Yo), then:
fx(x0,¥0) =0, fy(XO’.yO) =0.

Such points are called critical points. Note that if either f, or f, does not exist at (xo, yo), then
(xg, ¥o) is also a critical point.

Proof. If f has a local extremum at (xg, yy), then the function g(x) = f(x, y,) has a local
extremum at x = x,. Hence, by single variable calculus, we have g’(x,) = 0. Then we have
g'(x0) = f.(x0, Yo) = 0. Similarly, the function h(y) = f (x,, y) has a local extremum at y = y,,

SO h/(yo)ny(Xo,yo)ZO. O

A differentiable function f(x, y) has a saddle point at (xg, yo) if (xg, o) is a critical point
but not a local extremum, i.e., in every neighbourhood of (x,, y,), there exist points (x;, y;)
and (xy, y5) such that f(x1, 1) < f(xg, o) < f (x2, y2).

To classify the critical points, we compute the second partial derivatives of f. The second
derivative test uses the determinant of the Hessian matrix:

fxx fxy

D=

=fxxfyy_fxzy- 2.7)

We have the following cases:

(fxxfyy_fxzy) fxx(xO:yO) (XOJ.yO) is a
(XO’yO)
+ + local minimum
+ — local maximum
— any saddle point
0 any inconclusive

Table 2.1: Second Derivative Test for Functions of Two Variables
To find global extrema of a continuous function f (x, y) on a closed and bounded region R,
we follow these steps:

1. Find the critical points of f in the interior of R, using the second derivative test to classify
them.

2. Find the maximum and minimum values of f on the boundary of R.

3. Compare all the values obtained in steps 1 and 2 to determine the global maximum and
minimum.

Example 2.7. Find the absolute maximum and minimum values of the function f(x,y) =
2x% —4x + y2 — 4y + 1 on the closed triangular region bounded by the lines x =0, y = 2, and
y = 2x in the first quadrant.
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Solution. We first find the interior critical points by setting the first partial derivatives to zero:
fr=4x—4=0 = x=1, f,=2y—4=0= y=2.
Thus, we have one critical point at (1,2). Next, we compute the second partial derivatives:
fix=4 fyy =2, fx, =0.
Then we compute the determinant of the Hessian matrix at (1,2):
D= fexfyy—fl, =4-2—0°=8>0, fi, =4>0.

Therefore, (1,2) is a local minimum. Then we evaluate f at this point f(1,2) = —5.
Then we check the boundary of the triangular region:

* On the line x = 0, we have f(0,y) = y*—4y + 1. The endpoints are (0,0) and (0, 2):
f(0,00=1, f£(0,2)=-3.
* On the line y = 2, we have f(x,2) = 2x? —4x + 1. The endpoints are (0, 2) and (1,2):
f(0,2)=-3, f(1,2)=-5.

* On the line y = 2x, we have f(x,2x) = 4x% —4x + (2x)? —4(2x) + 1 =8x% —12x + 1.
The endpoints are (0,0) and (1,2):

Comparing all the values, we find that the absolute maximum value is 1 at the points (0, 0),
and the absolute minimum value is —5 at the point (1, 2). O

2.10 Lagrange Multipliers

To find the extrema of a function f (x, y) subject to a constraint g(x, y) = ¢, we introduce a
Lagrange multiplier A and solve the system of equations:

Vf(x,y)=AVg(x,y), glx,y)=c. (2.8)

Proof. Suppose the level curve g(x, y) = c is traced out by a parametrisation r(t) = (x(t), y(t))
with r(tg) = (xg, Yo). Suppose that f has a local extremum at (x,, yo) subject to the constraint
g(x,y)=c. Then we have:

d
0= af(x(f),}’(t)) = V£ (x0,¥0) -1 (to).
f:to
Note that r'(t,) is tangent to the level curve g(x,y) = ¢ at (xg,yo). Since Vg(xg,yo) is
perpendicular to the level curve at that point, it follows that 1/(t,) is also perpendicular to
Vg(xg,Yo)- Therefore, both V£ (x,yo) and Vg(x, y,) are perpendicular to the same vector
t’'(ty), which implies that they are parallel. Hence, there exists a scalar A such that:

Vf(Xo, yO) = /IVg(xo, yO)
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If we have more than one constraint, say g;(x, y,z) = ¢; and g,(x, ¥,2) = ¢y, we introduce
two Lagrange multipliers A; and A, and solve the system of equations:

vf(X,y,Z):11Vg1(X,y,z)+AZVg2(X,y’Z): gl(X’y,Z):CI’ gz(X,J’:Z):Cz- (29)
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Chapter 3

Multiple Integrals

3.1 Partial Integration

We have learnt how to calculate the integration of a function in single variable. Now, we
extends our knowledge to functions in several variables. One should understand that the partial
integration is the reverse process of partial differentiation.

Define a function f (x,y) : R? — R, we have

ffdx and ffd_y

Note that the above integrals are not the same as the single variable integration since f is a
function of two variables. The above integrals are called partial integrals. In general, we have
Given a function f : R" -» R

dexl, dexz, e dexn

where x4, Xx,,...,Xx, are the variables of integration.
Example 3.1. Given a function f(x,y) = x%y +3xy?, find ff dx and ff dy.

