| LINEAR ALGEBRA — WEEK 2 |

LENGTHS, ANGLES, AND
THE DoOT PRODUCT

This week we will learn about:

« The dot product,
« The length of vectors and the angle between them, and

« The Cauchy—-Schwarz and triangle inequalities.

Extra reading and watching:
« Section 1.2 in the textbook
« Lecture videos 4, 5, 6, and 7 on YouTube
« Dot product at Wikipedia

« Cauchy—5Schwarz inequality at Wikipedia

Extra textbook problems:
* 1.2.1-1.2.3,1.2.7,1.2.8
*x 1.24-1.2.6, 1.2.9-1.2.11
* %% 1.2.12,1.2.13, 1.2.17-1.2.21
B 1223


https://www.youtube.com/watch?v=PJfvKCXpWZM&list=PLOAf1ViVP13jmawPabxnAa00YFIetVqbd&index=4
https://www.youtube.com/watch?v=iffOTbS3IYw&list=PLOAf1ViVP13jmawPabxnAa00YFIetVqbd&index=5
https://www.youtube.com/watch?v=iQmX26y9ZvI&list=PLOAf1ViVP13jmawPabxnAa00YFIetVqbd&index=6
https://www.youtube.com/watch?v=f73qCiJCIXE&list=PLOAf1ViVP13jmawPabxnAa00YFIetVqbd&index=7
http://en.wikipedia.org/wiki/Dot_product
http://en.wikipedia.org/wiki/Cauchy-Schwarz_inequality
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The Dot Product

In 2D (and sometimes in 3D), it is fairly intuitive to talk about geometric quantities
like lengths or angles. You have used things like similar triangles and the law of
cosines for tackling problems like this in the past.

Using vectors, we can now generalize these concepts to arbitrary dimensions
(even though we can’t picture it)! Our main tool will be...

Definition 2.1 — Dot Product

If v.= (v,v9,...,v,) € R" and w = (wy,ws,...,w,) € R" then the dot
product of v and w, denoted by v - w, is the quantity

def
VW = 0wy + Vows + -+ + v W,.

Please be wary of what types of objects go into and come out of the dot product:

In Puf" 2 ve(’j'ors OU’l_Pu’f‘ . o =CatJar

7/(’\,7 ' 7> makes seuse (7\77>/>? O(O&S nal

7 WA 4 ? No! Scdlar:® \/ec‘f'or = pensense.
Intuitively, the dot product v - w tells you how much v points in the direction of
w (or how much w points in the direction of v).

Example. 2D examples.

V= (1,2)
v =(3,2)
V=24t =7
sz: (2)3):
V- =2+6=38
-\/737"(5)"2): T
V-, =24 =1
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Example. Higher-dimensional examples.

3,2,1)-(4,-3,5)=[2-6+5 = 11

T"NS Works in h‘gh&\" dimen Slons +co.
(3,-2,0,4 1 2)-(0,1,3,-2 -7,3)
:O—2+O“8'7+é = -11

We have defined a new mathematical operation, so it’s time for another “obvi-
ous” theorem telling us what properties it satisfies:
Theorem 2.1 — Properties of the Dot Product
Let v,w,z € R" be vectors and let ¢ € R be a scalar. Then
a) V.-w=w-vVv (commutativity)
b)) v-(W+z)=v-w+Vv-z (distributivity)
c) (ev) - w=c(v-w)
Proof. We will prove property (a). You can try the rest on your own (the method
is quite similar).
: == —
\/\/(l",—& V —<V(7Vz))\/,7) an W’- wl)\/\/z.).--)\/’/n>,
Then

—\7\,'7 = Viw, + VW, +--+ V, W,
/,: WV WV e WY, = WV

since MU”‘/'P"'C:»‘?LIM on ,R
S commU"‘ol Ve

This completes the proof. |
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Example. Compute %(—1, —3,2) - (6,—4,2).
= z(’é rl2 +"f)= é(l0> =5

OR
=(-1,-3,2) (3,72, 1) = -3 +6+2 =5

Example. Show that (v+w) - (v+w)=v-v+2v-w+w-w for all v, w € R".

(74—\7)'(7*\7\7 (V+\77>'V’ + (74‘\'—7)"’_‘7

7.(V+C7> + e (VW)

TV + T+ WV o+ W
S0V« A0F) + W

Thescem 2.l (B) and (o) Sust ike “FOIL»!

