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1. Vectors and Their Applications

- .

1.1 Scalars and Vectors in R? and R?

Definition 1.1 Quantities which can be described by magnitude only are called scalars for

example mass, length, speed, ---.

Definition 1.2 Quantities that have both magnitude and direction are described mathemati-
cally by vectors. Hence, a vector is a physical quantity which has both magnitude and direc-
tion. Vectors are usually denoted by lowercase boldface letters, such as a or 4, especially in
handwriting. For instance velocity ( V), acceleration ( @),force ( 1_5), e.t.c

Alternative definition of a Vector: is a directed line segment that has an initial and terminal
point. If the vector represents a directed distance or displacement from a point P to a point Q
it can be denoted as P_Q) or PQ.

Figure 1.1: Vector in three dimensional space.

Vectors are usually shown in graphs or other diagrams as arrows (directed line segments), as illus-
trated in the figure. Here the point P is called the origin, tail, base, or initial point; point Q is called
the head, tip, endpoint, terminal point or final point. The length of the arrow is proportional to the
vector’s magnitude, while the direction in which the arrow points indicates the vector’s direction.

Definition 1.3 If ¥'is a vector in the plane whose initial point is the origin and whose terminal
point is (v, v,), then the component form of vector ¥ is given by ¥ = (v{,v,). Similarly if # is a
vector in the space whose initial point is the origin and whose terminal point is (1, t5, u3), then

the component form of vector # is given by # = (uy, uy, u3).



1.2. Operations on Vectors

As an example in two dimensions,see Figure 1.2, the vector from the origin O = (0,0) to the point

v = (v1,vq) is simply written as ¥ = (v{, vy ).

(Vl ] )

Figure 1.2: Vector in R?

In three dimensional euclidean space, IR, vectors are identified with triples of scalar components as
@ = {aj,ay,a3) or @ = {a,, ay,a,). This can be generalized to n-dimensional euclidean space, R", as

—

a={ay,aaz, - ,a,_1,a).

1.2 Operations on Vectors

1.2.1 Vector Addition

If @={(ay,a,,a3)and b= (b1, by, b3) the sum of vector @ and bis given by a+b = {a1+by,ay+by,a5+Db3).
The addition may be represented graphically by placing the tail of the arrow b at the head of the
arrow &, and then drawing an arrow from the tail of @ to the head of b. The new arrow drawn rep-
resents the vector @+ b, as illustrated in Figure 1.3 below: This addition method is sometimes called

o)

=y
+
oy

Ry

Figure 1.3: Addition of two vectors

the parallelogram rule because @ and b form the sides of a parallelogram and 4 + b is one of the di-
agonals. Having the same base point, this point will also be the base point of @ + b. One can check

geometrically that @+ b=b+aand (@+b)+T=a+(b+ 0



Chapter One: Vectors and Their Applications 1.2. Operations on Vectors

1.2.2 Scalar multiplication

The operation of multiplying a vector by any scalar c is called scalar multiplication. For instance, if
@ ={(ay,a,,a3) is a vector in IR?, then the resulting scalar multiple is c@ = (ca;,ca,, casz). Another way
to represent a vector in n-dimensions is to introduce the standard basis vectors. In three dimensional
space, there are three standard vectors €; =i =(1,0,0), &, = j =(0,1,0), &5 = k = (0,0, 1). These have
the intuitive interpretation as vectors of unit length pointing up the x, v, and z axis of a Cartesian
coordinate system, respectively. Any vector @'in IR? can be expressed in terms of standard unit vectors
as:
a=(ay,a, a3)

=a1(1,0,0) +a,(0,1,0) +a3(0,0,1),

=aie| +aze, +azes,
where e;, e,, e3 are called the components of vector a (or vector projections) on the basis vectors or,
equivalently, on the corresponding Cartesian axes x, y, and z, see Figure 1.4, while ay, a,, a3 are the

respective scalar components or scalar projections.

z

Figure 1.4: The vector notation in the form of i, j, k axis

In introductory physics textbooks, the standard base vectors i, j, and k are often used. Thus, A =
<A1,A2,A3> = A]i +A2j +A3k.

Note:-

1. Two vectors are said to be equal iff they have equal magnitude and the same direction. Equivalently they will
be equal if their coordinates are equal. Thus, two vectors & = aj ey + ae, + azes and b= biey +byey + bzes are
equal iffa; = by, ap=0,, az=bs.

2. Two vectors are opposite iff they have opposite direction but not necessarily the same magnitude. The @ =
aie, +aze) +ases and b= biey + byey + bses are opposite iff ay = =by, a, =—b,, az = —bs. (does not this
mean they have the same magnitude? may be we can say sign(a,) = —sign(by))

3. Two vectors are parallel if one is the scalar multiple of the other. That is, if & and b are parallel vectors, then
there must be a number c so that @ = cb.



1.2. Operations on Vectors

Figure 1.5: Parallel and opposite vectors

Example 1.1 Determine if the set of vectors are parallel or not.
a) @=(2,-4,1), b =(-6,12,-3) b) @=(4,10), b=(2,-9)
Solution:

S
a) These two vectors are parallel since b = —34.

b) These two vectors aren’t parallel. This can be seen by noticing that
4(1)—2 d th(l)—Si 9
5 |=2andye 1=

In other words we can’t make @ be a scalar multiple of b.

1.2.3 Vector Subtraction

The difference of @and b is @-b = (a1—by)ey+(ay—by)e,+(az—bs)es. Subtraction of two vectors may also
be performed by adding the opposite of the second vector to the first vector, that is, @ — b=a+ (—15).
Geometrically, the difference @ — b can be obtained by placing the tail of @ and b at the same point
and draw an arrow from the head of b to the head of @ This new arrow or vector represents @ — b as

illustrated in Figure 1.5.

iy
Cal

By
I
o

Figure 1.6: Subtraction of vectors



Chapter One: Vectors and Their Applications

1.2. Operations on Vectors

Example 1.2

a. #=(-1,2,1)and ¥=(2,-5,0)

1. Add the following two vectors

b. W =i+4j—2k and v'=2i-5j

2. Let i = 3i + 4j — k, then find
2 —
a. ELT b. —lu
Solution:-
1. a.

U+7=(-1,2,1)+(2,-5,0)
=(-1+2,2-5,1+0)
=(1,-3,1)

b.

W+ vV =(i+4j-2k)+(2i —5j)
=(1+2)i+(4-5)j+(-1+0)k
=3i-j-k

2. a.
2, .
gu:—(31+4]—k)
8, 2
=2i+-j—<k
itzj-3
b.
—1u=—(3i+4j - k)
=-3i-4j+k
Let i/, v, and w are any vectors and « and p are any scalars then the following
holds true:
l. V+w=w+7
2. (V+W)+U=V+(W+1).
3. 7+0=7
4. 7+ =0
5. (ap)7' = a(p?)



1.3. Scalar or Dot product of vectors

Proof Exercise

1.3 Scalar or Dot product of vectors

Definition 1.4 The dot product of two vectors @ = {(a;,4a,,a3) and b= (b1, by, b3) (sometimes
called the inner product, or, since its result is a scalar, the scalar product) is denoted by a- b and
is defined as:

@-b=ab +arb,+ azbs.

Note: The scalar product is also called a dot product or inner product.

Example 1.3 Compute the dot product for each of the following
a) ¥=5i—8f, W=i+]j a) @=(0,3,-7), b=(2,3,1)
Solution: Not much to done other than using the formula

a) T-W=5x1+(-8x2)=5-16=-11

b) @b=0x2+3x3+(-7x1)=0+9-7=2

1.4 Norm of a vector

Definition 1.5 The magnitude (or norm) of a vector i/ is simply the length of the vector i7, which

is the distance between its initial and terminal points, denoted by ||LT|| and is defined as

il = Vur? + uy? +us?. (1.1)
li7] = v

Equation (1.1) is a consequence of the Pythagorean Theorem since the basis vectors e, e,, e; are

10



Chapter One: Vectors and Their Applications 1.4. Norm of a vector

orthogonal unit vectors. This is also equal to the square root of the dot product of the vector with
itself:

o= vz

I Definition 1.6 Zero vector:- The zero vector is the vector with length zero.

Written out in coordinates, the zero vector is (0,0,0), and it is commonly denoted by 0. It has an

arbitrary or indeterminate direction, and cannot be normalized

Definition 1.7 Unit vector:- A unit vector is any vector with a length or magnitude of one;

normally unit vectors are used simply to indicate direction.

To create a unit vector parallel to any non zero vector of arbitrary length can be divided by its length.
This is known as normalizing a vector. A unit vector is often indicated with a hat as in #i. To normalize

a non- zero vector # = (uy, uy, u3), we multiply the vector by the reciprocal of its length ||i]|. That is:

=

. u u u
u= :—1€1+—2€2+—363.
[ I

=L

Z
Note that there is no unit vector that is parallel to zero vector .

Properties of dot product and magnitude. If ¥, # and @ are vectors in a plane

or space and «a is scalar,then the following properties hold true.
1. i-¥ =7 il commutative property

2. - (V+W) = (if-v) + (if - W) distributive property of dot product over vector addition.

2

a(it- V) = (aid) - ¥ = il - (a?) associative property of scalar multiplication and dot product.

4. 0.1 = 0 zero vector dot with other vector.

Sz

2 : :
e = ||bT|| the relation between the dot product and magnitude.

6. i =0 if and only if ||1I’|| = 0 property of zero vector.

7. ||ait] =1a |||

Proof exercise

11



1.5. Angle between two vectors

Example 1.4  a). Find the component form and the length of vector with initial point and
terminal point P =(3,-7,1) and Q =(-2,5,3)

b). Find the unit vector in the direction of ¥ = (-2, 5, 3)

c). Let w=(2,5,—-1) and ¥ = (-1, 2,3),the find the scalar product of # and
Solution:

a). The component form is given by Fé) =Q-P =(-253)-(3,-7,1) = (=2 -3,5-
(=7),3-1) = (=5,12,2) and the length or magnitude of the vector is given by Hﬁ“ =
V(=5)2+(12)2+22 =173

b). To find the unit vector in the direction of ¥' we first compute it’s magnitude as ||17|| =
V=22 +52+ 32 = V38 and then the divide the vector by it’s magnitude, i.e.,

o P L
I V38
P S B I
V38" V38" V38

c). The dot or scalar product of the two vectors is given by:

(-2,5,3)

w-v=(2,5-1)-(-1,2,3)
=2x(-1)+5%x2+(-1)x3
=-2+10-3
=5

1.5 Angle between two vectors

If O is the angle between two non-zero vectors # and v, then

- —
.= ] [ cos0.