Solution. Notice that when we integrate with respect to x, we treat y as a constant. So as the
other way around. Thus,

3y2
fx2y+3xy2dx = %x3+%x2+C(y)

2
Jx2y+3xy2dy = %y2+xy3 + C(x)
O

The integration constants C(y) and C(x) in this case are functions in x and y rather than
just a constant number.

Example 3.2. Given f(x,y)= yexyz, find ff dx and ff dy.

25
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Solution.

xy? exy2
ye dx = +C(y)
y
1
Jye"y2 dy = — e +C(x)
2x

We can substitute u = xy?, then du = y?dx and du = 2xydy to compute the integrals. [

3.2 Definite integration

The concept here is similar to the single variable definite integration. We define the definite
partial integral of f (x, y) with respect to x from a to b as

b x=b
f f(x,y)dx =f f(x,y)dx =F(b,y)—F(a,y)

X=a

Similarly, we may define the definite partial integral of f (x, y) with respect to y from c to d as

d y=d
J flx,y)dy = J flx,y)dy = G(x,d)—G(x,c)

y=c

Note that y and x are treated as constants in the above two definitions respectively.
Example 3.3. Given f(x,y) = x2y +3xy? find flsf(x,y)dx and fff(x,y)dy.

Solution.

3 2 x=3
3 26
(x2y+3xy2)dx=[3—/x3+ix2] =y +12y2
1 3 2 =1 3

3 2 y:3
J (x2y+3xy2)dy:[%y2+xy3] = 4x? + 26x
1 y=1

3.3 Double Integrals

A double integral is an extension of the single variable definite integral to functions of two
variables. It is used to calculate the volume under a surface defined by a function f (x, y) over a
rectangular region in the xy-plane. The double integral of f (x, y) over the rectangular region
R=[a,b] x[c,d] is defined as

m n

p— 1 * k

URf(x,y)dA—m’g;nmgzljf(xij,yu)m, (3.1)
=1 j=

where AA is the area of each subrectangle, and (x;kj, _ylfkj) is a sample point in the ij-th subrect-

angle.
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Theorem 3.1 (Fubini’s Theorem). If f(x,y) is continuous on the rectangular region R =
[a, b] x [c,d], then the double integral of f over R can be computed as an iterated integral:

b d d b
ff f(x,y)dA=f f f(x,y)dydx=f f fx,y)dxdy. (3.2)
R a c c a

Moreover, this is true if we assume that f is bounded on R and the set of discontinuities of f
has measure zero, i.e., f is continuous almost everywhere on R.

Example 3.4. Evaluate the double integral ffR(x —3y2)dA, where R =[0,2] x [1,2].
Solution. There are two ways to evaluate the double integral using iterated integrals.

1. Integrate with respect to y first:

2 p2
ff(x—Syz)dAZJ f (x—3y*)dydx
R o J1

2
=2
= L [xy —y3:|§:1 dx

2
zf (2x—8—x+1)dx
0

2 9 2
:J (x—7)dx=|:%—7x} =—12.
0

0

2. Integrate with respect to x first:

2 p2
JJ(X—ByZ)dAz [ (x—Syz)dxdy
R J1 Jo
2 2 x=2
= ( |:x——3y2x:| dy
J1 x=0
(‘2
=| (2—6y*)dy
J1

O

Then consider the double integral over a general region D in the xy-plane. If D is a Type I
region, i.e., it can be described as

D={(x,y)la<x<b,g:1(x) <y < go(x)},

then the double integral of f (x, y) over D is given by:

b g2(x)
Jf f(X,J’)dA=J f f(x,y)dydx.
D a Jgi(x)
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If D is a Type Il region, i.e., it can be described as

D=A{(x,y) | hi(y) < x <hy(y),c <y <d},

then the double integral of f (x, y) over D is given by:

d rhy(y)
ff f(x,y)dA=f f flx,y)dxdy.
D ¢ Jhi(y)

Some regions D can be expressed as both Type I and Type II. Examples of Type I and Type
IT regions are shown in Figure 3.1.

Y Yy
y = g2(x) bf-------
D z = g2(y) D z=g1(y)
y=01(x) al -\
I : ‘L x
0 a b 0
(a) Type I Region (b) Type II Region

Figure 3.1: Types of Regions for Double Integrals
Example 3.5. Evaluate the double integral f f p(x +2y)dA, where D is the region bounded by
the parabolas y = 2x? and y = 1+ x2.

Solution. The parabolas intersect when 2x2 = 1+ x?2, i.e., x> = 1, so x = £1. Thus, the region
D can be described as a Type I region:

D={(x,y)|-1<x<1,2x*<y <1+x%}.
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Since f(x,y) = x + 2y is continuous on D, by Fubini’s Theorem, we have:

2

rl 1+x
J (x+2y)dA= f (x+2y)dydx
D —1J2x2

1 g2
= ) I:xy + yz];/:Zx'zx dx

—1
[ 2 2
=J (x(1+x2)+(1+x2) —x(2x%)—(2x?) )dx

-1

('1

(—3x4—x3 +2x% +x + 1) dx

— et

3x°>  x* 2x®  x? X ! 32
5 4 3 2 1

Example 3.6. Find the volume of the solid that lies under the paraboloid z = x? + y? and above
the region D in the xy-plane bounded by the line y = 2x and the parabola y = x?.

