
Orientation :

1- d : x ,yeR

( x ,y ) is positively oriented if  y > 0
.

¥
( 0

,
z ) is positing oriented A z > 0

( x ,y ) is positively oriented L⇒ ( o ,y-x) is
.

2- d. ( o

,y,z
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•
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det(th E) > o Ixe > o

.

.

.
 

-00%"

intuitively
,

if z  is on left side of @,y )
-

.

.

. ( x ,y,z ) is positively oinertod @

( 0,4 - x. z . x ) is
.



3- d : ( 0
, x. y ,z ) is positively oriented #

det ( x ,y ,z ) > 0

( w
, x. y ,

z ) is positively oriented it ( 0
,
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.

Then AE50637iff whenever

( by ,z
) is positively oriented

,
so  is (Ax, Ay ,tz)

.

← ads

Matrix malt : B= ( xyz )fools.

AB - ttx Ay Az )



Galilean Relativity

S :  spacetime,
I

¢ |

he this
,

it  abides

V

112×1123

just like distance  can be easily computed in preferred cooks
,

there we properties  at S that  an be detected
in preferred coordinates

.

E

IIIIII.III
meat do

.

a) similaritytwo
 events are

see
 if t

,
= tz

b) the  ovulation : Ezis late the E
,

if Gz > to
,

c) the scale :  absolute time difference  is /tz-G|



d) dist between simultaneous events : If £=tz
, distance is

< to xyxz - XD
.

e) non - acceleration

A free particle  is a  came

8 : R → Rx 1123 of the tons

Hs)= ( s + Zo
, xo + vs )

to ER xoeR3 veR3

t(s)= ( stto ) ( just a translation )

xls ) =
 % + vs K⇒ × "Cs)=o)



Gdtidean

Relativity

Arena of Physics 1/2×1123
'R

f
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µ
 me

space . # yzs

( t
, × ) ← events

1)
Two

 events are simultaneous A t ,=tz

q
-

'

E,=CG×. ) Ez=Hz,x . )

2) The event Ez is late then £ ,  if t
.

> t
,

3) The

adetimedace
between £ ,

and €B Kztd

4) If E
, adf.me simultaneous

,
the

odebetween E
, and Eu B 11×2 '

tdthsfudrdanrom
.

[ Note:  we do  not  ass.sn distbeheen  non - sand eats )

5) A  care 8 : lR→ 112×1123 is non - accellentg it  it
-

his the form VH= ( t '. to
,

xo + tv ) xo.ve/R3
, GER .



An
map

F : Rxks → 42×1123 is called

a

Galilean

transformation  if  it
preserves

properties 1) - s )

lie
.

,
takes  simdaaus events to  simultaneous events

;

preserves distance between  simultaneous events ,
etc

.

What  are the Gulelam tmrsfomatiois ?

f It ,x)= ( Tlt ,x)
,

XH ,x ) )
.

Note : fft ,k) is sanalaus with FH ,tz) HE
, # xz

so TH ,x . ) - TH ,xD HE ,x,x . ⇒

T is a faction of t  alone
.

Let to - TCD
.

If

£70
a) TH ) > T( o ) ( by time  orientation) -0,6ns

b) TH ) - to )= Itch - Tlo )|=|to|=£
*presenter  oftme intend

⇒ TH ) = t  + to

Ditto
'  

for

t< o
.



For each fixed to

XH ,x) is an  isomety of 1123
.

So XH ,×)= Hktx +

Yet
) HEOCD

TGR 3

for each E
.

Now let 816)= ( t
. ,× , )+ (

s.ws
)

be
a  men  accelerating adrue .

So  is for ?

foV= ( t
,

+ to + s
,Hltots) (*+ws)+1Tt.is) )

r -
right form needs to hue uaroshag 2nd deiutve

H
"

( *+  us ) +

ZH
'v + 0 +

4
"

= 0
.

xyv -0 ⇒ T
"

-0=7

4
= x. + vt

v=Gx , wbifny ⇒ H "
= O



Case I : take x,
=o

,vr=o,
ti - 0

T "ls)=0
⇒ 1- G) = x.+ vs

for sonex
.

E 423
,

some u ER3

Case 2 : w= 0
,

to=O

( dgjtl( s )x
,

=0 x. =a ,  -,en⇒

each cot of HG ) rstweedff

Case 3 : too
,

× ,=o
as  is Hs ad H "=o

o=(dayft G) ws ] = H
"

( x+ws)*2H' w

= ZHW

Since w is abitny His constant
.



so H 'v=O f v .

⇒ H
'

=o

= > His constant
.

Galelum Transformation :

f It ,×)= ( t  + to
,

Hx +  

%
+ vt )

= ( t
, Hx + vt ) + ( to ,% )

=L
'

otigtxttt :D

VEIR
}

,

t.tk If
,

in addition
,

HES @ (3)
VoER3

He ocs ) we call this a props
Gale 1am transformation .