Length of a Vector

We now start making use of the dot product to talk about things like the length of
vectors or the angle between vectors (even in high-dimensional spaces).

Example. Length of vectors in R2.

I‘F V= (\/, ) V,_) 'H’)&r) y
P}I ‘Hﬂq 9ords ‘I" ?/[(S Vs
thal

Qm\m |
v v,
\“ﬁ‘:JV.zw: ={V-v > ;

w‘,‘(:\e lean') S V Vi
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Example. Length of vectors in R3.

TF 7= (v,va,V5)

can WY 1’—&

v = (\/|>\/2.)O> + (O>O>V3>-
Pﬁ‘lﬂagorus Hv&n

Hien  we z

Sda >L5

7= 166,00 + )00 )" .

- J(TV. ay )z + l\fsll = \{vf Ve o+, S 77

In higher dimensions, we define the length of a vector so as to continue the
pattern that we observed above:

Definition 2.2 — Length of a Vector

The length of a vector v = (vq,v9,...,v,) € R", denoted by ||v||, is defined by

lv

I VvV =yl +03+- + 02

Example. Compute the length of some vectors.

V=(34)

7 = (ces(6), sin(6))
z=(5,1,-4):

V= (4,2,0,74,-3,1):

17l =z e 4 =916 71—2/'5 = 5
71 = {cos*(®) +sin"(®) = {1 = 1
2|=[25 v 1+ 16 = 42

= {1e4:0: 1,91 = [Ib =4

As always, we have defined a new mathematical object, so we want a theorem
that tells us what its properties are.



LINEAR ALGEBRA — Week 2

Theorem 2.2 — Properties of Vector Length

Let v € R™ be a vector and let ¢ € R be a scalar. Then
a) [lev]l = |c|[|v]

b) ||v|]| =0 if and only if v=0

Proof. To prove property (a), we just apply the relevant definitions:

|ev]l = [ (9)-(7) = [c2@-7)
== wv =l vl

To prove property (b), we have to prove two things:

0: “# V-0 Heo 1-0"  aad @ “F W0 they 70"

Pt o O I=[8]~lo" 000 = O

Pof f @ [VI=0 = (Vvovir g =0 = VT+V3+---+V:=O

Each & vivz.vi is 20, s
wayy for  this  sum  te &7}14(
f ===y, =0

z

|
But  then V,’\/:.""svm:O) S0

This completes the proof.

A vector with length 1 is called a unit vector. Every non-zero vector v € R”

can be divided by its length to get a unit vector:

o w=% then

It | %l =G 7l = i = 2

Scaling v to have length 1 like this is called normalizing v (and this unit vector

w is called the normalization of v).
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Example. Normalize the vector (3,4) € R2. y
L u
\/\I& Comru'|’e,o! | (3 )
“(3*6” ;5 eqrhgr'_
A
The  normal izt lon O‘F \% ?(3:*0 — X
(3) LB IS é(s) bf) . it e ccle

Example. Show that the standard basis vectors are unit vectors.

Recof” that Zz = (0,- o 1,0;--~)O>.

N

j-th p,yd'r’f
[21=10+ + 010« 0" ={L = L Duel

We now start to look at somewhat more interesting properties of the dot product
and vector lengths. Our first result in this direction is an inequality that relates
the dot product of two vectors to their lengths:

Theorem 2.3 — Cauchy—Schwarz Inequality

Suppose that v,w € R" are vectors. Then |v - w| < ||v]|||w]].

Proof. Define the vector x = ||w||v — ||v||w and then expand the quantity ||x||? in
terms of the dot product:

0< |z =%-%
= (I91v - 1717) - (1717 - | l)
= (I19): (I1e) = (IW1)-(1%) — (119) - (1) + (1) - (1)
= el ~ [RIlE-@) — @) + 7
= 2@ - 26

-

>
X
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Divide by 2 gnd redrcanse to 96"'

G £ Tl
v 2 vlel Done (sorts..)

Two +echnicq’i+ies5

A S T R

1 ]

" To et IV-W’7 replace W éy -W. u

The above theorem is our first example of a theorem with a very non-obvious
proof: even though we can follow the steps and see that they are individually true,
the choice of x = ||w||v — ||v|[w at the start was something like magic. This
particular choice of x was chosen so that the proof would give us what we wanted.
Other choices of x also result in true inequalities, but ones that are less useful than
Cauchy—Schwarz.