Solution. There are two ways to describe the region D:

1. As a Type I region:
D={(x,y)|0<x <2 x%2<y<2x}.

Then the volume is given by:

JJ (x2+y?)dA= J (x2+y?)dydx
Y

2 y=2x
2
+ 2= d
[Xy 3] X

Il
h

2. As a Type II region:

1
D=KLyH5y£sti03ys4y
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Then the volume is given by:

( A

V= J(x2+y2)dA=J J (x2+y?)dxdy
JJp 0 %y
r‘4 3 x=,/y

= [x—+y2x] dy
0 3 x=

J 3
(‘4 3/2 3 3
I O I G PP
Jo \ 3 24 2
5/2 7/2 474
|2y + 2y B 13y _ %
[ 15 7 9% |, 35°

If D = D, UD,, where D; and D, are disjoint regions, then we have:

Jf flx,y)dA= JJ flx,y)dA+ Jf flx,y)dA. (3.3)
D D, Dy

Similar to single variable calculus, we can change the variables of integration in double
integrals. In general, we use the concept of Jacobian determinant to perform the change of
variables. Given a transformation T defined by:

T:(u,v)—=(x,y)=(g(w,v),h(u,v)),
where g and h have continuous first partial derivatives, the Jacobian determinant of the
transformation T is defined as:

dx Jx

_dlx,y) g_u g_v _dx dy Jx 0dy
9y 9y
du Jv

RO T 9u v dv du

Then the double integral of f(x, y) over the region D in the xy-plane can be transformed to
an integral over the region S in the uv-plane as follows:

ff f(x,y)dA= ff f(g(u,v),h(u,v)) ‘ 90x,y) dudv. (3.4)
D s a(u,v)

For example, in polar coordinates, we have the transformation:

T:(r,0)—(x,y)=(rcos8,rsinf).
The Jacobian determinant is given by:

cos —rsinf
sin® rcosf

Thus, the double integral in polar coordinates is given by:

ff f(x,y)dAzJ:f f(rcosO,rsinf)rdrdo. (3.5)
D s
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Example 3.7. Evaluate the double integral f f R(3x + 4y2)dA, where R is the region in the upper
half-plane bounded by the circles x> + y?> =1 and x* + y? = 4.

Solution. The region R can be described in polar coordinates as:
R={(r,0)|1<r<2,0<6<n}

Then the double integral becomes:

b 2
ff(3x+4y2)dA= [ J (3rcos€+4r25in29)rdrd9
R Jo J1

TT
= r [r3 cos O + r*sin? GJ:de

Jo
= [ (7c059+1551n29) do
Jo
: i
=[7sin9+15(9—5m29)] _ bz
2 a4 )y 2

Given a parametric surface defined by the vector function:

r(u,v) = (g(u,v),h(u,v), k(u,v)),

the surface area of the surface over the region R in the uv-plane is given by:

m n
S=, im0, ATy,
i=1 j=1
where ATj; is the area of the parallelogram formed by the tangent vectors r, and r, at the

point (ufj, vlfkj) in the ij-th subrectangle. Then we have:

ATjj = [r, x 1, | AuAv.

Thus, the surface area is given by the double integral:

S= JJ |r, xr,| dudv. (3.6)
R

If the surface is given by the graph of a function z = f(x, y) over the region D in the
xy-plane, then the cross product of the tangent vectors is given by:

I X1, =

j
0 = <_fx:_fy: 1):
1

[T
N

and its magnitude is given by:

’rxxry|= 1/1+fx2+fy2.

Therefore, the surface area of the surface z = f (x, y) over the region D is given by:

S:JJD‘/1+f"2+fy2dA' 3.7)
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Example 3.8. Find the area of the ellipse cutting from the plane z = 100 — x — y by the vertical
cylinder x> + y? = 1.
Solution. The surface can be described by the function f (x, y) = 100 —x — y. Then we have:

fx:_L fy:_

Also, the region R in the x y-plane is the disk x2 + y2 < 1. Thus, the surface area is given by:

=JJ 1/1+fo+fy2dA=f \/1+(—1)2+(—1)2dA=1/§JJ dA
R R R

= +/3-Area of R= V3. n(1)* = V3.

O

Example 3.9. Find the area of the portion of the surface z = 1 — x2? + y that lies above the
triangular region R with vertices at (0,0,0), (0,—1,0) and (1,0, 0).

