Numerical Linear Algebra
Dr. D. N. Pandey
Department of Mathematics
Indian Institute of Technology, Roorkee

Lecture — 29
Vector Norms — 1

Hello friends, welcome to the lecture. In this lecture and in coming few lectures, we will

discuss about vector and matrix norm. So, let us first start with the vector norms.
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In coming few lectures, we will discuss the concepts like vector norms, matrix
norms, and convergent matrices. We start our discussion with a definition of a
vector norm on a vector space V.

A vector normon V'is a function, |||, from V into R which satisfies the following

properties:
(@)|lx]| >0and|x]|=0&x=0,VxeV
(b) [lx|| = |af|I],V x € Vand all « € R

() x4yl < x|+ lyll, Y x.y € V

The last property is known as the "Triangle Inequality”
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So as I discussed, in the coming few lectures, we will discuss the concept like vector
norms, metric norms and convergent matrices. So, we start our discussion with a
definition of a vector norm on a vector space V. So, V is a vector space. Let us say,
dimension of V is given as n, some finite number is given here. So, we define our vector

norm as, a function from V into R, we satisfy the following properties.

So, first property is that norm of x is non-negative and norm of x is equal to 0,if and only
if x 1s equal to 0, and this norm of x is non- negative, for every x belonging to V, and b
part says that norm of alpha x is equal to modulus of alpha times norm of x, for every x
belongs to V and for all alpha belonging to scalar field, that is we have taken as R here
and c part is that norm of x plus y is less than or equal to norm of x plus norm of y, for
every X, y belongs to vector space V. So, this ¢ property, which is very useful property

and this property is known as triangle inequality.
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The following are some standard vector norms defined on R" :
() lIxll = %] + xel + ... 4 |%al, (1 = norm)
(2) X[l = VXTx = /X2 + X3 + ... + x2, (Euclidean norm or 2 - norm)
(3) ]l = max [, (0 ~ norm)
1<i<n
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So, let us take certain examples of vector norms on R n. So, in vector norms on R n
examples are 1 norm, that is norm of x is equal to modulus of x 1 plus modulus of x 2
plus norm of x n. So, this is known as 1 norm or sometimes, it is also called as L. 1 norm,
little one norm. Second is 2 norm that is, norm of x is equal to under root x transpose x
which is given S and x 1 square plus x 2 square plus x n square. So, this is usual norm
which is known as Euclidean norm or 2 norms. Similarly, we can define the infinity
norm; infinity norm is given a norm of x is defined as maximum i is from 1 to n modulus

of x of 1.

So, in other books you may find this as little L1 norm, little L2 norm, and little L infinity
norm. So, these are certain examples on R of n Rn here. So now, we try to show that
these norms are actually norms, it means that it satisfy these properties a, b, c. So, we

want that these three norms 1, 2, 3 are actually norms on R n.
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Next, we will show that the functions ||. |1, |.|]2 and |. |« defined above are indeed
vector norms.

(Cauchy - Schwarz Inequality): If x and y are any two vectors in V. with
dim(V) = n, then
Pyl < [l2llyllll

Proof If y = 0, then x.y = 0.and ||y||> = 0. Thus the above inequality holds trivially
in this case. Therefore, we suppose that y # 0. Now, for any ¢ € F, we have

0<lx-eyl? = (x-cy.x-cy)
= (xx)=c(x,y) - c(x.y) +ccly,y). (1)
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So for that, we try to prove one property which is known as, “Cauchy Schwarz
Inequality’” which says that, if x and y are any two vectors in vector space V, with a
dimension of V is equal to n, then modulus of x dot y is less than or equal to 2 norm of x
into 2 norm of y. Here, x dot y represent inner product between x and y here. So, let us

prove this simple property.

So, let us take that if 1 of x and y is 0 then inner product of x dot inner product of x and y
has to be 0 and since y is equal to 0. Then, with the property given here, that norm of'y is
going to be 0. So, if y equal to 0 then inner product is 0 and 2 norm of y is equal to 0
then this relation trivially holds. So now, let us assume that none of x and y is 0. So, let
us assume that y is not equal to 0. So now, take any constant in a scalar field, and we
have that 0, less than or equal to norm of x minus ¢ y whole square, that follows from the

non - negativity of any given norm.