Proof exercise

Note:-

12



Chapter One: Vectors and Their Applications 1.6. Projection of Vectors

s
<y
=

. ] - : ’17
1. The cosine of the angle between two non-zero vectors il and ¥ is cos 0 = 6 = cos™! [ |” ﬂ”]
v

=
=L

|

. T — —
2. If an angle between two vectors #f and V' is —, then i -V = 0 and the vectors u and v are known as orthogonal

vectors. In general the dot product of two non-zero vectors is zero only if they are orthogonal.

Example 1.5 1. Find the cosine of the angle and the angle between the following vectors

a) #=2i-5j+kand v=i+j+2k
b) 7=(-V3,1) and @ =(0,5)
c) ¥=(0,-1,0) and w = (0,0, 3)

2. Find the value of k such that the vectors (2,3,-2) and (5,k,2) are perpendicular.

3. Find the value of  such that the vectors (5,-3,1) and (B, ,2) are perpendicular.

Solution:- exercise

Remark:- Suppose il and U are two non-zero vectors and O is the angle between if and v:

i) if O is acute, then il - V> 0.
ii) if O is obtuse, then il - V' < 0.

iii) if O is right angle, then if -V = 0.

1.6 Projection of Vectors

Suppose that two non-zero vectors A and u are positioned as in the Figure 1.7 below and that the light
casts a shadow on the line containing the vector u. Informally we think of the shadow as determining

a vector parallel to vector u, we call this vector the projection of vector A on to vector u which is

denoted by proj,A and defined as proj,A = (ﬁ‘lzl‘;)u
u

13



1.6. Projection of Vectors

u Proj A

Proj A

Figure 1.7: Projections with acute and obtuse angles

Note:- The scalar projection of vector A along the vector u is ||proj, Al = |ﬁ%‘|

Example 1.6

a) projyit

b) projav
Solution:-

a)

:- Let vector #f = 2i —j + 3k,

pro

V'=1i+2j +k, then find:

c) proj%,7317

d) The scalar projection of projzi and projzv’

7 ]

JkﬂTZ[l
_(( i+2j+k)- (2i_j+3k))(i+2'+k)
- lli + 2j + k|| J
2-2+3 ] ]
:(—+22 )(l+2]+k)
%( +2j+k)
:li+j+lk
9 9

—_
>~



Chapter One: Vectors and Their Applications 1.6. Projection of Vectors

b)
[W]
( —j+3k)- +2]+k))(2i—j+3k)
||21—]+3k||
2-2+43 .
:( 2+ +32)(21_]+3k)
3 . .
:—4(21—]+3k)
_Gg g 9
"t
<)
37 = 7V 3il ]1
pro]wu =
1 2
39
Li+2j+k)-3(2i—j+3k
7 (i+2j+k)-3(2i—j+3k))1 Liiv2j+k
Z||’+2]+k” 2
3
ﬂ2—2+3) 1 . .
= ——|=(i+2j+k
$(12+22+12) 2( j+k)
=3(i+2j+k)=3i+6j+3k
d)
- vl
liprojz “Il =
(i
i

+2j+k)- 21—]+3k))‘

[
:( li+2j + K
[Fr)

V12 +22+12

Sl

and

:¢

)

u
(2i —j +3k)- +2j+k))|
|2 —j + 3k||
2-2+3
12 +(=2)2 +32

llprojivll = (

S“w
S

15



1.6. Projection of Vectors

1.6.1 Direction angles and direction cosine

Definition 1.8 Let p be a vector and a, f and y are angles that a vector p makes with the
positive x, v and z axis respectively. These angles are called directional angles of the vector p

and cosa, cosp and cosy are directional cosines of vector p.

Figure 1.8: direction angeles

Note:-

_x — —z —Jx2+ 02+ 22
1. cosa =7, cosf==andcosy=7%wherer=/x*+y*+2z°

2. cos?a+cos?f+cos’y =1

Example 1.7 1. consider the following vectors

Then, find the direction angles and direction cosines.
. . T . . .
2. If the direction angle of a vector i makes an angle of 3 with the positive x-axis and an
angle of — with the positive y-axis, then what angle will it make with the positive z-axis?

Solution:- Exercise

16




Chapter One: Vectors and Their Applications 1.7. Cross Product of Vectors

1.7 Cross Product of Vectors

Definition 1.9 :- Let a and b be two arbitrary vectors, with 7 a unit vector normal to the plane
of a and b chosen so that a, b, and 7, in this order, obey the right-hand rule. Then, the cross
product of vectors a and b, written a x b is defined as the vector

ax b = |[a]|[[b||sin(6) . (1.2)

axb

Figure 1.9: cross product

Properties of the cross product:- The following results are consequences of the definition of the cross

product. Cross product is not commutative
axb=-bxa. (1.3)
The cross product is distributive over addition
@x(b+3)=(@xb)+(@x0) (1.4)
Parallel vectors (6 = 0):- If vectors @ and b are parallel, then
axb=0. (1.5)
Orthogonal vectors (6 = 7t/2):- If vectors @ and b are orthogonal, then
@b = ||al||b]l (1.6)
Product of unit vectors:- If @ and b are unit vectors, then
@x b = sin O7. (1.7)
An immediate consequence of properties (1.2),(1.3), and (1.5) is that
ixi=jxj=kxk=0, (1.8)

and

ixj=k jxi=-k, jxk=i, kxj=—-i, kxi=j, ixk=-j. (1.9)

o
To obtain a more convenient expression for the cross product that can be used when & and b are

known in terms of their components, we proceed as follows.

17



1.7. Cross Product of Vectors

Let @ =ayi+ayj+azk and b= byi+b,j +bsk, and consider the cross product @'x b= (ari+ayj +ask)x
(byi+byj + bsk). Expanding this expression term by term is justified in (1.8)and (1.9) the result is
axb =ayby (i xi)+ayby(ixj)+arbs(i x k)+
azby(j x i) +axby(j x j) +azbs(j x k)+
613b1(k X 1) + a3b2(k X ]) + a3b3(k X k)

Result (1.8) makes three terms in the above equation on the right-hand side to vanish, and result (1.9)

allows the remaining six terms to be collected into three groups as follows to give
@xb=(aybz—asby)i—(arybs —asby)j +(a1by —arby)k

This alternative expression for the cross product in terms of the Cartesian components of vectors @

and b can be further simplified by making formal use of the third-order determinant,

i j k
ﬂ_l)Xl_;: a, dap das
b by by (1.10)

= ((12.173 —a3.b2)i — (al.b3 —a3.b1)j + (al.bz —az.bl)k

Example 1.8 Given that @=3i—2j—kand b =i +4j + 2k, find @x b and a unit vector 7 normal
to the plane containing @ and b such that @, b, and #, in this order, obey the right-hand rule.
Solution:- Using Equation (1.10) we get

j k
2 -1
4 2

.
axb

1]
— 0 =

=((-2)-2-4-(-1))i-(3-2-1-(-1))j+(3-4-1-(-2))k
=-7j + 14k.

The required unit vector 7 is simply the unit vector in the direction of a x b, hence we have

axb

A= ——
llax bl
_(=7j +14k)

(P (e

Exercise 1.1 1. If A and B are parallel, what is A x B?

2. If A and B are orthogonal, What is ||A x B||?

18



Chapter One: Vectors and Their Applications 1.8. Application of cross and dot product

3. Find a unit vector perpendicular to both A =(2,-3,1) and B=(1,2,—4).

1.8 Application of cross and dot product

1.8.1 Area

Area of a parallelogram:- The area of a parallelogram defined by the side vectors 4 and b is deter-

mined by the formula

Figure 1.10: A parallelogram with sides @ and b

A = ||a||[B]|sin 6

o (1.11)
= |laxbl|,

>
where 6 is an angle between @ and b.

Example 1.9 : Find the area of the parallelogram with sides the vectors @ = (1,-1,0) and
b=(0,1,2).

Solution: The area of the parallelogram is given by the norm of the cross product of the two

given vectors. Hence we have,

=-2i-2j+k
Thus, the area of the parallelogram is given by
A=|@x bl

= \/(—2)2 +(=2)2+12
=Vi+4+1=V9=3

19



1.8. Application of cross and dot product

The area of a triangle:- The area of a triangle with the two side vectors @4 and bis given by:

1 —_—
A= §||071|||b||51n9

1,5, -
= Sllax ol

Figure 1.11: the area of triangle with sides @'and b

Example 1.10 Find the area of the triangle AABC where A(0,1,2), B(-1,0,2), and C(1,-2,0).
Solution:- First, let’s find the two side vectors that determine the triangle from the three given

points as:
—
AB =(-1,0,2)-(0,1,2) =(-1,-1,0)

—
AC =(1,-2,0)—(0,1,2) =(1,-3,-2)

Next, we compute the cross product of these vectors as:

Exﬁ:i —]1 0

1 -3 -2
=(2-0)i+(0-2)j+(3+1)k

= 2i —2j + 4k.

Finally, the area of the triangle is obtained by computing half the norm of the above cross
product as
1, — —
A= EllAB x AC||

- %nzi _2j+4k| = %w/zz 1 (-2)2 + 42
= VErd+16

_ %\/ﬁ

— iz

20



Chapter One: Vectors and Their Applications 1.8. Application of cross and dot product

1.8.2 The scalar triple product

The scalar triple product (also called the box product or mixed triple product) is not really a new
operator, but a way of applying the other two multiplication operators to three vectors. The scalar
triple product is sometimes denoted by (L?E)E’) and defined as:

a-(b xd)=(@xb)-¢ (1.12)

1.8.3 Volume

The volume of a parallelepiped defined by the vectors 4, b and Cis given by:

V=|e-(@xb)]
=|a- (b 2)|
=16 (exa)
The above result can be obtained as follows:
V= Abase x h
=|| (@' x b) II'l Spro]ﬁ % |, where Sproj is the scalar projection
R axb
=l @xB) ] l |
I (@xb)l
=|@xb)-c]

Example 1.11 Find the volume of the parallelepiped defined by the vectors @ = (0,1,-3), b=
(1,2,3yand ¢=(-1,0,1).