Solution. The surface can be described by the function f(x,y) = 1—x2+ y. Then we have:
fr=—2x, f,=1

Also, the region R in the xy-plane is the triangle bounded by the lines y = 0, x = 0, and
y = x — 1. Thus, the surface area is given by:

ff,/1+f2+f2dA ff V1+(=2x)*+12dA= J V2 +4x2dA
f f V2+4x2dydx—f [y\/2+4x2]y - 1dx

o —

1
z'f (l—x)v2+4x2dx=J v2+4x2dx—J xV2+4x2dx
0 0 0

1 3/271
2+4x2 1 2+ 4x?
:[u+iln(2x+1/72+4xz)] _[ﬂ]

0 0

2 12
V6 1(2+\/_)—2[

:—+—
3

3.4 Triple Integrals

A triple integral is an extension of the double integral to functions of three variables. It is used
to calculate the volume under a surface defined by a function f(x, y,z) over a rectangular
box in three-dimensional space. The triple integral of f(x,y,2) over the solid region R =
[a,b] x [c,d] x [e, f]1is defined as:

Jj f(x, y,z)dV—l 11rn ZZZf(xUk,yUk, uk)AV (3.8)

l].]lkl
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where AV is the volume of each sub-box, and (xfjk, yfjk,z;kjk) is a sample point in the ijk-th
sub-box.

By the extension of Fubini’s Theorem, if f (x, y,z) is continuous on the rectangular box R,
then the triple integral of f over R can be computed as an iterated integral:

b rd ff
ffj flx,y,2)dV =J f J flx,y,z)dzdydx. (3.9
R a c e

There are six possible orders of integration for the triple integral, and any of them can be used
to evaluate the integral.

Moreover, this is true if we assume that f is bounded on R and the set of discontinuities of
f has measure zero, i.e., f is continuous almost everywhere on R.

Similarly, there are three types of regions in three-dimensional space, which can be described
using inequalities involving the variables x, y, and z. One may consider the projection of the
solid region onto the xy, yz, and xz planes to determine the limits of integration for each
variable.

Example 3.10. Evaluate ff f R v/ x2+22dV, where R is the region bounded by the paraboloid
y = x2 + 22 and the plane y = 4.

Solution. Consider the projection of the solid region R onto the xz-plane. The projection is the
disk x2 + 22 < 4. Thus, we can describe the region R as:

R={(x,y,2) | x*+22<4,x>+2> <y < 4}.

Then the triple integral becomes:

y=4
JJJ \/x2+22dV=JJ J Vx2+22dydA
R x2+22<4 J y=x2+22
=4
[
x2+22<4

y=x2+z2
=J:[ (4—x%—2%)V x2 +22dA.
x2+2z2<4

Now we convert to polar coordinates:

27 2
fff\/x2+22dV=f J (4—r®)r-rdrdo
R o Jo
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Similar to double integrals, we can change the variables of integration in triple integrals
using the Jacobian determinant. Given a transformation T defined by:

T:(u,v,w)— (x,y,2)=(g(u,v,w),h(u,v,w), k(u,v,w)),

where g, h, and k have continuous first partial derivatives, the Jacobian determinant of the
transformation T is defined as:

g 9tey2) |0y dy dy
a(u,v,w) gu av  dw|

Then the triple integral of f (x, y, %) over the region R in the x yz-space can be transformed to
an integral over the region S in the uvw-space as follows:

ff flx,y,2)dV = ff flg(u,v,w),h(u,v,w), k(u,v, ))‘3(36.)’,2)

EIoRY dudvdw. (3.10)

For cylindrical coordinates, we have the transformation:
T:(r,0,2)—(x,y,2)=(rcos0,rsinf,z).

where r is the distance from the z-axis to the point, 6 is the angle in the xy-plane from the
positive x-axis, and g is the height above the x y-plane. The Jacobian determinant is given by:

cos@ —rsinf O
J=1|sin@ rcos® O|=
0 0 1

Hence the triple integral in cylindrical coordinates is given by:

JJ flx,y,2)dV = ff f(rcosO,rsinf,z)rdrdb dz. (3.11)
R S

For spherical coordinates, we have the transformation:

T:(p,0,0)—(x,y,2)=(psin¢ cos,psin¢sinb, pcosgp).

where p is the distance from the origin to the point, 6 is the angle in the xy-plane from the
positive x-axis, and ¢ is the angle from the positive z-axis. The Jacobian determinant is given
by:
sin¢ cos@ psing(—sinf) pcos¢cosh
J=|singsind psingcosd pcospsind|=p?sing.
cos ¢ 0 —psin¢

Thus, the triple integral in spherical coordinates is given by:

JJJ f(x,y,z)dV=Jf f(psing cosB,psing sind,pcosp)p?sing dpddde. (3.12)
R s



Chapter 4

Vector Calculus

It is an introduction to the Calculus on Manifolds. We will cover vector fields, line integrals,
surface integrals, Green’s theorem, Stokes’ theorem, and the Divergence theorem.

4.1 Vector Fields

A vector field is a vector function that assigns a vector to each point in a subset of space. In
two dimensions, a vector field can be represented as:

F(x,y) = (P(x,y),Q(x,¥)),

where P(x,y) and Q(x, y) are scalar functions representing the components of the vector field
in the x and y directions, respectively. In three dimensions, a vector field can be represented
as:

F(x,y,2) = (P(x,y,2),Q(x, y,2),R(x, y,2)),

where P(x,y,2), Q(x,y,%), and R(x, y,z) are scalar functions that represent the components
of the vector field in the x, y, and z directions, respectively.
We say F is a conservative vector field if there exists a scalar potential function ¢ such that
F = V¢, where V¢ is the gradient of ¢. Given a vector field F(x, y) = (P(x, y),Q(x, y)), if P
and Q have continuous first partial derivatives, we can find the potential function ¢ by solving
the following system of equations:
¢ ¢

Fie P(x,y), 3y =Q(x,y).