So, let us assume that none of x and y are 0. So, let us assume that y is not equal to 0.
Then, for any scalar c in F, we can say that, norm of x minus ¢ y whole square is greater
than or equal to 0. And if we use the inner product structure for this norm, that is this
norm of x minus y whole square is written as inner product of x minus ¢ y with the inner
product x minus ¢ y, and if you simplify you can get this expression 1. Now, this

expression is valid for every constant ¢ in F.
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|
In particular, if we set ¢ = ng then a simple calculation shows that

O o dP e
<|x ||2‘|' “y”2 (vy) HYHQ =[x Hz Hy”2 ()

Combining the inequalities (7) and (8), we get

2
> &
I
or
g1 < eyl

This completes the proof.
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So, in particular take c as inner product of x with y divided by y 2 square. Now, since y is
nonzero, then these two norms of y whole square is of course, a non zero. So, we can
define this c. So, using this value of c, if you simplify the expression given as n 1 then,
we can say that it is written as 0 less than or equal to 2 norm of x whole square plus inner
product of x dot y whole square, divided by 2 norm of y to power 4, inner product y with
y which is nothing, but 2 norm of y square minus 2 inner product of x dot y whole square
divided by 2 norm of y whole square and if you simplify this, this is nothing, but norm of
x whole square minus inner product of x and x y whole square divided by y 2 square. So

now, this quantity is non- negative.

So, this implies that norm of x 2 whole square and greater than equal to inner product of
x dot y whole square divided by 2 norm of y whole square. So, if you simplify this is
nothing, but modulus of x dot y is less than or equal to 2 norm of x into 2 norm of y here.
So, this completes the proof of this inequality which is known as Cauchy Schwarz

Inequality.
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e

The functions |.[, I-Il and/||.|.«- defined above are vector norms on R".

Proof. Let x,y € R" and a € R be arbitrary. First, we show that ||x||; is a vector
norm on R". Note that by definition,

Xl = 1] + ¥l + .. + [%a] > 0

and
[Xli=06ex=X=..=X%=0

showing that axiom (a) holds. Next, we note that

n n
Joxlly = Y laxi| = fal Y ] = ol
i=1 i=1

showing that axiom (b) holds.
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Now, with the help of this, Cauchy Schwarz Inequality, we try to prove the next theorem
which says that, the function this norm 1, norm 2 and norm infinity defined above are
actually vector norms on R F n. So, contain of this theorem is to show that the function
which is defined in second slide, as this actually defines a norm on R n. So, let us start
with proving this, that this norm of x 1 which is defined as this modulus of x 1 plus

modulus of x 2 plus modulus of x n actually defines a vector norm.

So, let us try to verify all the three properties. So, first property says that this has to be
non negative. So, if you look at this, this is what sum of positive sum of non negative
number so it has to be non negative. So, norm of x 1 is non- negative and if it is equal to
0, then this implies that this sum is equal to 0. Now, this is what sum of all non negative
constants has to be 0, only if each term is equal to 0. This implies that, x 1 is equal to 0, x
2 is equal to 0 and similarly x n equal to 0. So, this satisfies the axiom 1 property. Next,
we want to show that if you multiply, if we take the norm of alpha x then, it is nothing
but modulus of alpha times norm of x. So, here by definition of alpha x, it is given as
summation i is equal to 1 modulus of alpha x i. Now, here this alpha can be taken out and
it is written as, modulus of alpha summation i equal to 1 to n modulus of x 1 which is
nothing, but norm of x. Here, 1 norm of axiom. So, this shows that the property 2 is also

satisfied.
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n

n
I+ vl = S0+ ) € Y01+ 1) = s + Il

i=1 i=1
showing that axiom (c) also holds. This shows that |.| 1 is a vector norm on R".
Next, we show that ||.| i§ @ vector norm on R”. Note that by definition
IXlloe = max([xil;[xel, ... xal) 2 0
and
[X|lo=0&xX=Xo=..=%=0

showing that axiom (a) holds.
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Similarly, the last property which is triangle inequality property, we say, that the norm of
norm of X plus y is given as i equal to 1 2 n summation modulus of x i plus y i. Now, this
can be written as less than or equal to summation I equal to 1 2 n modulus of x 1 plus
modulus of y 1, this is Triangle Inequality use for modulus function. So, if you simplify
this, this is written as summation i equal to 1 2 n modulus of x 1 plus summation I equal
to 1 2ny 1. So, this is nothing, but norm of x plus norm of y. So, this simplify that norm
of x plus y, 1 norm of x plus y is less than or equal to 1 norm of x plus one norm of'y. So,
it means that the last property c is also true. So, this implies that this function is actually
a vector norm on R n. We call this as 1 norm or little L 1 norm on R n. Similarly, we

want to show that, this function defines a vector norm on R n.