21



1.9. Equation of Lines and planes

Solution:-First, let’s compute the cross product as:
i j k
axb=|0 1 -3
1 2 3
=(3+6)i+(3-0)j+(0-1)k
=9i+3j-k

Then, the volume of the parallelepiped is given by the triple product as:

V =|@xb)-dl
=|(9i+3j —k)-(—i+k)|
=19(=1)+3(0) + (=1)(1)]
=|-9-1]
=|-10|
=10

Exercise 1.2 1. Find the volume and surface area of the parallelepiped formed by the vec-

tors @ = 21, l?z3j, c=j+k

2. Find the volume of the parallelepiped spanned by the vectors u =(1,0,2), v=(0,2,3), w =
(0,1, 3).

1.9 Equation of Lines and planes

Consider a line through the point Py(xg,vo,2¢) in the direction defined by the vector v = (a,b,c), as

shown in Figure 1.13.

Let P(x,v,z) be any other point on the line, then we have a vector 170—15) =(Xx—X0, ¥V — V0,2~ 20)-
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Figure 1.13: A parallel vector of a line

The vectors Iﬁ) and v are parallel, hence there exists a scalar ¢ such that Iﬁ) = tv' which gives us
(x=x0,¥ —v0,2—29) =t{a, b, c). (1.13)

This is called vector equation of the line. Comparing the components of the vectors on the left and
right hand side of Equation (1.13) results in x —xy = ta, vy —yy = tb, z—zy = tc. Rearranging these
equations as follows gives us the parametric equations of a line in R3:

x=xp+ta, Vy=y9+bt, z=zy+ct, —o00 < t < oo. (1.14)

Example 1.12 Find the vector and parametric equation of the line that pass through the point

(1,2,5) in the direction of (4, 3,2), and determine any two points on the line.

Solution: Let b = (a,b,c) =(4,3,1) and Py = (x¢,v0,209) = (1,2,5) then from Equation (1.13) we
can write the vector equation of the line as

(x-1,y-2,z-5)=1t(4,3,1)
And from Equation (1.14) we get the parametric equation of the line as
x=1+4t, y=2+3t z=5+t, —00 < t < oo.

To find two points on the line we give t two arbitrary values, for instance t = 1 leads to the point
(5,5,6), and t = —1 leads to the point (-3,-1, 4).

Example 1.13 Find the parametric equation of the line pass through the points (-1,2,6) and
(1,5,4).

Solution: Let Py = (xo,v0,29) = (—1,2,6). The direction of the line is given by the vector v =

(a,b,c) =(1,5,4) - (-1,2,6) = (2,3,-2). Consequently the parametric equations of the line are
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given by
x=-1+2t, y=2+4+3t, z=6-21, —0o0 <t < oo.

Symmetric Equations of a Line: From equation (1.14) we can clear the parameter ¢ by writing it as

X% _ Y=Y _ 2720
a b c

provided that the three numbers 4, b, and c are non-zero. The resulting equations

X=Xy Y—Yo 2—2
a b c

are said to be symmetric equations for the line pass through the points P, and P.

Example 1.14 Find the symmetric equations for the line that pass through the points (4,10,-6)
and (7,9, 2).
Solution: First let us find the reference vector as below
(a,b,c)=(4,10,-6)—(7,9,2)
=(-3,1,-8).

Then if we let (xg,v0,20) = (7,9, 2) the symmetric equation of the line is given by.

x=7 y-9 z-2
-3 1 -8

If one of the numbers a,b, or c is zero in Equation (1.14), we use the remaining two equations to eliminate the
parameter t. For example if a=0, b # 0, and c # 0, then (1.14) yields the symmetric equations for the line to be

=30 _z-2

X=x
0 b c

Let L be a line parallel to a vector ¥ and p; be a point not on a line L then the

distance “D” between p; and L is given by

>, T
| v pop1 |l

D=
[

where p is any point on L and (||7]] = 0).
Proof exercise
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Example 1.15 Find the distance from the point p =(1,1,5)tothelineL: x=1+t, y=3—-t, z=
2t

Solution: We see from the equation for L that passes through py = (1,3,0) parallel to v'=i—j+2k
with pop =—2j + 5k and pop x ¥’ =i+ 5j + 2k. Then from the above theorem,

p _ 1PoP x|
171

V30

Example 1.16 Find the distance between the following two parallel lines with the given para-
metric equations Ly : x=2—-t,y=2t,z=1+tand Ly: x=1+2t,y=3-4t,z=5-2t.

Solution: Here the two lines are parallel, (i.e they do not intersect and they are on the some
plane) (show!). Now to find the distance, take v'= (-1, 2,1) the vector parallel to a line L;, the
point py(2,0,1) on the line L; and p;(1,3,5) on the line L, such that pop; =(-1,3,4). But

i j k
Uxpopr =|1 3 5
-1 3 4

=(8-9)i—-(-4+3)j+(-3+2)k
=—i+j—k,

and hence
1 7% popy Il= V3.

Also we have

I1711= Ve.
Thus, the distance between the tow parallel lines is given by:
p = I¥xpopy |l
171l

(1.15)
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Remark: Two lines in space are

1. Coincident if they are the same lines

2. parallel if they have no point in common but belong to the same plane.

3. Intersecting if they have only one point in common.

4. Skew lines if they have no points in common and belong to different planes.

5. Two lines are said to be in the same plane if w- (u xv) = 0, where u is parallel to the first line, v is parallel to

the second line and w is a vector containing a point of each line.

Exercise 1.3 1. Find the vector, parametric, and symmetric equations for the line through
the point (1,0,—-3) and parallel to the vector 2i —4j + 5k.

2. Find the parametric and symmetric equations of the line passing through the point
(=3,5,4) and parallel to the linex=1+3t,y =-1-2t,z=3+1.

3. Find the shortest distance and the equation of line that contains the shortest path between
the lines r =3i+5j+7k+ A(i —2j+k)and r = —i — jk + y(7i — 6j + k).

4. Find the shortest distance between the following lines:

r=i+2j+3k+A(i—3j+2k) and r = 4i + 5j + 6k + p(2i + 3j + k).

5. Find A such that Zand b are perpendicular, where = Ai + 2j + k and b = 5i — 9 + 2k.
6. If @b, T are three vectors such that @+ b+ &= 0, then prove that #x b = b x &= 'x @.
7. Find the vector in the direction of the vector 5i — j + 2k which has the magnitude 8 units.

8. Show that the points A(3,-5,1),B(-1,0,8)andC(7,-10,—6) are collinear.

9. a) Prove that the vectors 2i —j + k,i — 3j — 5k and 3i — 4j — 4k are coplanar. b) Show that
the points (1,0,1),(1,1,0),(0,1,1) and (0,0, 2) are coplanar

10. If Zand b are unit vectors and 0 be the angle between them then show that

4 sin(g)—lwfn
' )

2
.. 1., -
ii. cosO = —||@+b||
2
@- |
iii. tan@ = “_} _,”
lla+ bl

11. Find the area of parallelogram whose diagonals are along the vectors i + 2k and 2i — 3k.
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12. Show that the points A, B, C with position vectors 2i —j + k,i — 3j — 5k and 3i — 4j — 4k
respectively are the vertices of right triangle. Also find remaining angles of the triangle.

13. If &b, Care the position vectors of the vertices A, B, C of a triangle AABC respectively. Find
an expression for the area of AABC and deduce the condition for the points to be collinear.

14. Vectors @ and b are such that || = \/5,||E|| = % and @x b is a unit vector. Write the angle

between a and b.
15. Find A if (2i + 65 + 14k) x (i — Aj + 7k) = 0.

16. If @=i+j+kb=4i-2j+3kand ¢=i—-2j +k, find a vector of magnitude 6 units which

is parallel to the vector 22— b+3¢

17. Leta=i+4j+ 2k,b = 3i —2j+7k and ¢'= 2i—j +4k. Find a vector d witch is perpendicular
to both Z7and b and ¢-d = 18.

— F > 7 % . - =
18. If 7and b are two vectors such that |7- b| = ||[ax ||, then what is the angle between @ and b.

19. Find the vector whose length is 3 and which is perpendicular to the vectors @ = 3i + j —
4k, b= 6i +5j — 2k.

20. If A=(1,1,1), C(0,1,-1) are two given vectors, then find a vector B satisfying the equation
AxB=Cand A-B=3.

21. If A,B,C and D are any four points in spaces prove that

IABx CD + BC x AD + CA x BD|| = 4( area of AABC)

1.9.1 Equations of Planes in R®

Let po(x0,v0,29) be a point in a plane. Let (a,b,c) be a vector perpendicular to the plane, called
normal to the plane. These two quantities, namely a point in a plane and a normal vector to the
plane characterize the plane. There is only one plane through a given point and having a given
normal. We will now drive the equation of a plane passing through the point py(xg,v9,2¢) and having

normal {a,b,c). Let P(x,v,z) be any arbitrary point in the plane. Then, we have

—
PoP = (%,9,2) - (x0,%0.2)

={(x=x0,9 —%0,2~ 29)
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which lies on the plane. Thus the vectors (a,b,c) and pgp are orthogonal, as a result, their dot product

is zero. This observation leads to a vector equation of the plane given by

(a,b,¢)- pop =0
(a,b,c)-(x—x0,¥ —v09,2—29) =0

Z‘Z (a.l‘b, c)
i;:] e P
y

Figure 1.14: Normal vector and plane

Specifically the above equation yields the point-normal form of the equation of the plane as
a(x—xg)+b(y —vg) +c(z—29) = 0. (1.16)

In addition, expanding Equation (1.16) and letting d = ax( + by, + ¢z, we obtain the general form of the

equation of the plane as

ax+by+cy=d. (1.17)

Observe that the components of (a,b, c) appear as coefficients in (1.16) and (1.17), and the coordinates
of the points py(xg,vo,2p) in the plane appear inside the parenthesis in Equation (1.16).

Example 1.17 : Find the point-normal and general forms of the equation of the plane passing
through the point (1,2,3) and having normal (-1, 4, 6).

Solution: Let (xg,v9,29) = (1,2,3) and (a,b,c) = (—1,4,6). Then the point normal form equation
of the plane is given by
—(x-1)+4(y—-2)+6(z-3)=0.

Multiplying and simplifying the above equation results in the general form of equation of the

line as

x+4y+6z=25.
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Example  1.18 Determine the equation of the plane through the three points
P(2,-1,1), Q(-1,1,3)and R(2,0,-3).

