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Lecture 2

Time Dilation and Lorentz Contraction

“I have no special talent. | am only passionately curious.”
- Albert Einstein




Coordinate Systems

A reference system or coordinate system is used to
determine the time and position of an event.

Reference system S is linked to observer Bob at
position (x,y,z) = (0,0,0)

An event (batter hits the ball) is fully specified by
giving its coordinates in time and space: (t, X, y, 2)

Reference system S’ is linked to observer Alice who
moves with velocity “v” with respect to S of Bob.

How are the coordinates of the event of Bob
(batter hits the ball) expressed in coordinates for
Alice (t’, X, v’, Z’) (running outfielder) ?

Bob
Batter

Alice
Running
outfielder
Ball N
W= 30 m/s V=10 m/s x4
w=? g

y A
w = ball velocity
Event W ’ w.r.t. Bob |
° > w’ = ball velocity
W w.r.t. Alice
v =velocity Alice
Vee———— w.r.t. Bob

7

> >
X X
7’ eg.:Isittruethatt=1t"?

(universal time — Galilei)

How is the trajectory of the ball for Alice related to that for Bob?




Universality of Time 4]

Bob S Alice <

VA y'A w = ball velocity

w.r.t. Bob
Event vy w’ = ball velocity

*—> w.r.t. Alice

w v =velocity Alice

V< w.r.t. Bob

— >
/ X X’
4 z’
W =w+V | o
Isaac Newton (1689) Galileo Galilei (1636)

velocity = distance / time , but are distance and time the same for Bob and Alice?

“Classical” law of adding velocities assumes Let us first look at the concept of
time is universal for all observers. “simultaneity” in the eyes of Einstein.




Simultaneity of moving observers (“Gedankenexperiment”)

Bob sees two lightning strokes at the same time. AC=BC=10km.
At the time of the lightning strike Alice passes Bob at position D. Also: AD=BD=10 km.

w ﬂ Alice sees the same events from the

speeding train.

4/5 the speed of light By the time the light has travelled 10 km,
D Alice Alice moved a bit towards B to position D’

and the light of B reaches her before A.

Since also for Alice, the speed of light in AD’
is the same as that in BD’ she will conclude
that strike B happened before strike A.

Bob says two lightnings are simultaneous,
Alice claims they are not. Who is right?

5 Encyclopaedia Brif

In case Bob and Alice travelling in empty space: who is moving and who is not?

=» Simultaneity of events depends on the speed of the observer!




Simultaneity of moving observers 6













It is impossible to say who actually moves

Both are in an inertial frame where the speed of light is the same



Alternative lllustration




Alternative lllustration

View from outside

Inside the rocket the light reaches the front and back simultaneous, independent of the rocket speed.
Seen from the outside this is different.
But, what changes if we let the rocket “stand still” and the earth move in the opposite direction?




Alternative lllustration

View from outside

Simultaneity depends on the velocity of the observer.
Time is not universal!



Alternative Explanation

l DAD, WILL YOU EXPLAIN THE
TMEORY OF RELATIVITY TO ME?

TIME GOES

1 DONT UMDERSTAND Hm_/

HOURS OM A
FIVE-HOUR
FLIGMT, RIGHT?

ITS BECAUSE 10U KEEP
CHANGING TIME TOMES.
SEE, F You FIY To CALL-
FORMIA, You GAWN THREE

o

S0 |F YU GO AT THE SPEED
OF LIGMT, YO) GAIN MORE
TIME , BECAUSE 1T DOBSKT
TAYE AS LONG TO GET THERE .
OF QOWRSE, THE THEORYN OF
RELATWITY DMLY 'WORES IF
YOJRE GUING WEST.




Relativity of Length (“Gedankenexperiment”)

Alice: measure the length of the train by setting simultaneously two
tick marks at the track at position F (front) and R (rear)

R -

Alice @ ) )
000) OO OGN

C A

I |
Bob: measure thé length of the train by setting simultaneously two

tick marks at t%\e track corresponding to the posiitionis FandR.
|

|
| :
R R F F
| |
C&( : : )W‘gl ‘
00 aaa 000 aad '
N
B o n
“too late” ob too early

Since Alice and Bob don’t agree on the simultaneity of making the tick marks
they will observe a different length. Alice will claim Bob puts tick mark at Front
too early and rear too late such that he sees a shorter train: Lorentz contraction.