So, let us proceed, as we did for 1 norm. So, first thing is that it is non negativity. So, by
the definition of norm of x infinity, norm of x is given as maximum of modulus of x i. So
here, since it is maximum of non negative numbers so, maximum has to be non negative.
So, this property is trivially true. Now, if we equate this quantity to 0, so, this implies
that maximum of modulus of x i is equal to 0. So, maximum modulus of x 1 is equal to 0,
means each one is equal to 0. So, modulus of x i is equal to 0, means all x i has to be 0.
So, it means that x 1 equal to 0, x 2 equal to 0 and similarly x n is equal to 0. So, this

proves and satisfies the first axiom a.
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Nexg, we note that

x| = max |ax;
1<i<n

= max |Xj| = X
ol ma | = o

showing that axiom (b) holds. Also, we note that

X+ = max(|Xi +y|) < max(|x|+ Vi) = [[X|leo +
eyl = ma (b + ) < (el + ) = o +

showing that axiom (c) holds. This shows that ||.|| is a vector norm on R".
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Similarly for second, that is, infinity norm of alpha x, which is by definition is nothing,
but maximum of alpha x i, 1 is between 1 to n. So here, this can be written as modulus of
alpha into modulus of x i. So, modulus of alpha is free from this suffix i. So, this can be
taken out and this is nothing, but modulus of alpha into maximum of x i, where 1 is
running from 1 to n. So, this is nothing, but infinity norm of x. So, it means that infinity
norm of alpha x is given by modulus of alpha infinity norm of x. So, this proves the

second property and it means that this function satisfies the second property.

Now, coming to the last property that is, Triangle Inequality. Let us consider, the infinity
norm of X plus y which is by definition, maximum of modulus of x i plus y i, i is from 1
to n. So here, let us utilize the property of Triangle Inequality for modulus function. So,
this is nothing, but this is less than or equal to modulus of x i plus modulus of y i. So,
operating, taking maximum of this, can be written as what modulus of x 1 plus y is less
than modulus of x i plus modulus of y i and which is further less than or equal to
maximum of 1, 1 is between 1 to n modulus of x i plus modulus of y i, then you can take
the maximum. Here also, you can say that this is true. Now, this is nothing, but
maximum of X 1, 1 1s from 1 to n. x is infinity norm of x plus maximum of modulus of y 1,
1 1s between 1 to n is nothing, but infinity norm of y. So, this satisfies the last property
which is known as Triangle Property. So, this implies that this infinity norm, actually

satisfies all the properties a, b, ¢ and hence, it defines a vector norm on R n.
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Finally, we show that ||.||2 is also a vector norm on R". Note that by definition

n
Il = VxTx = |} %20
i=1

[¥Xo=0&x=xp=..=x=0

and

showing that axiom (a) holds. Next, we note that

Jaxl = Zn2x2f|~. Zx? il

showing that axiom (b) holds.
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So, coming to the 2 norm of x. So, by definition 2 norm of x is given by under root x
transpose x, which is nothing but under root i is equal to 1 to n x i square and since by
definition this is going to be non-negative. So now, if it is equal to 0, equated to O this
implies that summation 1 is equal to 1 to x 1 square is equal to O and this is nothing, but
sum of all positive numbers. So, all non-negative numbers. So, this can be 0 only if each

term has to be 0. So, this means that all x i is equal to 0, all x i is 0.

So, this shows that this norm of x satisfies the first property. Coming on to second
property, that 2 norm of alpha x is given by i1 equal to 1 to n alpha square x i1 square,
whole square root and this can be alpha square is free from this index i. So, this can be
taken out and it is written as modulus of alpha times under root i, equal to 1 to n x 1
square. So, this is nothing, but 2 norms of x. So, this means that norm 2 of alpha x is
given by modulus of alpha and 2 norms of x, which shows and satisfies the second

property b.
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Also, by using Cauchy-Schwarz inequality, we have
I+ yI2 = XI5 + 15 + 2(x.y)
< X1 + 13 + 20xlelly e
* = (Ixllz + 1¥112)°

showing that axiom (c) holds. This shows that ||.|» is also a vector norm on R".