Solution: The vectors PQ and PR lie in the plane and PQ x PR will be normal to the plane.
Hence, since 17(3 =(-1,1,3)—(2,-1,1) = (-3,2,2) and P—R) =(2,0,-3)—(2,-1,1) =(0,1,-4) we
have IYQ)X PR = —10i—12j-3k. Finally letting (xo,v9,29) = (2,—1,1) and {a,b,c) = (-10,-12,-3)

we get the point-normal equation as
-10(x-2)-12(y+1)-3(z-1)=0

or the general equation as
-10x-12y-3z=-11.

1.9.2 The angle between two planes

In three dimensions, two planes are either parallel or they intersect in a straight line. (Think about
this some.) Suppose that two planes having normal vectors a and b, respectively, intersect. Then the

angle between the planes is the same as the angle between a and b.

Figure 1.15: Angle between planes

Note: Two planes are parallel whenever their normal vectors are parallel and the planes are orthogonal whenever their

normal vectors are orthogonal.
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Example 1.19 Determine whether the planes x — 3y + 6z = 4 and 5x + y — z = 4 are orthogonal,
parallel, or neither. Find the angle of intersection and the set of parametric equations for the

line of intersection of the plane.

Solution: For the plane x — 3y + 6z = 4 the normal vector is n; = (1,-3,6) and for the plane
5x+y —z = 4 the normal vector is n = (5,1,—1). The two planes will be orthogonal only if their

corresponding normal vectors are orthogonal, that is, if 77 - 7, = 0. However, we see that
ny-1ny =(1,-3,6)-(5,1,-1) = (1)(5) + (=3)(1) + (6)(-1)=5-3-6=—-4%0

Hence, the planes are not orthogonal.
If the planes are parallel, then their corresponding normal vectors must be parallel. For that to

occur, there must exist a scalar k where
n_i = knl.

Rearranging this equation as kny = nj and substituting for n; and n) gives us k(1,-3,6) =
(5,1,-1) or (k,—3k, 6k) = (5,1,—-1). Equating components results in the equations k =5, -3k =
1, 6k =-1. This gives k =5, k=-1/3 k =-1/6. Since the values of k are not the same for each
component to make the vector 15 a scalar multiple of the vector ny , and hence the planes are
not parallel.

Thus, the planes must intersect in a straight line at a given angle. To find this angle, we use the

equation
cosO = fin_i_)
Il 71 [[[] 722 |l
since ny - ny = (1,-3,6) - (5,1,-1) = -4, || n1 ||= 12+ (-3)2+62 = V46 and || n, |=
152 +12+(-1)2 = V27 we have
0 -4
cos = ———
V46vV27
- —4 , 1.18)
= 0 = cos 1(—)=1.68 radians (1.
V46V27

=96.5".
To find the equation of the line of intersection between the two planes, we need a point on the
line and a parallel vector. To find a point on the line, we can consider the case where the line
touches the x —p plane, that is, at z = 0. In the two equations of the planes
x-3y+6z=4
S5x+y—-z=4
if we substitute z = 0, we obtain the system of equations
x-3y=4 (1)
5x+y=4 (2)
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Multiplying the first equation by —5 and adding it to the second equation results in 16y = -16
-16

ory=-—-== —1. Substituting y = —1 back into equation (1) gives us x = 1. Thus, the point

(1,-1,0) is on the plane. Since the line is on both planes, it is orthogonal to both normal vectors

n; and ;. Hence, the cross product nj x 715 will be a parallel vector for the line. Thus, we have

i j k
=iy xiy=|1 -3 6
5 1 -1

=(3-6)i—(-1-30)j +(1+15)k
=-3i+31j+16k.

Hence, using the point (1,-1,0) and the parallel vector v’ = —3i + 31j + 16k , we find the para-

metric equations of the line are

x=1-3t, y=-1+31¢t, z=16t

Exercise 1.4 1. Determine whether the planes 3x + y —4z = 3 and —-9x - 3y + 12z = 4 are
orthogonal, parallel, or neither. Find the angle of intersection and the set of parametric

equations for the line of intersection of the plane.

2. Find the point where the line x = 1+¢,y = 2¢, and z = -3¢ intersects the plane —4x+2y—4z =
-2.

1.9.3 Distance between Points and a Plane

Suppose that we wanted to find the distance from the plane ax + by +cz+d = 0 to a point Py(x¢, Vo, Z)
not on the plane. Notice that the distance is measured along a line segment connecting the point to
the plane that is orthogonal to the plane as show in Figure 1.16. To compute this distance, pick any
point P;(x1,v1,2;) that lies on the plane and let @ = (4, b, ¢) denote a vector normal to the plane. Next,

—
notice from the figure that the distance from P, to the plane is simply the norm of projafop1 and also

—
pop1 = (X1 —X0, V1 — V0,21 — 20)-
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Py

|comp, Pry
P, a a
\ gl

Figure 1.16: The distance of the plane and the point

Thus, the distance between the plane and the given point is obtained by

. poPT
D =[[ proj;" |l

>
=I poPt - = |
= pop1 - —=

[l
_|ax0+by0+czo—d|

Va2 +b? + ¢?

Note: To find the distance between two parallel planes in space, take any point of one of the planes and find the

distance between the point and the other plane.

Example 1.20 Find the distance between the point (1,2,3) and plane 2x -y +z = 4.

Solution: Since we are given the point Q = (1,2, 3), we need to find a point on the plane 2x -y +
z =4 in order to find the vector P_Q) . We can simply do this by setting y = 0 and z = 0 in the
plane equation 2x —y + z = 4 and solving for x. Thus we have 2x-0+0=4 = 2x=4 = x=
4/2 = x = 2. Thus get the point P(2,0,0). The vector I@ isthen (1-2,2-0,3-0)=(-1,2,3).
The normal vector for the plane is 7 =(2,-1,1) , hence the distance D between the point Q and

the plane is
iy
7]l
1(~1,2,3)-(2,-1,1}|
22+ (-1)2+1?
_[=2=2+3)
V4+1+1
=1/V6

—
D=| PQ -
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Example 1.21 Find the distance between the following two parallel planes given by 3x—y+2z =
6 and 6x -2y + 4z — 4.

Solution: To find the distance between the two planes take a point, say (xo, vo,29) = (2,0,0) from
the first plane and the normal vector of the second plane, i.e., a=6, b =-2and c=4. Hence

the the distance D is
_laxg+byg+czg—d |

V@ + 0212
_ 1(6)(2) +(=2)(0) + (4)(0) = (=4) |
62+ (—2)? + 42
_12+0+0+4

V36+4+16

16

V56

D

Exercise 1.5 1. In the triangle that determined by the points P,Q and R, find a unit vector
perpendicular to plane PQR, where

a. P(1,1,1),0(2,1,3) and R(3,-1,1) b. P(-2,2,0),Q(0,1,-1)and R(~1,2,-2)

2. Find equations for the lines:

a. The line through the point P(3,-4,—-1) parallel to the vector i + j + k.
b. The line through P(1,2,-1 ) and Q(-1,0,1).

c. The line through the origin parallel to the vector 2j + k.

d. The line through the point (3,-2,1) parallel to the line

x=1+2t,y=2-t,z=3t

e. The line through (1,1, 1) parallel to the z—axis.

=

The line through (2,4, 5) perpendicular to the plane 3x + 7y — 5z = 21.
g. The line through (0,-7,0) perpendicular to the plane x + 2y + 2z = 13.
h. The line through (2, 3,0) perpendicular to the vectors i = i+2j+3k and v = 3i+4j+5k

3. Find equations of the planes:

a. The plane through Py(0,2,—-1) normal to n = 3i — 2j — bmk.
b. The plane through (1,-1, 3) parallel to the plane 3x+y+z=7.
c. The plane through (1,1,-1),(2,0,2) and (0,-2,1)
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10.

11.

12.

13.

14.

d. The plane through Py(2,4,5) perpendicular to the line
x=5+ty=1+3t,z=4t
e. The plane through A(1,-2,1) perpendicular to the vector from the origin to A.
Find the equation of plane determined by the intersecting lines:

Ll:x=-1+t,py=2+t,z=1-t, —c0<t< oo

L2:x=1-4s,y=1+2s2z=2-2s, —00 <5< oo

. Find the equation of plane through Py(2,1,—-1) perpendicular to the line of intersection of

the planes 2x+y—-z=3, x+2y+z=2.

Find the equation of through the points P;(1,2,3),P2(3,2,1) perpendicular to the Plane
dx-y+2z=7.

Find the angle between the planes:

a. x+y=1, 2x+y-2z=2
b. 5x+y-2=10, x-2y+3z=-1

. Find the point in which the line meets the plane.

a. x=1-t,y=3tz=1+t, 2x-y+3z=06
b. x=2,y=3+2t,z=-2-2t, 6x+3y—-4z=-12

(x-1)  (B-p) _(z+1)

. Find the vector equation of the line parallel to the line =~ =" and
passing through (3,0,—4). Also find the distance between these two lines.
= 9
Find the shortest distance between the lines, whose equations are (x3 il = (y 41—6) =
(10-2) and (x—15) _ (58-2y) _ (z—S).
-7 -16 -16 -5

Find the equation of the plane which passes through the points (0,0,0) and (3,-1,2) and

- 3
is parallel to the line (x - 4) _ (?_"'4 ) _ (Z; 1)'

- -7 -
Find the foot of the perpendicular from (1,2, 3) on the line x = 6) = -7 = (2 1;). Also

2
obtain the equation of the plane containing the line and the point (1,2, 3).

Prove that the image of the point (3,-2,1) in the plane 3x —y + z = 2 lies on the plane,
x+y+z+4=0.

Find the distance of the point (3,4, 5) from the plane x + y + z = 2 measured parallel to the
line 2x =y =z.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Prove that if a plane has intercepts a,b and c and is at a distance of p units from the origin,

- 11
t en;+ﬁ+c—2—p.

- - - 1- -
Show that (x 5 Y = &3 =-zand (x=4) = (1-y) = (=1 are coplanar. Also, find the

2 1
equation of the plane containing the lines.

-1 -
Find the image of point (1, 6, 3) in the line Jl_c - (¥ : ) - (z = 2).

Show that line L whose equation is r = 2i — 2j + 3k + A(i — j + 4k) is parallel to plane Il

whose vector equation is r.(i + 5§ + k) = 5 and find distance between them.

Find the equation of the plane containing the linesr =i+j+ A(i+2j—k)andr=i+j+
u(—i + j — 2k). Find the distance this plane from origin and also the point (1,1,1).