4.2 Line Integrals

4.2.1 Line Integrals of scalar functions

A line integral is an extension of the definite integral to functions defined along a curve in
space. Given a scalar function f (x,y) and a curve C parameterised by r(t) = (x(t), y(t)) for
a <t < b, the line integral of f along C is defined as:

b
f f(x,y)ds =f £ @), y (o) || (0)]] dt, 4.1
C a

35
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where s is the arc length parameter along the curve C.
Example 4.1. Evaluate fC(Z + x2y)ds where C is the upper half of the unit circle x* + y? = 1.
Solution. We can parameterise the upper half of the unit circle as:

r(t) = (cost,sint), 0<t<m.

Then we have:

r'(t) = (—sint,cost), ||r’(t)|| = /(—sint)2 + (cost)2 = 1.

Thus, the line integral becomes:

J(2+x2y)ds=J (2 + (cost)?(sint))-1dt
c 0

s
=J (24 cos® tsint)dt
0
3 T
t 2
=|2e-"| =2n+2
3|, 3

O

When C is only piecewise smooth, we can break the line integral into several integrals over
each smooth segment and sum them up, i.e.,if C=C;UC,U---UC, = U?Zl C;, then

Jf(x,y)ds=J f(x,y)ds+J f(x,y)ds+---+f f(x,y)ds=ZJ fGx, y)ds.
C o) Cy Cy i=1JGC;

Three-dimensional line integrals are defined similarly. Given a scalar function f (x, y, 2)
and a curve C parameterised by r(t) = (x(t), y(t),2(t)) for a < t < b, the line integral of f
along C is defined as:

b
f f(x,y,2)ds =J £ (), y(0),2(0) (1) dt, (4.2)
C a
where s is the arc length parameter along the curve C.

4.2.2 Line Integrals of vector fields

Let F(x,y) = (P(x,y),Q(x,y)) be a vector field in two dimensions, and let C be a smooth
curve parameterised by r(t) = (x(t), y(t)) for a < t < b. The line integral of the vector field F
along the curve C is defined as:

b
JFT$=JmemﬁML (4.3)
C a
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where T is the unit tangent vector to the curve C. There are alternative notations for the line
integral of a vector field, such as:

jF~Tds:fF~dr=Jde+Qdy. 4.4
c c C

Similar to two dimensions, let F(x, y,z) = (P(x, y,2),Q(x,y,2),R(x, y,2)) be a vector field
in three dimensions, and let C be a smooth curve parameterised by r(t) = (x(t), y(t),z(t)) for
a <t < b. The line integral of the vector field F along the curve C is defined as:

b
JF-Tdszf F-dr=J Pdx +Qdy +Rdz, (4.5)
C C a

where T is the unit tangent vector to the curve C.

Then we introduce the generalised Stokes’ Theorem, which relates the Fundamental Theo-
rem of Calculus, Fundamental Theorem of Line Integrals, Green’s Theorem, the Divergence
Theorem, and Stokes’ Theorem into a single theorem. It states that for a smooth manifold M
with boundary d M, and a differential form «w defined on M, we have:

f dw=f w. (4.6)
M M

We may define the exterior derivative dw of the differential form «w, which generalises the
concepts of gradient, curl, and divergence, with the following properties:

* The operator d applied to the O-form f is the differential df of f;

* If w; and w, are two k-forms, then d(aw; + bw,y) = adw, + bdw, for any scalars a
and b;

If w, is a k-form and w, is an [-form, then d(w; A w,) = dw; A wy + (—1) w; Adw,;
e If w is a k-form, then d(dw) = 0.
Also, we have some properties of exterior products:

* Alternating property: w A w =0 and wj A wy = (—l)klwz A wq where w; is a k-form
and w, is an [-form;

* Associative property: (wq A wy) A w3 = wq A (wq A w3);
* Distributive property: wi A (wy + w3) = w1 A wy + w1 A w3.

Theorem 4.1 (Fundamental Theorem of Line Integrals). Let f be a differentiable scalar function
defined on a smooth curve C parameterised by the vector function r(t) for a < t < b and the
vector function Vf is continuous n C. Then we have:

f Vf -dr=f(x(b)) - f (r(a)). (4.7)
Cc
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Proof. We have:

b
J \4i -drzf Vi) -r'(t)dt
C a

b
d
=L Ef(r(t))dt

= f(x(b)) = f (x(a)).
O

Then we may consider the differential O-form w = f on the curve C, and its exterior
derivative is given by:
dw=df =Vf -dr.

Thus, by the generalised Stokes’ Theorem, we have:

J Vf-dr=| f=f(x(b))—f(r(a)).
Cc ac

Then the Fundamental Theorem of Line Integrals implies that the line integral of a con-
servative vector field is path-independent, i.e., the value of the line integral depends only on
the endpoints of the curve and not on the specific path taken between them. Actually, F is a
conservative vector field if and only if the line integral of F is path-independent.