Example 4

Let x = (1,1,-2)" be a vector in R®. Then, we have

Il = 4
Ixllo = V6
IXlleo =2
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The last property, here, we use the Cauchy Schwarz Inequality, which we have just
proved and for that you find out, say, square of this norm of x plus y whole square which,
is given as to norm of x square plus norm of y square plus 2 times x dot y which is inner
product of x and y. Please remember here, we are using only real scalar fields, that is
why we are writing here, two inner products of x and vy, if it is, say complex inner

product then it is two times real of x dot y.

So, let us stick to real scalar field. So now, these two inner products of x dot y is less than
or equal to two times norm of x into norm of y and if you simplify, and look at this, this
is nothing, but norm of x plus norm of y whole square. So, you just simplify it, it can be
given as that norm of x plus y is less than or equal to norm of x plus norm of y, we say
that it satisfies the last triangle inequality property. So, this shows that these two norms
are also vector norms on R n. So, on R n we have seen three norms: - 1 norm, 2 norms
and infinity norm. Let us find out one example and try to find out these three norms. So,
let us take a vector X, 1 1 minus 2 in R 3 and then we try to calculate 1 norm, 2 norm and

infinity norm.

So, if you look at the 1 on 1 norm is basically what sum of all the modulus value or
absolute value of here. So, if you find out say, absolute value here is 1 1 and 2. So, sum
will be what - 1 plus 1, 2 plus 2 here. So, that gives you 1 norm of x. So, 1 norm of x is

going to be the sum of absolute values of content. Here, coordinates is given by 4.



Similarly here, 2 norms of x will be what- 2 norms will be summation of x i square. So,
summation of X i square means what? 1 square plus 1 square plus 2 square. So, that is
going to be 4 plus 1 plus 1 means under root 6. So, 2 norm of x is going to be under root
6.

Now similarly, infinity norm of x will be what? Maximum of x i. So, maximum of
modulus of x 1 will be maximum. So, here it is modulus of x 1 is 1 modulus of x 2 is 1
modulus of x 3 is 2 here. So, maximum will be 2 here. So, infinity norm of x is given as
2. So, here for this particular vector which is given as 1 1 minus 2.Your 1 norm is 4 2
norm is root 6 and 3 infinity norm is given as 2 here. So, as we have defined these 3

norms, 1 2 and infinity.
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For any real number p > 1, we may define the following p — norm or Hélder norm
on R" as follows

Il = (3 PP).
=1

(Minkowski's inequality) If x and y are vectors inR" and if p > 1, then

n n n

(3 b yi)5 < (3 s+ (3

i=1 (=1 =1

X+ ylo < [1xllo + I¥llo
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We can define for any real number p, greater than or equal to 1, we may define the
following p norms or we can say little 1 p norm, which is defined as norm of p, norm of
x is equal to summation I equal to 1 to n, modulus of x i to power p whole power 1 by p
and to show that it actually satisfies all the properties listed as a, b, ¢c; we need to know
the following inequality, which is known as Murkowski Inequality. So, we say that if x
and y are vectors in R n and if p is greater than or equal to 1, then it satisfies the
following property. We say that i is equal to 1 to n modulus of x 1 plus y i1 to power p
whole power 1 by p less than or equal to summation i equal 1to n modulus of x i to

power p, whole power 1 by p plus summation i equal to 1 to n.1 modulus of y 1 to power



p whole power 1 by p or if you want to write down this in terms of norm, then this is
nothing, but norm of X p norm of x plus y and this is nothing, but p norm of x and here p
norm of i. So, this simplify that norm of x plus p norm of x plus y is less than equal to p
norm of x plus p norm of y which is nothing, but triangle inequality for this p norm and
the remaining thing, that it is non- negative and a scaling property that alpha p norm of
alpha x is given by modulus of alpha times norm of p. Norm of x is you can trivially

prove this (Refer Time: 19:29)
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If||.|| is @ norm onR", then |.|| is a continuous function.