Find the equation of the plane passing through the intersection of the planes 2x + 3y —
z+1;x+y—2z+3 = 0 and perpendicular to the plane 3x —y —2z—-4 = 0. Also find the
inclination of this plane with the xy plane.

Find the length and the equations of the line of the shortest distance between the lines

) = (y-8) = (213) and (x+33) = ©+7) = (226). Also, find the points where the

3 -1 -
line of shortest distance meets the given lines.

- 4
Find the equation of the plane which contains the two parallel lines (x 3 3) = @+ =

2
=1, &) _G-2)_z
1 3 2 1

Find the equation of the plane through the intersection of the planes 3x—4y+5z =10;2x+

2y — 3z = 4 and parallel to the line x = 2y = 3z.
(x+1) (®-3) (z+2)

Find the equation of the plane containing the line — 5 - 7 and the point
=7 7
(0,7,-7) and show that the line % = & 3 ) = (Z-; ) also lie in the same plane.

Find the image of the point having position vector i+3j+4k in the plane r.(2i—j+k)+3 = 0.

Find the vector equation of the plane through the intersection of the planes r.(2i—j+k) = 3
and passing through the point (2,1,-2).

Find the distance of the point (1,-2,3) from a plan x — y + z = 5 measured parallel to the
line (x+1) (¥+3) (z+1)
2 3 -6

Find the foot of the perpendicular dram from the point 2i —j + 5k to the line r = 11i —2j —
8k + A(10i —4j — 11k). Also find the length of the perpendicular.

(=7 _(@+7) 5+ D) _(p=3) _(z+2)

Show that the lines > = = a = are coplanar. Also
1 -3 2 -3 2 1

find the equation of the plane containing them.
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30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Find the distance from the plane 2x —y + 2z + 1 = 0 to the origin.

Find the equation of the plane passing through the point P(1,1,1) and containing the
line Ly = =3i +j + 5k + A(3i — j — 5k). Also, show that the plane contains the line L, =
—i+2j + 5k + p(i —j + 5k).

(x+2) (w+1) (z-3)

Find the point on the line 3 - 5 - 3 at a distance of 5 units from the point
P(1,3,3).

Find the distance of the point P(6,5,9) from the plane determined by the points
A(3,-1,2),B(5,2,4) and C(-1,-1,6).

Find the equation of the plane through three points A(0,-1,-1),B(4,5,1) and C(3,9,4).

Find the coordinate of the foot of the perpendicular drawn from the point A(1, 8,4) to the
line joining B(0,-1,3) and C(2,-3,-1).

Find the distance of the point (3,4, 5) from the plane x + y + z = 2 measured parallel to the
line2x =y =z.

Find the equation of the plane passing through the intersection of the planes 2x + 3y —
z+1;x+vy—2z+ 3 = 0 and perpendicular to the plane 3x —y —2z—-4 = 0. Also find the

inclination of this plane with the xy plane.
The set of all points equidistant from (0,1,5) and (5,-1, 3) is a plane. Find the equation.

A kite is pulled with a force F= (2,1,4). It has velocity v'= (1,-1,1). The dot product of
F with 7is called power.

a. Find the angle between the force and the velocity.

b. Find the vector projection of the force onto the velocity vector.

Light shines long the vector @ = {ay,4,,a3) and reflects at the three coordinate planes
where the angle of incidence equals the angle of reflection. Verify that the reflected ray is

—

a.

Hint. Reflect first at the xy-plane and find the components of the ray after reflection. You
can assume that in that case, the reflected vector is in the plane spanned by k= (0,0,1)

and 7.

Given the vectors = (1,2,1), b= (1,-1,1), ¢=0,1,1), d= (2,3,4), compute all possible

dot products and determine which pairs are perpendicular.

a. Find the angle between a diagonal of a cube and the diagonal in one of its faces.
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b. The hypercube or tesseract has vertices (+1,+1,+1,+1). Find the angle between the
hyper diagonal connecting (1,1,1,1) with (-1

necting (1,1,1,1) with (-1,-1,-1,-1).

—1,—-1,-1) and the space diagonal con-

43.  a. Verify that if 7, b are nonzero, then ¢'= |oﬂy+ @E’bisects the angle between 7 and bif

.
c 1s not zero.

b. Verify the parallelogram law
@+ B[ + |7~ bI? = 2| + 2/b]*.

44. a. Find a nonzero vector orthogonal to the plane through the points P = (-2,3,1), Q =
(1,5,2), R=(4,3,-1) and containing P .

b. Find the equation of this plane.
c. Find the area of the triangle PQR.
45. a. Parametrize a line perpendicular to the plane containing A = (1,1,.1), B = (2,3,4)
and C = (4,5, 6) and passing through A.
b. Find the equation ax + by + cz = d of the plane through A, B, C.
46. a. Use volume to determine whether A = (1,1,2), B = (3,1,6), C = (5,2,0) and D =
(1,4,12) are in the same plane.
b. Find the distance between the line L through A, B and the line M through C, D.
c. How come that whenever A, B, C, D are not in the same plane, then the distance
between L and M is positive?
47. a. Find an equation of the plane containing the line of intersection of the planes x—z =1
and v + z = 3 which is perpendicular to the plane x + y -2z = 1.
b. Find the distance of the plane found in a) to the origin (0, 0, 0).
48. a. Parametrize the line L through P = (2,1,2) that intersects the line x = 1+, y =
1—t, z =2t perpendicularly.

b. What is the distance from this line L to the origin (0,0,0)?
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2. Matrices and Determinants

2.1 Definition and Types of matrix

Definition 2.1 A matrix is a rectangular array of numbers. The numbers in the array are called
entries or elements of the matrix.

Elements in the horizontal lines form rows and elements in the vertical lines form columns. The size

or order of a matrix is described in terms of the number of rows and columns.

a1 aip 4z -t Al
dpy Qpp dz3z -t dpy
az1 Aaszp aszz -t Qszy
A=
[Am1 Am2 Am3 Gmn]

A is a matrix of size m by n (written as m x n), since A has m rows and n columns. The entry in
i row and j*" column of the matrix is denoted by ajj or (A);j. The it" row of matrix A is R; =
[ail ajp Aajz - ain] 1<i<m

(11]'
ﬂzj

The j' column of the matrix Ais ¢; = [a3j| 1<j<n.

do
We often write matrix A as A = [ai]-]mx,;, mjl <i<m, 1<j<nwherei-denotesthe row and j- denotes
the column.
5 9 6 8
For example, in the matrix A=|3 2 3 1|, thereare 3 rows and 4 columns. Therefore, matrix A can
1 0 4 7
be called a matrix of order or size 3 x 4. The rows are [5 9 6 8], [3 2 3 1] and [1 0 4 7],
51 [9] [6 8
and the columns are 3], (2|, |3|and |1].
1| o] |4 7
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Here a;1 =5, a1 =9,a13=6, a14 =8, ay; =3, ayy =2, a3 =3, a4 = 1, etc. and A has 12 elements.

Definition 2.2 : Two matrices A and B are said to be equal, written A = B, if they are of the

same order and if all corresponding entries are equal i.e. a;; = b;;.

2+3 1 0
2 3 2x2

510
For example,
2 3 4

] but [;] #[2 9] why?

Example 2.1 Given the matrix equation
x+y 8 |3 8
x-7 6 |1 o6l

Solution: By the definition of equality of matrices, we have x +y = 3 and x —y = 1 and solving

Find x and y.

this system of equations gives x =2 and y = 1.

Exercise 2.1 Find the values of x, y, z and w which satisfy the matrix equation

'x—y 2x+z =l 3
a. =
|2x -y 3z+w 0 13

o [x3 2pex| [0 7
lz-1 4w+6| |3 2w

2.1.1 Types of Matrices

1. A matrix having exactly one row is called a row matrix.

Example 2.2 ; [1 0 4 7], [1 5], are row matrices. A row matrix is often referred to

as a row vector.

2. A matrix having exactly one column is called a column matrix

39




2.1. Definition and Types of matrix

0
Example 2.3 | 3 |, ( 3] is a column matrix.
-6 B

3. A zero matrix or null matrix is a matrix in which all of its elements are zero.

0 0
Example 2.4 The matrices, [ ] and |0 0] are the zero matrices.
0 0

4. A matrix in which number of rows and number of columns are equal, that is, an n x n matrix, is

called a square matrix of order n.

1 2 8
3
Example 2.5 [4 0] and |4 6 0]are square matrices.
1 35

If A = (a;j)uxn 1s a square matrix the elements a;;’s are called the diagonal elements. The main

diagonal or simply diagonal of A consists of the elements a;y, a5y, as3, -+, au,.

5. A square matrix in which all the non-diagonal elements are zero is called a diagonal matrix.

4 0 0
30 . .
Example 2.6 05 and |0 5 O0]are diagonal matrices.
0 0 9

Note that the diagonal elements in a diagonal matrix may also be zero.

30
0 0 . .
Example 2.7 |0 0 O0fand 0 0 are also diagonal matrices.
0 0 2

6. A diagonal matrix whose diagonal elements are equal is called a scalar matrix
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30
Example 2.8 p
0 3

S O B
S = O
=~ O O

and [0 Ol are scalar matrices.

7. Diagonal matrix of order n in which every diagonal element is unity (one) is called the identity

matrix or unit matrix of order n. The identity matrix of order n is denoted by I,,.

1 0]. . . .
Example 2.9 7 is an identity matrix of order two.

8. A square matrix having only zeros below its diagonal is called upper triangular matrix. A
square matrix having only zeros above its diagonal is called lower triangular matrix. A matrix

that is either upper triangular or lower triangular is called triangular matrix.

1 0 0 1 2 0
30 . .
Example 2.10 (2 0 0}, and : 4 are lower triangular matrices and {0 0 O0f, and
0 4 3 0 0 3

3 7
[0 4] are upper triangular matrices.

Definition 2.3 A matrix obtained by deleting one or more rows and/or columns of A is
called a sub matrix of A.

4 6 1 4 6
8 2|14 6
Example 2.11 IfA=|3 8 2|, then [0 3}, [3 8] and |3 8| are some of the sub ma-
2 0 3 20

trices of A.
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2.2. Operations on Matrices and their properties

2.2 Operations on Matrices and their properties

2.2.1 Addition and Subtraction of matrices

Definition 2.4 If A and B are matrices of the same order, then the sum of A and B , denoted
by A + B, is a new matrix of the same order obtained by adding the corresponding elements
of A and B. Similarly, the difference of A and B, denoted by A — B, is the matrix obtained by
subtracting the corresponding elements of A and B.

