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Disclaimer
.
I'm nota physicist, tote
everything with a large
grain of soft. . .



Eia : How can you describe whatgoes
on in the universe/our reality ?

K 11

Want to predict where things are going .

We can measure :

• Space is → ¥
• Time

Seems we live in IR x IRS.



Want : How do objects more in spacetime ?

Model : A big object ← . Single point.

A motion : E : R → IR
'

worldline
.

A
tyre
→



Newtonian mechanics → 2 physical concepts
• Mass m a

• Force F T; F tf
' III

Defined in vague rains .

Moss =
" how much fore to move something

"

Force = " something which makes seethingmare "



Newton 's laws :

• 1st. law, principle of inertia : An objectin motion

stays in motion unless acted upon by a net

→external force [F-O ⇐ 0¥ -- O
Isaac Newton

• 2nd law : Time change of momentum is proportional to the force
F-= daff f -- me morekm

• 3d law : All forces between two objects exist in equal magnitude and

opposite direction : FA = - FB



How are forces determined ? Experiment

Take an object, define its moss =L . Measure how it moves
under different contexts .

Example: (Newton 's law of universal gravitation)
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gravitational constant
X 6.674 . 10
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Forces

Nonexempt. FYS-MEK 1100 ) : FairYoinnogietism
• Strong force
• Weak force



How to change reference frame booed . system )?

• Spacial notation : (I
'

,
t) ts (RI, E) REO(3)

• Spacial translation : (I
'

, e) ins (Eta , t) a ER
'

• Uniform motion : GI t) ↳ (E't et, et VER
's

Galilean transformation : Conposition of these 3 .



1860 's : Maxwell 's equation for
electromagnetism

James Clerk Maxwell

Lorentz force

⇒ NOT invariant under Galilean transformation



ttorvever : Invariant-under Lorentz transformation :
U

velours : -

- lmao)

E t, IIe})8=1 y

Ff z

Lorentz factor . t
'

E
'

E=x

Observations :
n

> x
'

1 . Time dilation . to
j d

2
.

No simultaneity . 7
x

{t -07 # { thot e'
'

IR
"
"



Einstein

Galilean transformations
I

poison transfer-teens FEE.IE?Il)
Albert Einstein

⇒-IF mirin
m-

time Spacetime



Spacetime / Minkowski Space-

4 manifold R
"
-_ ( R

"

,
d )

where d ( Ce. .IE) , ( ez , =Ittf
'

metric : E- f-{I.%)
y mark local words :(x%=o

,
.. .is

timelike A particle with moss follows a
spacelike worldline where all tangent vectors are

timelike
.

at : EB → IR
"3. poro- X

lighrcone Desi de = ! da



Given a particle with moss, we co- parametrize its

path with the internal clock DE .

→ Four - velocity u = (DIII) Hulk E
4=0, a - s , 3

ms Momentum form - vector
p = m U

m mass of particle .

Energy is the O- th component of p .
E -- PO .

In the reference from e of the particle U = (E, o, o.o)

=3 E = m c
'



Suppose we have a reference frae ⇐%=o
. .
. ..si

and

a particle moving with velocity v= 0¥
,
along

t

C-he a axis .

In particle ref free : ft
'

,
n'1=4,0) n -- - - - - t

,
t
'

I

p= (me, 0,0, O) ⇐ l
.

In our ref frame .. It,
x)

"t v e

x=\
'
+Vt

') = sve
'

Apply Lorentz transform t -- ret 't r = re
'

p = ( 8mi, nvm , o, o) f-FEI
Small v → pox mttzmv

' (rest energy +potential) , p 's mv
(Newtonian moment)



Gravity is special

Inertial mass Gravitational Moss
.

[ f- = mice] I TFg= -my DOB

Weak Equivalence Principle :

Mi = my

Experimentally verified



→ Einstein Equivalence Principle
In small enough regions of spacetime, the

laws of physics reduce to those of special
relativity . It is impossible to defeat

the existence of a gravitational field .
Moving Rockets vs Tower

C-= O q q
E-O t=L

•mm J
t-- I

}
us



→ Spacetime is not IR
" '

,

it mustbe curved !

Im 1915
, having worked for 8 years, Einstein

published the General theory of relativity .

Curvature of spacetime ⇒ Matter & Energy

Einstein's field equation : Ryu - IR gµv=8stGTpv
Free particles : Geodesic equation :↳doing. + Miodoffs df÷=0



Thanks for your ti-e !

④ ESA