Proof
First, we establish the inequality

lIx = yIl = {Ixl = Iy ILY x,y € R &)
Let x, y € R be arbitrary. Then using the triangle inequality, we have
I = 1(x = ) + Y < e =yl + Iy
ie.
Il = Iyl < fix =yl (4)
Interchanging the roles of x and y in the above calculation, we have

Iyl = llxll < llx =yl ()

7
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So, moving on, say, next property of norm. So, next property of norm is that, norm is a

continuous function.
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So, to prove that norm is a continuous function, what we try to prove here, first, we try to
prove that norm of x minus norm of y modulus of this, is less than or equal to norm of x
minus y here. So, this we can prove very easily. Here, we can say that norm of x will be
what norm of x can be written as norm of x plus y minus y here. So, this can be written
as less than or equal to norm of x minus y plus norm of y here. So here, I can write this

as norm of x minus norm of'y is less than or equal to norm of x minus y.
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Combining (4) and (5), we establish the inequality (3).
Using (3), we can easily establish that ||.|| is a continuous function. Let ¢ > 0 be
given. Choose ¢ = ¢. From (3), it is immediate that

-yl <e= |Idl- | <e,

establishing the continuity of |.|. This completes the proof.

(Equivalence of Norms) Let M and N be norms on R". Then, there exist constants
o, 3 > 0 such that
aM(x) < N(x) < BM(x),Vx € R

i.e. all norms are equivalent on R".

(%
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Now, this can be written for any x and y. So, let us interchange the role of y and x and we
can write that norm of y minus norm of x less than or equal to norm of y minus x. Now,
this last term is written as norm of x minus y as here alpha is simply minus 1. So,
modulus of alpha is nothing, but what. So, if you combine this and this, then we can
write down this inequality. Now here, we can say that x is near to y, then norm of x is
near to norm of y which shows the continuity of norm function. So, here we have shown
that if norm of x minus y is less than epsilon, then modulus of norm of x minus norm of
y is also less than epsilon. So, which establishes the continuity of norm and which

completes the proof.

Now, next coming on to be very important property that is, equivalence of norm. So,
here, we can define equivalence of norm as let M and N be two norms on R n, then they
exist constant alpha and beta greater than 0, such that alpha M x is less than or equal to N
x less than or equal to beta M x for every x in R n. Now, the content of this theorem is
that all norms are equivalent on R n. So, what do you mean by equivalence? Equivalence
means, if we can find out alpha and beta to non zero constant, such that the following
property whole, then we say that M x and N x are equivalent to each other. Now, we

want to prove that all norms are equivalent on R n. So, to prove this, let us come to this.

(Refer Slide Time: 22:16)
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So, here we want to prove that every two norm, defined on R n are equivalent. So, let us

take M and N are two norms on R n and we want to show that, these two norms are



equivalent. It means that they exist, two constant alpha and beta which are positive and
we have relation between M and N like this that alpha M x is less than or equal to N x
less than or equal to beta M x for every x in R n. Now here, let us take that this M x is an
infinity norm of x defined on R n. So, and if we take this, then we take a set S, a subset
of R n, which consists of all those elements in R n, whose infinite norm is equal to 1
here. So, if we take in place of all x coming from this S then, on this S your one reduced
to what here M of x is basically what? M of x is infinity norm of x and infinity norm of x
on S is basically 1. So, this is one here and similarly this is one here. So, this implies that
one reduces set alpha less than or equal to N x is less than or equal to beta for every x
belongs to S. So, basically this statement and this statement both are equivalent to each
other. So, the only difference is that here x is coming from R n and here x is coming from

S.

So now, we already know that this S is closed and bounded. Bounded in the sense that
every element here and its norm is equal to 1. So, it is bounded in that sense and it is
closed because, if you take this is nothing, but inverse image of singleton set, one which
is which proves that it is a closed set. So, S is closed and bounded subset of R n and we
know the property, that closed and bounded subset of R n is compact. So, it means that S
is a compact set. Now, S is compact and this norm N x is a continuous function on S. So,
this implies that every continuous function, makes a minimum a compact set. So, this
implies that N has maximum and minimum value in S. So, this implies what? That there
exists two values x 1 and x 2 in S, as that N of x is greater than or equal to N of x 1,
which is the minimum value of N of x and we call this N x 1 as alpha and less than or
equal to N x 2.Here, N x 2 is the maximum value for this. N of x and x 2 is the point of S
where this achieves the maximum value. So, it means that N x is bounded between N x 1

and x 2 and we call this N x 1 as alpha and N x 2 as beta here.