Example 4.2. Let F = (3 + 2xy, x2 —3y?2). Show that F is a conservative vector field and find a
potential function ¢ such that F =V ¢.

Solution. Note that F is defined on the entire R? and the components of F have continuous
first partial derivatives. Also, we have:

i(3 +2xy)=2x = i(x2 —3y2).
dy dx

Thus, F is a conservative vector field. We have two ways to find the potential function ¢:

1. To solve the following system of equations:

a_¢:3+23('y, a—¢:x2—3y2_
dx dy

Integrating the first equation with respect to x, we get:

P(x,y)=3x+x%y +g(y),

where g(y) is an arbitrary function of y. Next, we differentiate ¢ (x, y) with respect to
y and set it equal to the second equation:

)
a—qb =x*+g'(y)=x*—3y%
y

Thus, we have g’(y) = —3y2, which implies that g(y) = —y?> + C for some constant C.
Therefore, the potential function ¢ is given by:

¢(x,y)=3x+x2y—y3+C.
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2. As F is a conservative vector field, we have ¢ and u such that V¢ = Vy, i.e., there is
a function ¥ = ¢ — u such that V¢ = 0. Thus, v is a constant function. It suffices to
show that 1(P) = ¢(Q) for any two points P and Q in R?. Let C be any smooth curve
connecting P and Q. Then we have:

= f VY =49(Q)—(P).
C

Then we want to find the value of ¢ at any point (x, y) starting from the origin (0, 0).
Let C be the piecewise smooth curve consisting of the line segment from (0, 0) to (x, 0)
and the line segment from (x, 0) to (x, y). Then we have:

d)(x,y)—d)(0,0):J F~dr=f F-dr+f F.dr
c G C,

= Jx(S +0)dx + fy(B +2x(0))dy
= Si +(x%y —y3). ’
Thus, the potential function ¢ is given by:
¢(x,y)=3x+x%y —y> + ¢(0,0).

O

Theorem 4.2 (Green’s Theorem). Let C be a positively oriented, piecewise smooth, closed
curve in the plane, and let D be the region bounded by C. If F(x,y) = (P(x,y),Q(x,y)) is a
vector field with continuous partial derivatives on an open region that contains D, then we

have:
§F Tds-% Pdx+Qdy= Jf a—g—a—P dA= ff curl F-kdA. (4.8)

The operator curl will be defined later. Here, we provide a proof using the generalised
Stokes’ Theorem.

Consider the differential 1-form w = P dx+Q dy on the region D, and its exterior derivative
is given by:

dw=dPAdx+Pd(dx)+dQAdy+Qd(dy)

_ (9P oP aQ 2Q )

_(8 dx +3 d )/\dx+(a dx+8 dy |Ady

_ 0P op aQ aQ

=35 dx /\dx+a dy/\dx-f-a dx/\dy-i—a dy Ady
_(9Q 4P

_(ax ay)dx/\dy.

Thus, by the generalised Stokes’ Theorem, we have:

jg Pdx+Qdy =ff (Qx—Py) dx Ady.
o D
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4.3 Curl and Divergence

4.3.1 Curl
We may introduce the concept of curl. Let F(x,y,z) = (P(x,y,2),Q(x,y,2),R(x,y,2)) be a
vector field in three dimensions. The curl of F is defined as:

JdR 0Q JdP OR 0Q 0P

lp= (8 2% 97 R 9K 97 . .
cur <ay 9z’ 3z ox ox ay> 4.9)

For easier memorisation, we can express the curl of F using the following determinant:

i j k
IF=VxF= i i i (4.10)
curl F= =lox 3y a5 .
p Q R

Then we have the following proposition.

Proposition 4.1. If f is a scalar function with continuous second-order partial derivatives,
then we have:
curl(Vf)=0. (4.11)

Or equivalently, if a vector field F is conservative, then its curl is zero.

Proof. We have:

Thus, the curl of F is given by:
[F o%f o%f  9%f o%f  2%f o%f
curl F= — — —
dydz 020y’ 0z0x 0xdz dxdy Jydx
—(0,0,0) = 0.

O

The converse of the above proposition generally does not hold. However, if the domain of
the vector field is simply connected, then the converse holds.

Definition 4.1 (Simply Connected). A region D in R? is said to be simply connected if any
closed curve in D can be continuously contracted to a point without leaving D. Similarly, a
region E in R® is said to be simply connected if any closed surface in E can be continuously
contracted to a point without leaving E.

Proposition 4.2. If F is a vector field defined on a simply connected region in R® whose
components have continuous first partial derivatives, and if curl F = 0, then F is a conservative
vector field.

The proof requires the use of Stokes’ Theorem.

Example 4.3. Show that F(x,y,z) = (y?2% 2xyz3 3xy?22) is conservative. Hence, find a
function f such that F=Vf.
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Solution. We compute the curl of F:

i i k
S IR )
U= ox dy 0z
y223 2xyz3 Bxyzz2
= (6xyz? —6xyz?,3y%22 —3y222,2y23 — 2y23)
=(0,0,0) = 0.

Since F is defined on the entire R® and the components of F have continuous first partial
derivatives, by the above proposition, F is a conservative vector field.