Example. Do there exist vectors v, w € R? with...
[?l=2, |#l=3, ad v-0=77
C-5 'inc.rluqmy: 7; ‘V‘W\ = ”_\7” ”"7” - 2’(5 - 6 N"!

We have two main uses for the Cauchy—Schwarz inequality. The first is that it
helps us prove another geometrically “obvious” fact about vector lengths:

l7+wl 2 [7] « 1@l y

The  short est Pd" h e Wi
between  fwo Poi nfs s d 7

ol strai QH' line.. X
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Theorem 2.4 — Triangle Inequality

Suppose that v,w € R" are vectors. Then ||v + w|| < ||v| + ||[w]|.

Proof. We start by expanding ||v + w||? in terms of the dot product:
|7+ = @) (0+7)
= VvV 209 + @@
HVI + 2F-) + 97
Ny QHV""“VV + “W" (éy Cchl')\/’SCI”WO"’Z>
= lel + ”VW.
Sq/Uq\’P/ roo+ bth  sides o 99,1' lerwl £ [l + 190 u

I

Angle Between Vectors

The second immediate use of the Cauchy—Schwarz inequality is that it helps us
define angles in R". To get an idea of how this works, let’s start by thinking about
a triangle with sides given by the vectors v, w, and v — w:

—>

Anole 8 between 7V and W !

can  be  Found 67 Law of Cosines’
[v-20= i+ JoI - QMV’IIIWIcos@

HoweVar it is  dlso tpe Hhdt X
fp-o*> (-3)- (7-3) = o1 - 2-9) oo

Se‘H'ma ’Hm&sa 6><(>l’£$$-oms 9,7}1:!' c/(]oj slm,vlncym_? 9uve<s

o2 Bty e Yoo B

Our reasoning above gave us a formula for the angle between two vectors in R?
(and in R3). We now state it as a definition in higher-dimensional spaces.

L
<y
Q
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Definition 2.3 — Angle Between Vectors

The angle 6 between two non-zero vectors v,w € R" is the quantity

VW
6 = arccos .

iyl e

Example. What is the angle between v = (1,1,1,1) and w = (2,0, 2,0)?

VW=2+0+2+0°= L‘i Sfp,c.)'ql ‘h’)‘emblef:

\7]
1) (For o = 7 =2 K

7 =22+ 0% «27+O* = {8 =202 1 \/

7w

B = acccos W) = drccos (2%{2)3 = grcces (f;_r) — %ﬁ

Example. What is the angle between the diagonals of two adjacent faces of a cube?

Tl’)%& Ve&+a\" S foin'f' 'Fro m . &C)/Ui ]q+é,\"°'| + riom 9 Ie |

0,9+ (,0), ad  Fom
G,Lo) +o LD, s- fhey |
are

7= (1,0,0) - (L) = (0,7, 1) and
7= (0,0 (1,h0) = (-1,0,1). x
T-h&n

v.w=0r0+l=1 HV”=W=ﬁ) [R1={Cy ro +17 = Iz,

<o

L \_ N\
O = arceos (ﬁ/&_i> c“/cc"s(‘> R
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Recall that arccos(z) is only defined if —1 < z < 1. How do we know that

1< Ry =17

The Co;uchy - Schwarz inei(/q/ii-y l

One special case of vector angles that is worth pointing out is the case when
v -w = (0. When this happens...

€ = arccos (Wl” -'”) = orcces (O) = % (i.a) ?O.>

That s, vw =0  meges H'lqu V s

per,o&nJiwlour to W

This special case is important enough that we give it its own name

Definition 2.4 — Orthogonality

Two vectors v,w € R" are called orthogonal if v-w = 0.

Example. Show that the vectors (1,1, —2) and (3,1, 2) are orthogonal

(,1,-2)-(3,1,2) =3 4] -4 =0 V4

Example. Find a non-zero vector orthogonal to v = (v1, v3) € R?

(Sde note: 0 is  orbhogena| o mmgv

—\;/’ = (Vz;‘V|> Wo\"<§ - ! (V V’)
V-W = &,,vz)'(”-v.) X
EAAY
= O :<\/;)-V\>