Now, we already know that this x 1 and x 2 are coming from S. So, it means that infinity
norm of x 1 and infinity norm of x 2 both are 1 here. So, it means that x 1 and x 2 both
are non zero. So, it means that the value N x 1 and N x 2 cannot be equal to 0. So, it
means that here, we are able to find out two constant alpha and beta which are non zero
and satisfy this property, that is, alpha less than or equal to N of x less than or equal to
beta means, one dash is true. Now here, we can write this is true for every element of S

here. Now, we can write it in general for any value of x. So, we can write down that one



is also true. So, it means that alpha times infinity norm of x is less than or equal to N of x
plus less than or equal to beta times infinity norm of x here, and this is true for every x in
R n. So, this what we have proved here, that N x is equivalent to infinity norm, that is
what we have proved here. Now, if we can prove that any norm is equivalent to infinity
norm then, if we take any two other norm, then using this relation 1, you can say that,

any two norm on R n are equivalent to each other.
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Corollary 8

Letx € R". Then

(@ e < 1l < Vil
(B) [X]loo < [Ixllp < 17 [|]|oc
(©) [ xlloe < 1[Iy < nllX[lsc
(@) [IX]l0 < [Ix]l2 < VX[
(&) ]llo = Il-loo as p = o
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So, now let us take the following corollary which says that, your 1 and 2 norms are
equivalent to each other, infinity and p norm are equivalent to each other, and infinity p
norm is going to be infinity norm as p tending to infinity. So, this shows the values of
alpha and beta here, in first example is, 1 and beta is root of n. So, let us try to prove the
following corollary. So, here we want to prove that, two norms of x and 1 norm of x are

equivalent here. So, it means that we want to prove the first property.
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So, let us start with the 2 norms of x. 2 norms of x are given by under root i equal to 1 to
n modulus of x 1 whole square. Now, this quantity is less than or equal to under root i,
equal to 1 to n modulus of x 1 whole square. So, here it is summation of x 1 square. It is
less than or equal to summation of x 1 whole square. So, this value is bigger than this,
now, this can be simplified as summation i equal to 1 to n modulus of x i which is
nothing, but 1 norm of x here. So, what we have proved here, that two norms of x are
less than or equal to 1 norm of x. Now, we want to prove that norm of x 1 is less than or

equal to some constant multiples of 2 norms of x.

So for, that you, just find out one norm of x. So, 1 norm of x, this is a small mistake here,
1 norm of x will be what? 1 norm of x is defined as, summation i equal to 1 to n modulus
of x 1. Now, here I am taking the square of 1 norm of x. So, square of this. Now, if you
simplify this, then it is written as i1 equal to 1 to n modulus of x i square, plus here we
have, double summation I not equal to j and i j is running from 1 to n modulus of x 1 and
X j. Now, our claim is that, this quantity is less than or equal to n minus 1 times
summation i, equal to 1 to n, 1 loss of x i whole square. So, just simplify this quantity
here. So, for that, we already know that modulus of x i, x j is less than or equal to
modulus of x i square, plus modulus of x j square divided by 2, it is nothing but

geometric mean is less than or equal to arithmetic mean.



So, here we are taking the geometric mean of x i square modulus of x i square and
modulus of x j square. So, here it is simply g m less than or equal to m. Now, apply the
double summation here. So, double summation means i i n j from 1 to n here, i not equal
to j modulus of x 1 x j, is less than or equal to 1 by 2 1 is running from 1 to n 1, not equal
to j summation i m modulus of x 1 square, plus modulus of x j whole square. Now, if you
look at here, the first component is free from j and right. So, this can be written as n
minus 1 times summation i equal to 1 to n modulus of x i square. Why n minus 1 because
here, j is running from 1 to n, but j cannot take the value i. So, it means that the possible
value here, is less than and it is equal to n minus 1 only. So, j cannot take the value 1, rest

it can take all the values.

So, it means that here, we have n minus 1 times summation, i equal to 1 to n x i square.
So here, we have n minus 1 times 1, equal to 1 to n modulus of x 1 whole square.
Similarly, if you look at the second component, this component is free from i. So, if you
take the summation, it is again n minus 1 times summation j equal to 1 to n modulus of x
j whole square. Now here, if you look at these two terms are different only by say,
different indices here. So, if you change the indexes j by r by 1 then, it is nothing, but the
whole thing can be written as n minus 1 times i, equal to 1 to n modulus of x 1 whole
square. So, here we have taken the value. Here, this value is bounded above by n minus 1
times i equal to 1 to n modulus of x 1 square. So, using this value here; so, this value is
less than or equal to n minus 1 times I, equal to 1 to n x 1 modulus of x 1 square. So,
using this bond, we can write that this is less than or equal to n times summation i equal

to 1 to n modulus of x 1 square.