Next, we find the potential function f such that F = V. We have the following system of
equations:

fe=y?2°, fy=2xyz% f,=3xy*>
Integrating the first equation with respect to x, we get:

flx,y,2) =xy*2® + g(y,2),

where g(y,2) is an arbitrary function of y and z. Next, we differentiate f (x, y,z) with respect
to y and set it equal to the second equation:

9g
— 3 _ 3
fy =2xyz"+ E =2xyz°.
Thus, we have Z—f, = 0, which implies that g(y,z) = h(z) for some function h(z). Then we
differentiate f(x, y,2) with respect to z and set it equal to the third equation:
f, =3xy%2® + h'(z) = 3xy?z>.

Thus, we have h’(z) = 0, which implies that h(z) = C for some constant C. Therefore, the
potential function f is given by:

fl,y,z)=xy*z>+C.

4.3.2 Divergence

Let F(x,y,2) = (P(x,y,2),Q(x,y,2),R(x, y,z)) be a vector field in three dimensions. The
divergence of F is defined as:

dP 90Q OR
divF=—+4+—+4+—. 12
YT 9x Ty T oz (4.12)
The divergence can be denoted using the following notation:
divF=V -F= op 3_Q oR (4.13)

— =+ .
dx Jdy 0Oz
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Proposition 4.3. If F is a vector field on R3 and P, Q and R have continuous second-order
partial derivatives, then we have:

div curl F= V- (V x F) = 0. (4.14)

Proof. Using the definition of curl, we have:

divcurIF—i(a—R—a—Q)+i(a—P_@)+i(a_Q_a_P)
~ 0x\dy 0z dy\dz 0dx) 0Jz\dx OJy
3°R_2°Q  @*P 9°R _3*Q o°p

= + +
Oxdy Jdxdz Jydz OJydx Jdzdx 0Izdy
=0.

O

The Green’s Theorem considered the vector field in the direction tangent to the curve. We
may also consider the vector field in the direction normal to the curve. Then we have:

fF nds-}g—de+de ff 8_P+8_Q dA= ff div EdA. (4.15)

where n is the unit normal vector to the curve C and D is the region enclosed by the curve C.
Sometimes this is called the flux of the vector field F across the curve C.

Example 4.4. Find the flux of the vector field F(x,y) = (x — y, x) across the circle x>+ y?> =1
on the xy-plane.

Solution. We have:

divF=i(x—y)+i(x)=1+0=1.
dx y

Let D be the region enclosed by the circle x2 + y? = 1. Then the flux of the vector field F across
the circle is given by:

f F-ndssz div FdAsz 1dA = Area(D) = n(1)? = .
C D D

4.4 Surface Integrals

4.4.1 Surface Integrals of scalar functions

The surface integral of f over a surface S parameterised by r(u, v) = (x(u,v), y(u, v),z(u, v))
for (u,v) € D is defined as:

J f(x,y,z)da— 11rn ZZf(x(ul], vii), ¥ (Wij, vij), 2w, vij ) ASyj, (4.16)
s

i=1 j=1
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where AS;; is the area of the small patch on the surface S corresponding to the subrectangle in
D containing the point (u;;,v;;). We have:
ASij ~ |Iru x I.v”AA-

Thus, the surface integral of a scalar function f over a surface S can be computed as:

ff flx,y,z)do = ff f(x(u,v))||r, x| dA. 4.17)
s D

where D is the projection of the surface S onto the uv-plane. You may compare this with the
formula for line integrals of scalar functions, Equation 4.1.

Example 4.5. Evaluate the surface integral f f s x2do where S is the unit sphere x> +y?+2% = 1.

Solution. We can parameterise the unit sphere using spherical coordinates:
r(0,¢) = (sin¢ cos O,sin¢ sinH, cos ¢p),
where 0 < 0 <2m and 0 < ¢ < . Then we have:

rg = (—sin ¢ sin 6, sin ¢ cos 6, 0),

1y = (cos ¢ cos 6, cos ¢ sin 6, —sin ¢).
Thus, we compute the cross product:
||r9 X Ty || =sin¢.

Then the surface integral becomes:

27 T
ff xsz:J J (sin¢cos@)2-sin¢d¢d9
S o Jo
27 T
=f f sin3¢c0329d¢d9
o Jo

27 s

=f cosZBdG-f sin® ¢ d
0 0

=17

_an
==

[SSRIEN

O

If the surface S is given by the graph of a function z = g(x, y) over a region R,., in the
xy-plane, then we consider f(x,y,z) = f(x,y, g(x,y)) defined on R,.,. The surface integral
of f over the surface S is given by:

_ a_g 2 a_g 2
ffsf(x,y,z)da = Jnyf(x,y,g(x,y))\J (ax) + (83/) + 1dA. (4.18)
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If the surface S is given by the graph of a function y = h(x, z) over a region R, in the xz-plane,
then we consider f(x, y,2z) = f (x, h(x,z),z) defined on R,,. The surface integral of f over the
surface S is given by:

dh)? dh\?
JLf(x,y,z)da—fozf(x,h(x,z),z)\j (a) +1+(£) dA. (4.19)

If the surface S is given by the graph of a function x = k(y, z) over a region R, in the yz-plane,
then we consider f(x, y,z) = f(k(y,z),y,z) defined on R,,. The surface integral of f over the
surface S is given by:

ak\? (k>
JLf(x,y,z)do = fLyzf(k(y,z),y,z)J 1+ (E) + (5) dA. (4.20)

4.4.2 Surface Integrals of vector fields

Definition 4.2 (Orientation of surfaces). An orientation of a surface S is a choice of a continuous
family of normal vector field n of length 1 on the surface. A surface S is said to be orientable if
such a normal vector field exists. A surface S is said to be oriented if a choice of an orientation
is specified.