Exercise : the Galilean tmgfomatrws form  a gap .

Picture: Spacetime in  classical mechanics admits preferred
coordinate  systems ( "

Galilean  coordinates " )

Transformations between these  coordinate systems are

Galilean transformations
,

which are precisely the maps
that

preserve a) simultaneity
b) time  orientation

c) spatial destine between simulavus events
d) ran - aeceleaty caves

Physicists call these  coondaafesystens mental frames
.

Important : The family of coordinate systems s preferred,
but no particular system is

.

"

Galilean relativity
'
!

OA
t ,

@
.

.

'

1 r

:/
't.yo.it#



AO and @ represent the some physical process .

There .s a Galilean transformation taking TO to @

Special category : boosts

A = I

yo=O , to = 0 5 = ( v. 0,0 )

t  = E
'

×  =  * '
+ vt

'
=  x 't  vt

µ
IIIe

⇐ trx

X 's
 const

←
- * East# * tenant:

many with velocity ✓

velatue to  unpaired
but with some wish .



Other special categories

Translations : ( t ,x)l→ It +  to
, x+x⇒

Snotral notations : ( t ,x)l→ C t
,

Hx )
.

Every Galilean twstomatn is a composition at these three,

in the sure sense that any Been is a oorpofa rotation

and a translation
.



Alas
,

the Galilean picture is not theories we live  in
.

Observed feet : the speed of light is the same

for  all observes
.

Contracts

Galilean relativity

c=

spegqlot light
, particle tmudvs with speed a

t
'

in pos .
xl

€7
x 't ' ) =  at

' t '=← du

- x(t)=x' It ) + vt
x

'

=
 at + vt

= ( c+¥
note !



then? Michelson - Morley
'

89

Premise .

.

Electromagnetic  waves are waves  on Something -

.  aethen

Earth is nouns with respect to aether
.

-

→ ( w.at .  aetho )

- de• # au →

/ l air ←£
time for red out and back

¥t±=¥

=¥[÷⇐d
=¥[l+kt+oC⇒g

Green :  in restfrane of  aethen

# The for  one leg : £
Time for both legs 21

-1 a

b
Distance at b : Zofn=2d( E)



at =L 't d2EE)
da ¥ =tdtxP÷t ' '

d
'

[ 1- LET ]=e2 - taxi 's

dote . l

¥=¥¥⇒==¥[l+kE5+okEM]

=¥+£( E) 2+210 #F)

Time difference :  red -

green  = £ (E)
2

+ ¥O(€P )

Usually
anpaaf



& *at

@¥*
what

By symmetry , path lengthy
,

and true are some .

Waves add constructively :

sin ( wt ) + sinlwt ) = Zsmlwt ) ] leads to interference
sin ( wt +  ⇒ + sin ( wt ) = 0 patterns

So the difference m travel the Shadd cause

different  intefeece patterns for the two configurations
and should smoothly transition as  apparatus is notated

,

Instead : pattern  is independent of orientation
of apparatus .



Conclusion : v= 0 went .
aetha

.

(Full Aethr dead

Inconsistent with two other experiments

stellar aberration :  assets no aethe drag

Fizeu :  consistent  with partial nether drug

.

Way out : Light travels with velocity a for  all mtetial
observes

.

( So  in rest from of  experiment, no

time difference as apparatus  is rotated )
.



How to put coordinates on spacetime ( radar method
. )

A

0 → observer
,

araeceleatig
,

has  a  watch
.

t
, •

s§•g.y.amst f
to •

By symmetry E has tone  coordinate tot¥ .

How for
any

?

t€to=2St
S×=  cst  =tiz# c



What are events simultaneous with E ?

*#
midway tone betuea sedhreceie is The some

.

Now consider 0
'

tuvelag with velocity v relutue to 0

0 8
• •

( Translation invariance
At

st
' of time differences )x¥ jj"

• D
p



I ¥.¥u
Now suppose 0

'
does  radar :

:###..
.

o⇐
. ,

( simultaneous for 0 ( t=o )

9 parallel to ( k,e)

For 0 : A= C- st
,

- vst )
B= ( st , vst )

C = A  + XA ( l
, e)

= B+tB( A

,
-

e)



- St + XA = St  + to ⇒ ha - ↳ =2St

- vst + tac  = vst - tBc= §A+tB)c=2vSt

ta+kB=z (E) stof.eu#ItftitEt3
tB= XA - 2S⇐ stfl + Ka ]

C= C- st
,

- vst ) + state ) ] ( 1. c)

= ( steel ,
st )

!
a  algebra

.

But C. s on t '=O
.

I. e
. C his Eto ⇐> C=sE[ (E)

,
c ] for

sure SG
.

C = ( t
, x ) , on E '=o ⇐ - at + (E) x=O



i. e. ⇐ (E) x

It is handy to dnw pictures with unto ⇐ 1
.

fxto
0 0

'

←
slope

't gtto

#ei÷iIio±:# te