Now, if you take the square root on both the sides, we can say that, one norm of x is less
than or equal to under root 2 norm of x here. So, if we combine this equation 1 and
equation 2, then, we can say that, here norm of x of 2 is less than or equal to norm of 1
norm of X, is less than or equal to root n times 2 norm of x. Here, which proves the first
part of corollary. Now, proving for next, let us write here to show that infinity norm and

p norm are equivalent.
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We need to find out alpha and beta such that, we need to prove this relation that no
infinity norm of x is less than or equal to p norm of x, is less than or equal to n to power
1 by p infinite norm of x. To prove this, let us say that let k be an integer, say that infinity
norm of x which is defined at a maximum of modulus of x 11 is running from 1 to n is
achieved for I equal to K. So, it means that infinity norm of x, is given by modulus of x

k, basically it is maximum values of X i.

So, these are finitely many value x 1 to x n. So, we can say that which 1 is maximum let
us say that in k x, k’th value is the maximum. So, we can say that infinity norm of x is
given by modulus of x k. So now, modulus of x infinity norm of x is given by modulus of
x k.Now, this can be written as modulus of x k to power p, power 1 by p and this, we can
write that,this quantity is less than or equal to summation i equal to 1 to n modulus of x i
to power p whole power 1 by p. So, in place of modulus of x t to power p, we also add
certain other values at its x i, to power p i not equal to k. So here, we say that, this is
certainly less than or equal to this quantity and if you look at this quantity is nothing, but
p norm of x. So, if you use this, then it is the first inequality. Here, that infinity norm of x

is less than or equal to p norm of x.

So, this proves the left hand side of this. Now, to prove this, let us start with p norm of x.
p norm of x is defined by i equal to 1 to n modulus of x i to power p, power 1 by p. Now

here, we already know that the infinity norm of x is, given by x k, It means that x k is



maximum of all these x 1. So, let us write down the maximum value for each x i. So, it
means that x x 1 is less than s k and x 2 is less than x k and so on. So, it means that, here
I can write that, modulus of x i to power p x 1 to power p is less than modulus of x k to
power p modulus of x 2 to power p is less than or equal to modulus of x k x k to power p.
So, for each, we can write down this thing, and if you look at how many terms we have,

we have n terms.

So, it means that we can write down, that this is nothing, but n times modulus of x k to
power p power 1 by p. So, this n can be taken out. So, here we can say that this is
nothing, but n to power 1 by p modulus of x k and modulus of x k is nothing, but infinity
norm of x here. So, this is what n to power 1 by p infinity norm of x. So, if we combine
these two and one, we can say that infinity norm of x is less than or equal to p norm of x,
is less than or equal to n to power 1 by p infinity norm of x here. So, this simply shows

that infinity norms and p norms are equivalent to each other.

Now here, this is true for any p, which is greater than or equal to 1 right. So here, this is
true for every p greater than or equal to n and for every x in R n. So, this proves the

property b here.
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Now, if you look at this ¢ and d are nothing, but the particular case of b here, in c, we
take p equal to 1 and in d we take p, equal to 2 and this ¢ and d follows from the part b

here. Now, look at the part e. Here, which says that p norm of x is tending to infinity



norm of x, as p tending to infinity that, also follows from this b part that here, if we take
limit p tending to infinity, then this is independent of p. So, this will keep as it is. So,
here limit p tending to infinity norm of p, norm of x is less than or equal to here, limit p
tending to infinity n to power one by p and to power one by p will tend to one as p

tending to infinity.

So here, by sandwich theorem, you can say that, limit p tending to infinity norm, norm of
X is nothing, but infinity norm of x. So, we will also follow from b, and use of sandwich
lemma here. So, what we have seen in today’s lecture is how to define vector norm and
some properties of vector norms and also we have shown that that on R n, every vector
norm are equivalent to each other. So, and we have seen in a last corollary that, how this
one and two norms are equivalent and how p th norm is equivalent to infinity norm. So,
we will stop here and in next class, I will discuss some more properties of vector norm

and matrix norm. Thank you for listening us.

Thank you.