1 2 8 2 0 3
Example 2.12 IfA=(4 6 0O|land B=|3 8 2|, then we have that
1 3 5 4 6 1

[1 2 8] [2 0 3] [1+2 2+0 8+3] [3 2 11
i. A+B=|4 6 0|+|3 8 2|=|4+3 6+8 0+2|=|7 14 2
1 3 5| |4 6 1] |[1+4 3+6 5+1] |5 9 6

1 2 1 2-0 8-3] [-1 2 5
ii. A-B=[4 6 0|-|3 8 2|=[4-3 6-8 0-2|=|1 -2 -2|.
1 3 -4 3-6 5-1| |-3 -3 4

2.2.2 Multiplication of Matrices by Scalar

Let A be any matrix and a be a scalar (real number), then @A is the matrix obtained from A by
multiplying each element of A by a. This operation is called scalar multiplication. In particular,
—A is the matrix obtained from A by multiplying each element of A by —1 and is called the additive

inverse of A.

1 2
Example 2.13 IfA=(5 0
3 1

1 2 6] [301) 32 36)] [3 6 18
34=3|5 0 4|=|3(5) 3(0) 3(4)|=[15 0 12
31 2| [33) 3(1) 32 |9 3 6
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2.2.3 Properties of Matrix addition and Scalar Multiplication

Let A, B and C be m x n matrices and 0 be a zero matrix of size m x n and «, f be scalars. Then

1. A+ B =B+ A (Commutative law for addition).

2. (A+B)+C=A+(B+C) (Associative law for addition).

3. A+0=0+A=A(0is called Additive identity ).

4. For each matrix A , there exists a unique m x n matrix —A such that A+ (-A)=0=-A + A.
5. a(A+B)=aA+aB.

6. (ap)A = a(pA) = B(ad).

7. (a+p)A=aA+ pA.

From the above properties, the set of all matrices having the same order forms a vector space with

the operations addition and scalar multiplication.

2.3 Product of matrices

Definition 2.5 Matrix Product: LetA be an m x r matrix and B be an r x n matrix. The (ij)!"

entry of C = AB is the dot product of the i*" row vector of A and the j** column vector of B:

Cij:[ail aip aj3 air]~ - | =aibij+ainbyj +ajzbsj+ -+ ai by = X aiby;

il
The product C has order m x n.
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2.4. Transpose of a Matrix

1 1 3 2 5
Example 2.14 i. fA=|1 0 5|, B=|2 3|then
3 21 4 1
1(2)+1(2)+3(4) 1(5)+1(3)+3(1) 2+2+12 5+43+3 14 11
AB =|[1(2)+0(2)+5(4) 1(5)+0(3)+5(1)[|=]2+0+20 5+0+5|=(22 10

32)+2(2)+1(4) 3(5)+2(3)+1(1)| |6+4+4 15+6+1| |14 22

21
? and BA = 0 .So, AB % BA
1 11 6

Note: In general matrix multiplication is not commutative.

2.3.1 Properties of Matrix Multiplication

Let A, B and C be three matrices of the appropriate sizes. Let a be a scalar. Then

1. A(BC)=(AB)C.
2. AB+C)=AB+AC and (A+B)C =AC +BC.

3. a(AB)=(aA)B = A(aB)

2.4 Transpose of a Matrix

Definition 2.6 A matrix obtained from a given matrix A by interchanging the rows and columns

of A is called the transpose of A and is denoted by A’ .That is, if A = (aij)mxn then Al = (@) nxm

Example 2.15

20 2 -2 4
1. IfA=|-2 3| thenA’=
5 3 1
4 1
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4
2.1fB=|3 | thenB'=[4 3 -]
6

Let A = (a;j)uxn be a square matrix. Then A is said to be

i. Symmetric matrixif A’ = A

ii. Skew symmetricif A’ =-A

2 3 4 2 3 4
Example 2.16 1. A={3 0 -2|,A'=[3 0 -2|. = A'=A.Hence, Ais symmetric.
4 -2 1 4 -2 1

0 -1 0 1
Lo l, Al = [ . Ol. — A'=-A. Therefore, A is skew-symmetric.

2.4.1 Properties of Transpose of a Matrix

Let A and B be matrices such that addition and multiplication is defined. Then

1. (A=A
2. (A+B)' = A" + B And (AB) = B'A!
3. (aA)' = aA' ,where a —is a scalar

4. Any square matrix A can be written as a sum of symmetric and skew symmetric matrices:
A= l(A +A")+ l(A—Af)
2 2

— —
symmetric  skewsymmetric
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2.5. Trace of a Matrix

2.5 Trace of a Matrix

Definition 2.7 Let A = (4;j)uxn, be a square matrix of order n.Then trace of A is defined to be
n

the sum of the diagonal elements of 4, i.e. trace(A) = Zaii.
i=1

Notation: The trace of a matrix A is also commonly denoted as trace(A) or tr(A).

2.5.1 Properties of trace of a matrix

If A and B are square matrices, then

1. trace(A + B) = trace(A) + trace(B)
2. trace(A) = trace(A")
3. trace(cA) = c(trace(A))

4. trace(AB) = trace(BA)

15 6 7
Example 2.17 Find the traceof A=|2 -4 2
3 2 6

3
Solution: tr(A) = Zaii =15+-4+6=17
i=1

2.6 Elementary Row Operations and Row Echelon form

Definition 2.8 Elementary row operation: Given any matrix A of order m x n, any one of the

following operations on the matrix is called elementary row operation:
1. Interchanging any two rows of A; R; < R; (Interchange the i’ and j' row)

2. Multiplying a row of A by a nonzero constant k; R; = kR; (Multiply the i*" row by
scalar k)
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3. Adding a multiple of one row of A to another row of A. R; = R;+kR; (add k times

it" row to j* row).

0 01 2
Example 2.18 GiveamatrixA=|2 3 0 -2
3 3 6 -9
a). Interchange rows 1 and 3 of A
-9
=4 0 -2
01 2

b). Multiply the third row of A by 1/3

()
|
w

c). Multiply the second row of A by —2, then add to the third row of A

0O 0 1 2
= 2 3 0 -2
-1 -3 6 -5

Definition 2.9 Two matrices A and B are called row equivalent or simply (equivalent matrices)
if one matrix can be obtained from the other matrix by applying finite number of elementary

operations. In this case we write A ~ B.

Example 2.19 As we observe from the above example,
3 36 -9 3 3 6 -9
2 3 0 -2|~|2/3 1 0 -2/3
001 2 0 01 2
and
3 36 -9 0 0 1 2
2 30 -2|~12 3 0 -2
001 2 -1 -3 6 -5
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2.6. Elementary Row Operations and Row Echelon form

Definition 2.10 Matrix in reduced row echelon form: A matrix in reduced row echelon form

has the following properties:
1. All rows consisting entirely of 0 are at the bottom of the matrix.
2. For each nonzero row, the first nonzero entry is 1. The first entry is called a leading 1.

3. For two successive non zero rows, the leading 1 in the higher row appears farther to the
left than the leading 1 in the lower row.

4. If a column contains a leading 1, then all other entries in that column are 0.

Note: A matrix is in row echelon form if the matrix has the first 3 properties.

[1 2 0 0 2] [1 0 0 3 0]
0 01 01 0 01 0O
Example 220 A=|0 0 0 1 OlandB=(0 0 0 0 1
0 00 00O 0 00 0O
0 0 0 0 0 [0 0 0 0 0
are matrices in reduced row echelon form. Where as the matrix
1 0 3 4
01 -2 5
0 0 2
00 0 O

is in row echelon form since the matrix has the first 3 properties fulfilled. But it is not in reduced

row echelon form since the entries above the leading 1 in the third column are nonzero. The

matrix
1 0 3 4
01 -2 5
01 2 2
00 0 O

is not in row echelon form (hence not in reduced row echelon form) since the leading 1 in the

second row is not in the left of the leading 1 in the third row.

If a matrix is not in row echelon form, then it is not in reduced row echelon form. A matrix in reduced

row echelon form is in row echelon form.

48



Chapter Two: Matrices and Determinants 2.7. Rank of a matrix

2.7 Rank of a matrix

Definition 2.11 The rank of a matrix A , denoted by rank(A), is the number of nonzero rows

remaining after it has been changed to row echelon form or reduced row echelon form.

Remark: If A is a zero matrix then rank(A) is 0.

Example 2.21 Determine the rank of the following matrices.
1 00 1
1 2 3 -1
3 1 2 6
A= andB=|3 6 9 -3
-1 2 5 -4
2 4 6 -2
2 3 7 2
Solution:
1 00 1 00 1 1 00
R2 —>R2—3R1
312 6 01 2 3| R; >R3-2R, [0 1 2 3
a. A = R3 - R3+R1
1 2 5 -4 0 25 -3 Ry > R,=3R, [0 0 1 -9
R4 %R4—2R1
2 37 2 0 37 0 0 01 -9
1 00 1 1 00 1
R R._R 01 2 3 R R.—9R 01 0 21
- - — -
PO lo0r 92 T "0 001 -9
000 O 000 O
Hence, rank(A) = 3.
b. By using elementary row operations:
1 2 3 -1 R R.— 3R 1 2 3 -1
H —
B={3 6 9 -3| 7 2777110 0 0 0| Therefore, rank(B) =1
R3 il R3—2R1
2 4 6 -2 000 O

Exercise 2.2 Transform the following matrices into reduced row echelon form and determine

their rank:
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10 -8 0 2 6 7 9]
a. A= 3 -5 3 45 -1
7 9 c.C={1 2 3 1
2 58 4
-1 2 2 10|
2 b 2 1 -1 3
N apo|l 121
4 6 -7 1
2 0 1 3 2 o 0 o

2.8 Inverse of a matrix and its properties

Suppose A and B are square matrices of size n such that AB =1,, and BA =I,,. Then A is invertible or
non-singular and B is the inverse of A. In this situation, we write B = A~

Notice that if B is the inverse of A, then we can also say that A is the inverse of B, or A and B are
inverses of each other.

1
Example 2.22 Show that B =

1 2 -1
2] is an inverse for the matrix A = [ L1 l

Solution:-By the definition there are two multiplications to confirm. (We will show later that

this isn’t necessary, but for now we strictly apply the definition). Hence, we have

AB-| 2 —1”1 1]2[2(2)+(—1)1 2(1)+(—1)zl:[1 0]212
-1 1|[1 2| |(-D1+1(1) -1(D)+1(2)] |0 1
and similarly
.t 1”2 —1]2[1(2)“(—1) 1(—1)+1(1)l:[1 0}212
1 2||-1 1 1(2)+2(1) 1(-1)+2(2)] |0 1

The definition for inverse of a matrix is satisfied. Hence, A and B are inverses of each other.