For example, a sphere is orientable since we can choose the outward normal vector at each
point on the sphere. A Mobius strip is not orientable since if we try to choose a normal vector
field continuously, we will end up with a normal vector pointing in the opposite direction after
going around the strip once.

For a closed orientable surface, the outward normal vector is usually chosen as the orienta-
tion. It is called the positive orientation of the surface.

If F(x,y,2) = (P(x,y,2),Q(x,y,2),R(x, y,2)) is a vector field in three dimensions and S is
an oriented surface with unit normal vector field n, then the surface integral of the vector field
F over the surface S is defined as:

ffF~nd0=ffF~dS=ffF-(ru><rV)dA (4.21)
s s S

where r(u,v) = (x(u,v), y(u,v),z(u,v)) is a parameterisation of the surface S for (u,v) € D.

4.4.3 Stokes’ Theorem

Theorem 4.3. Let S be an oriented, piecewise smooth surface bounded by a simple, closed, piece-
wise smooth curve S with positive orientation. If F(x, y,2) = (P(x, y,2),Q(x, y,2),R(x, y,2))
is a vector field whose components have continuous first partial derivatives on an open region
that contains S, then we have:

f F-Tds=ff curl F-ndo. (4.22)
as s
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Consider the differential 1-form w = P dx +Qdy + Rdz on the surface S, and its exterior
derivative is given by:

dw=dPAdx+Pd(dx)+dQAdy+Qd(dy)+dRAdz+Rd(dz)

oP P oP aQ aQ aQ )
=—=—d —d —d d —d —d —d d
(ax x+8y y+3 z)/\ X+(ax x+ay y+5 dz | Ady

JoR oR oR
+| z—dx+—5—dy+——dz |Ad
(8x X y Y 0z Z) z

2qQ ap oR 8Q) (ap aR)
(R g ndy + (B ay ndz+ (LR ) gz pa
(ax 8y) xndy (ay 0z )N ET G Tax ) BN

=(Q,—P,)dxANdy+(R,—Q,)dy Adz+ (P,—R,)dz Adx.

Thus, by the generalised Stokes’ Theorem, we have:

jg Pdx+Qdy +Rdz=JJ [(Qx—Py)dx/\dy+(Ry—QZ)dy/\dz+(Pz—Rx)dz/\dx].
as s

4.4.4 The Divergence Theorem

Theorem 4.4. Let E be a simple solid region bounded by a closed, piecewise smooth surface
JE with positive orientation. If F(x,y,z) = (P(x,y,%),Q(x,y,2),R(x,y,2)) is a vector field
whose components have continuous first partial derivatives on an open region that contains E,

then we have:
j%g F-dS= JJJ div FdV. (4.23)
OE E

Example 4.6. Evaluate the surface integral ffs F-ndo where F(x,y,z) =(z+x,y,1) and S

is the surface of an upper hemisphere z = 4/1 — x2 — yZ2, without the bottom disk, and n is the
outward unit normal vector.

Solution. Let D be the bottom disk of the hemisphere S. Then SUD is a closed surface bounding
the solid hemisphere E. By the Divergence Theorem, we have:

4 eondo = || | aveav
SuD E

where E is the solid hemisphere bounded by the surface S U D. Then we have:

ﬁg F-ndazfjf 2dV=2-%7r(1)3=4—7T.
SuD E 3 3
Next, we have:
JJ F-ndo:4—n—JJ F-ndo=4—n—JJ F-(—k)do=4—n+JJ 1d0=7—n.
s 3 D 3 D 3 D 3
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We may conclude this chapter with the following equations. There are four important
vector calculus theorems of vector fields that relate integrals over different dimensions:

Fundamental Theorem of Line Integrals: f Vf -dr=f(r(b))— f(r(a)),
c

Green’s Theorem (Tangent form): } F-Tds = JJ curl F-kdA,
C D

Stokes’ Theorem: f F-Tdszjf curl F-ndo,
as S

Green’s Theorem (Normal form): § F-nds= f f div FdA,
C D

Divergence Theorem: % F-dS= fff div FdV.
OE E

The tangent form of Green’s Theorem is also called the curl form or circulation form of Green’s
Theorem. The normal form of Green’s Theorem is also called the divergence form or flux form
of Green’s Theorem. Note that the flux is positive if the vector field points outward from the
region.

We also have two important equations for line integral and surface integral of scalar
functions:

b
Line integral of scalar functions: f flx,y,z)ds = J F(O)|' ()] dt,
Cc a

Surface integral of scalar functions: JJ flx,y,z2)do = JJ fr(u,v))||r, xr,|| dA.
s D
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