1
Example 2.23 Show that B =

1
1] is not invertible.
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b
Solution:- Suppose [a d} is the inverse of matrix B. Then
I 1fja b| (1 O [a b|[l 1
1 1||c d| [0 1] [c df[1 1

a+c b+d 1 0
fr— =

at+c b+d 0 1
—> 0 =1 which is not true.

Therefore, B is not invertible.

:- Suppose that A is invertible and that both B and C are inverses of A. Then

B = C and we will denote the inverse as A~! .

2.8.1 Computing the Inverse of a Non Singular Matrix

Suppose A is a non singular square matrix of size n. Create an n x 2n matrix M by placing the nxn
identity matrix to the right of matrix A. Let N be a matrix that is row-equivalent to M and in reduced

row-echelon form then the first n columns of N is I,, and the last n columns of N is A™.

-7 6 12
Example 2.24 Compute the inverseof B=|5 5 7
0 4

-7 -6 -12 1 0 0
Solution:The augmented matrixis [B|I]=|5 5 7 01 0

1 0 4 001
by applying elementary row operations, the equivalent reduced row echelon form is

1 00 -10 -12 9
01 0 13/2 8 11/2
0 01 52 3 52
-10 -12 9
SoB'=[13/2 8 11/2
5/2 3 5/2
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2.8.2 Properties of inverse matrix

Let A, B, C be matrices of the appropriate sizes so that the following multiplications make sense, I a

suitably sized identity matrix, and & a nonzero scalar. Then
1. (Uniqueness) The matrix A has at most one inverse, henceforth denoted as A~!, provided A is
invertible.
2. (Double Inverse) If A is invertible, then (A™1)~! = A.

3. (2=3 Rule) If any two of the three matrices A, B and AB are invertible, then so is the third, and
moreover (AB)"! =B~ 1AL

4. A" isinvertible and (A")"! = (A~1)".

5. If A is invertible, then (aA)™! = (1)A~1,

1
o

6. (Inverse/Transpose) If A is invertible, then (Af)™! = (A~1).

7. (Cancellation) Suppose A is invertible. If AB=AC or BA=CA,then B=C

2.9 Determinant of a matrix and its properties

Definition 2.12 Determinant of a matrix: Let A be an #n x n matrix, then the determinant of A
denoted by det(A) or | A | is defined recursively by. If A = [a] is a 1 x 1 matrix, then det(A) = a.
If A is a matrix of size n with n > 2, then

det(A) = ay det(Ay)) —ajodet (Ajo) +ayzdet (Ayz)— - +(=1)""ay,det (Ay,)

where A;; a sub-matrix of A obtained by deleting the fist row and the jt" column.

So to compute the determinant of a 5 x 5 matrix we must build 5 sub-matrices, each of size 4. To
compute the determinants of each of the 4 x4 matrices, we need to create 4 sub matrices of size 3 and
so on. To compute the determinant of a 10 x 10 matrix would require computing the determinant of
10! =10x9x8x7x6x5x4x3x2=23,628,800 1 x 1 matrices. Fortunately there are better ways.
However, this suggests an excellent computer programming exercise to write a recursive procedure

to compute a determinant.
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Chapter Two: Matrices and Determinants 2.9. Determinant of a matrix and its properties

Lets compute the determinant of a reasonable sized matrix by hand. Suppose that we have a 3 x 3

3 2 -1
matrixA=|4 1 6 | then
-3 -1 2
3 2 -1
det(A)=|A|=|4 1 6
-3 -1 2
:31 6_24 6+(_1)4 1
-1 2 -3 2 -3 -1
=3(1]2| - 6]-1]) - 2(4|2| - 6|-3|) - (4|-1| -|-3])
=3(1(2) - 6(-1)) — 2(4(2) - 6(-3)) — (4(-1) - (-3))
=24-52+1
=-27

Exchanging Columns Changes the Sign of a Determinant: If the matrix A’ is
obtained from A by interchanging any two successive columns, and their determinants exist,
then |[A’| = —|A].

2.9.1 Properties of determinants of matrix

1. If Ais a triangular matrix, then the determinant of A is the product of all the diagonal elements
of A.

2. If B is obtained from A by multiplying one row of A by the scalar «, then det(B) = a(det(A)).

3. If B is obtained from A by adding a multiple of one row of A to another row of A, then det(B) =
det(A).

1

4. The matrix A is invertible if and only if det(A) = 0 and det(A_l) = det(A)

5. The determinant of a product of two matrices is the product of their determinants. That is,

det(AB) = det(A)det(B) = det(A") = (det(A))"

6. If B is the transpose of a matrix A, then det(B) = det(A)
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2.10. Minor of a matrix

2.10 Minor of a matrix

Suppose A is an n x n matrix and A;; is the (n—1) x (n — 1) sub matrix formed by removing row
i and column j. Then the minor of matrix A at location i j is the determinant of the sub-matrix,
Ml](A) = det(Az-]-).

2.10.1 Cofactor of a matrix

Suppose A is an n x n matrix and A;; is the (n— 1) x (n — 1) sub matrix formed by removing row i
and column j. Then the Cofactor of A at location i j is the determinant of the sub-matrix, C;;(A) =
(—1)i+jd€t(Ai]') .

Definition 2.13 Adjoint If A = (a;;) is an n x n matrix, the adjoint of A, denoted by adj(A), is

the transpose of the matrix of cofactors. Hence

€11 €21 €31 - Oyl

Ci12 Cpp (€33 -+ Cp2

€13 €23 €33 = Cy3
Adj(A) =

[C1n Con C3n *° Cun|

Let A be an n x n matrix. Then

A[Adj(A)] = [det(A)]I, = Adj(A)A.

1
-1 _ .
Note If the det(A) = 0, then A~ = —det(A)Ad]( )
2 3 -1
Example 2.25 LetA=|0 -4 2 |[Then determine
1 -1 5
a) The minors of all elements A.
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b) The cofactors of all elements of A.
c) The Adj(A).
d) The inverse of A.

Solution: Exercise

2.11 Solving system of linear equations

Definition 2.14 A linear equation in the variables x;, x,, ---, x,, is an equation of the form
a Xy t+axxy+ -0 +ayx, = b

where the coefficients a;, a;, -+, a, and right hand side constant term b are given constants.

Definition 2.15 A linear system of m equations in the n unknowns xq, x5, ---, x,, is a list of m

equations of the form

aj1xy +agpXxy+ o0 +aux, = b]
ay1X1 +axXx,+ - +drx, = bz
(2.1)
A1 X1 + ApgoXo + <o+ + AypXy, = by,

where the values of 4;;, b; and x; are from the set of real numbers.

Example 2.26 Given the system of linear equations,
X1 +2xy+x4=7
X1 +X3+x3—x4=3
3% +x3+5x3—-7x4 =1
we have n = 4 variables and m = 3 equations. Also,
aj1=1 a;p=2 a13=0 au=1 by =7
ay1=1 ay=1 a;3=1 ay=-1 b, =3
a31=3 azp=1 az33=5 azy=-7 by =1
Additionally, convince yourself that x; = -2, x, =4, x3 =2, x4 =1 is one solution (but it is not
the only one!).
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Note that the above system can be written concisely as

a1 412 ay, by
azr 4z ay, by
_aml Am?2 Ann bm_

a1 4a12 A1n |1 X1 by
a1 4 Ay || X2 b,
1Am1  Am2 Amn] | Xn ] ,bmA
we may write the above simultaneous equations as
Ax=Db
where
a1 412 A1n X1 by
a1 a2 A X2 by
A= , X= and b =
1Am1  Am2 Amn ] | Xm | ,bm_

A matrix A is called the coefficient matrix of the system, while the matrix

obtained by adjoining b to A is called the augmented matrix of the system.

Remark: If b; =0, Vi=1, 2, ---, m then the linear system is called Homogenous otherwise, non Homogenous.

If[A|b] and [C|d] are row equivalent, then the systems Ax = b and Cx = d have

exactly the same solutions.

Remark: If A is an m by n matrix then the linear system Ax = 0 has trivial solution x = 0.
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If A is an m by n matrix then the equation Ax = 0 has non trivial solution only,

when Rank(A) < n otherwise if Rank(A) = n then the trivial solution is unique.

The system of equation Ax = b can be directly solved in the following cases.

i) If A =D(adiagonalmatrix), the equation (2.1) become
anx =by

az2Xx3 =b

ApnXn = bn

L b;
The solution is given by x; = —, a;; # 0.
ajj

ii) If A =L (a lower triangular matrix), then Equation (2.1) become

a11X1 =b
ax|Xy +azXxp =by
Ap1X1  FappXy +-c0 FapyX, = bn

Solving the first equation and then successively solving the 2nd, 3rd and so on.
, by —ay x by —(am Xy +ayy + -+ + Ay(n-1)Xn)
We obtain x; = —, x, = =271 .. X, = . - mn1)7n , where a;; =
) ar az Ann
0, i=1,2, ---,n

This method of solving equation is called forward substitution method.

iii) If A = U an upper triangular matrix , then Equation (2.1) becomes

aj Xy “+appxy +agzxXz +eee FayuX, = bl
arrX»H +dy3X3 +-0 FdouX, = bz
AunXn = bn

Solving for the unknowns in the in the order x,,, x,_1,---,x;, we get

B b, B by ~ A(n-1)nx, _ by —(arpxy +a13X3+-+ +ay,x,)
Xn —_ T xﬂ—l - Tty xl -
Ann A(n-1)(n-1) a11

This method of solving equations is called backward substitution method. Therefore, matrix

A is solvable if it can be transformed into any one of the forms D, U or L.
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Consider m equations with n variables Ax = b. Then,
a) If rank(A|b) = rank(A) = n then the system has unique solution
b) If rank(A|b) = rank(A) < n then the system has infinitely many solutions.

c) If rank(A|b) > n then the system has no solution.

To illustrate this, let’s consider the following system of equations:

X1+2X2:1 3X1+2X2:3 3X1+2X2:3

3X1+X2:—2 —6X1—4X2:0 —6X1—4X2:—6
The augmented matrices for these systems are, respectively,

1 2 1 3 2 3 3 2 3
3 1| -2 -6 —4| 0 -6 -4| -6

Applying the row-reduction algorithm yields the row-reduced form of each of these augmented ma-
trices. The results are, again respectively,

ER I I

From each of these row-reduced versions of the augmented matrices, one can read off the rank of the

O W
O W

coefficient matrix as well as the rank of the augmented matrix. Applying Theorem 2.6 to each of these
tells us the number of solutions to expect for each of the corresponding systems. We summarize our
findings in the table below.

System rank (A) rank (Alb) n  # of solutions

First 2 2 2 1
Second 1 2 2 0 (inconsistent )
Third 1 1 2 )

To solve a linear system of equations, we have the following Methods:

2.11.1 Crametr’s rule

If Ax = b is a linear system of n equations in n unknowns, and if detA = 0, then the system has unique

A; . . . .
solution which can be determined by x; = lTlll, i=1,2, ---, nwhere A; is the matrix obtained
from A when i*" column of A is replaced by b.
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Example 2.27 Solve the following system by Cramer’s rule:

2x1 +3x, +4x3 =19
X1+2X2+X3 =4
3XI—X2+X3:9

2 3 4 19
Solution: The coefficient matrixisA=|1 2 1|and column matrixis b =| 4 |. Then
3 -1 1 9
2 3 4
det(A)=11 2 1
3 -1 1
=44+9-4-24-3+2
=-16=%0,
hence, the system has unique solution.
[19 3 4 19 3 4
Ar=4 2 1|anddet(A))=|4 2 1|=38+27-16-72-12+19=-16
(9 -1 1 9 -1 1
[2 19 4 2 19 4
Ay=|1 4 1|anddet(Ay)=|1 4 1|=8+57+36-48-19-18=16
3 9 1 3 .9 1
[2 3 19 2 3 19
A3=|1 2 4 |anddet(A3)=[1 2 4|=36+36—-19-114-27+8=-80.
3 -1 9 3 -1 9
Therefore,
det(A;) -16
X1 = = —=
det(A) -16
det(A;) 16
x2: = — = —
det(A) -16
det(A -80
xy = JetAs) 280 o
det(A) -16
1
the solution of the system is x = |-1]|.
5
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2.11. Solving system of linear equations

Cramer’s rule as test of solutions
i) If det(A) # 0, the system of equation has a unique solution.
ii) If det(A) = 0 and det(A;) = 0Vi, the system has infinitely many solutions.

iii) If det(A) = 0 and atleast one of det(A;) # 0, then no solutions exist and we say the system is

inconsistent.

2.11.2 Gaussian elimination method

Gauss elimination method is a method of solving linear equations by reducing the augmented matrix
to row echelon form using elementary row operations. Then we solve for the variables by using
backward substitution method. This method will fail if any of the pivot elementa;;, i=1, 2, ---, n
becomes zero. In such case we re-write the equations in such a way that pivots are non zero. This

procedure is called partial pivoting.

Consider system Ax = b, to solve this system using the Gaussian elimination method we follow the

following steps:

Step 1: Form the augmented matrix [A|b]
Step 2: Transform [A|b] to row echelon form [U|d] using row operations.

Step 3: Solve the system Ux = d by back substitution.

Example 2.28 Solve the following system using Gauss elimination method.
2x1 —3xp+x3=5
4x1 +14x, +12x3 =10
6x1+x,+5x3=9

2 -3 1|5
Solution: The augmented matrix of the systemis |4 14 12|10
6 1 5|9
Applying elementary row operations on this matrix, we change into row echelon form.
2 -3 1|5 2 -3 1|5 2 -3 1|5
Rz —d R2—2R1
4 14 1210 0 20 10| 0| R3— R;—1/2R, |0 20 10| 0
R3 —> R3—3R1
6 1 5|9 0 10 2 |-6 0 0 -3|-6
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Since rank(A|b)=rank(A)= 3 = n the solution exists and is unique.

2x1 —3xy+x3=5
20X2+ 10X3 =0
—3X3 =-6

From this we get x3 = 2. And using back substitution we have x, = -1 and x; =0

Hence (0,-1, 2) is the solution of the system.

2.11.3 Inverse matrix method

Let Ax = b be a system of n linear equations with n unknowns and A is invertible, then the system

has unique solution given by inversion method as x = A~'b.

Note:- When A is not square or is singular, the system may not have a solution or may have more than one solution.

Example 2.29 Use the inverse of the coefficient matrix to solve the following system:

3X1 + Xy = 6
—X1 + 2X2+2X3 =-7
5x1 —x3=10

Solution: First, let’s write down the matrix form of the system.

39 0][x] [6
-1 2 2||x|=|-7
5 0 —1|[xs| |10

Then we find the inverse of the coefficient matrix.

3.1 0 -2 9 -10 2 -1 2
A=|-1 2 2| = Cy=|1 3 5| = adj(A)=| 9 -3 -6
5 0 -1 2 -6 7 10 5 7

and det(A) = 3(-2) +1(9) + 0(~10) = -6+ 9 = 3, then

2 -1 2 2/3  -1/3 2/3
A'=1/31 9 -3 —6|=| 3 -1 =21
-10 5 7 -10/3 5/3 7/3
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X 2/3  -1/3 2/3|| 6 1/3

Therefore |x,|=| 3 -1  =2||-7|=| 5 | Now each of the entries of x are x; =
X3 -10/3  5/3 7/3]|10 -25/3

1/3, x =5 and x3 = -25/3.

Exercise 2.3 1. Solve the following linear system of equations by using Cramer’s rule, Gaus-

sian elimination method, and inverse method.

2x1+5x,+3x3=9 x+z=1 X+2y+z=3
a) 3x;+x+2x3=3 b) 2x+y+2z=0 c) 2x+5y—z=-4
X1 +2x)—x3=06 x+y+2z=1 3x-2y—z=5

2. Use rank of a matrix to determine the values of a, b and c so that the following system has:

a) no solution  b) more than one solution ¢) a unique solution and solve it.
Ix+y-bz=1 xX+2y-3z=a XxX—2y+bz=3

i) 2x+3y+az=3 ii) 2x+6y—11z=0b iii) ax+2z=2
xX+ay+3z=2 x=-2y+7z=c Sx+2y=2

2.12 Eigenvalues and Eigenvectors

Definition 2.16 Let A be a square matrix. Then if A is a real number and x a non-zero column
vector satisfying Ax = Ax, we call x an eigenvector of A and A is called an eigenvalue of A. We
also say that x is an eigenvector corresponding to the eigenvalue A.

3 -2 0 1
Example 2.30 Let A=|-2 3 0|, then show that x =|1]is eigenvector of A with A = 1.
0 0 5 0

If Ais an eigenvalue of an n x n matrix A with corresponding eigenvector x, then (A — AI,)x = 0, with
x # 0. Hence, det(A — AI,) = 0 and there are at most n distinct eigenvalues of A. Conversely, if det(A —
AlL,) = 0, then (A — AL,)x = 0 has a non-trivial solution x. The equation det(A — AI,) = 0 is called the
characteristic equation of A, while the polynomial det(A — AI,) is called the characteristic polynomial
of A. The characteristic polynomial of A is often denoted by ch4(A). Hence the eigenvalues of A are
the roots of the characteristic polynomial of A.
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1

2]'

Solution: The characteristic equation of A is A>~41+3 =0, or (A—1)(1—-3) =0. Hence, A = 1
or A = 3. The eigenvector equation (A —I,,)x = 0 reduces to

g

Example 2.31 Find the eigenvalues and all eigenvectors of A =

or
2-A)x+y=0
x+(2-A)y=0
Taking A =1 gives
x+y=0
x+y=0,

which has solution x = —y, and let y = ¢ be arbitrary non zero real number. Consequently, the

—t -1
eigenvectors corresponding to A = 1 are the vectors [ , ] = t[ . } with ¢t # 0 which is the scalar

multiple of [_11]
Taking A = 3 gives
-x+y=0
x-y=0,
which has solution x = y, and let y = t is arbitrary non zero real number. Consequently, the

t 1
eigenvectors corresponding to A = 3 are the vectors [t} = t[ll with t # 0 hence the scalar mul-

1
tiple of )

2 1
. Therefore A1 =1 and A, = 3 are the eigenvalues of [1 2} and the corresponding

eigenvector are X; =

-1 1 )
] } and X, = [J respectively.

If A is an n x n matrix, the following statements are equivalent
a) Ais an eigenvalue of A.
b) The system of equations (A — AI)x = 0 has nontrivial solutions.
¢) There is a nonzero vector x such that Ax = Ax.

d) Ais a solution of the characteristics equation det (A — AI) = 0.
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Diagonalization

Problem 2.1 Given an n x n matrix A, does there exist an invertible matrix P such that
PlAP

is diagonal?

Problem 2.2 Given an n x n matrix A, does has n linearly independent eigenvectors?

Let A be an n x n matrix having distinct eigenvalues A, A,, ---, A, and cor-
responding eigenvectors Xy, X,, --- X, respectively. Let P be the matrix whose columns are

respectively X;, X, ---, X,. Then P is non singular and
(A, 0 0 - 0]
0 A 0 - 0
0 0 A3 -~ O
P'AP =
0 0 O Ay

Definition 2.17 If A and B are square matrices, then we say that B is similar to A if there is an
invertible matrix P such that
B=P'AP

Definition 2.18 A square matrix A is said to be diagonalizable if it is similar to some diagonal
matrix. In other words, A is diagonalizable if there exists an invertible matrix P such that

P~!AP is diagonal. In this case the matrix P is said to diagonalize A.

If A is an n x n matrix, the following statements are equivalent
a) A is diagonalizable.

b) A has n linearly independent eigenvectors.
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Procedure for Diagonalizing a Matrix

1. Confirm that the matrix is actually diagonalizable by finding # linearly independent eigenvec-
tors. One way to do this is by finding a basis for each eigenspace and merging these basis vectors

into a single set S. If this set has fewer than n vectors, then the matrix is not diagonalizable.

2. Form the matrix

P=[pipr---pul

that has the vectors in S as its column vectors.
3. The matrix P~' AP will be diagonal and have the eigenvalues
A, Ao, Ay,

corresponding to the eigenvectors
pl)pzj... ,pn

as its successive diagonal entries.

Exercise 2.4 In each of the following, determine if the the matrix is diagonalizable

A_zo 300 -1 4 -2
11 2 A=[0 2 0 A=|-3 4 0
0 1 2 31 3
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