Relativity of Length (“Gedankenexperiment”)

Alice: measure the length of the train by setting simultaneously two
tick marks at the track at position F (front) and R (rear)

f Alice @

This is not a measurement artifact, but due
to the nature of space and time itself, in the
way it is experienced by different observers!

‘ | |
1 |

C&( % ° )773' =
00 aaa 000 aas '

Bob: me
tick ma

N
o ” BOb «“ n
too late too early

Since Alice and Bob don’t agree on the simultaneity of making the tick marks
they will observe a different length. Alice will claim Bob puts tick mark at Front
too early and rear too late such that he sees a shorter train: Lorentz contraction.




Lorentz Contraction & Relativity

Red train passenger experiences with his
fingertips a contracted green train car:

ARSI TR LR T !Iﬁ/lT,'.’lM.’//f/ﬂ”/// 7
AT :(7“’ - ROSATEL ATy /

ekl
Green train passenger experiences with his
fingertips a contracted red train car:

B
P4 -'.j




Lorentz Contraction & Relativity

QUNNING IS A VERY
WEEP\NG IN SHARE

ks RELATIVITY SAVS:

~HE FASTER YOV 60...

... THE THIVNER Vpy FT




Perfect clock on a Relativistic Train

A

. mirror
v

1m A

light  mirror

Light-clock: 300 million ticks per second.



Perfect clock on a Relativistic Train

S: Alice in the train: S’: Bob at the station:

A N

i

Bob sees that the ticks of Alice’s clock
slow down!
Bob concludes that time runs slower
for Alice than for himself:
Time Dilation!!!

, 1
At = At = - At

\/1 . 2/62




at'95% oi‘ jché.lightsp'e'_ed‘...

(ex) 1.000 secono .

L:Cto. I

(ex) 3.203 seconds .




Time Dilation: Let’s calculate it!

S: Alice on the train: S’: Bob at the station:

ORURG g

‘= = /d2 + (v At')?
Ax' = “juggling” with linear algebra |_
vAt' d/2 _ dz (?)At )
(cAt’Q) (cAt) + (vAl)?
(c* —v?) (At )2 =c* (At)?
? TN A = o E (M = e A
At = d//c <—— substitute o =v —v /C
/ 1
At = At = - At
V1-—(v?/c?)

Y is called the time dilation factor or Lorentz factor.




Time Dilation

Lorentz Factor

=

R NWRUONWWLO

——

0.4 0.6 0.8 1 1.2

Speed v/c

For “low” (v<<c) relative speeds: no effect, time
stays the same. This we know from every day life.

runs very slow!
every day life.

For “high” (v=c) relative speeds: large effect, time

This we have never really seen in

1
At = At = v At
V1= (07
@‘Pu‘
Example: J
Rocket goes at 1 1 5
v=08c=4/5¢c: v = - = :§
Ji-32 /2

1 second inside the rocket lasts 1.66 seconds on earth.




Einstein and Relativity

i s

“To you it was fast”



Time Dilation: Is it real? Cosmic Muons! (Real Experiment)

Primary cosmic ray

Qut of a million

‘ Measure muon
particles at 10 km, | g 250 km

how many will height.
reach the Earth? T

M - mass 207 rnE v=08c
charge + or - Y=5

Rest halflife: Relativity

Ty=1.56 X 0 [EE

L.|:|-= 10 km

19




Time Dilation: Is it real? Cosmic Muons! (Real Experiment)

= Muons: unstable particles with a decay life-time of: t=1.56 pus
=0.00000156 s

(After 1.56 us 50% survive, after 2x1.56 us 25%, ...etc.: /2" )

®¥sy Muon particles are produced at 10 km height (by cosmic rays)
with ~98% light-speed.

Expectation: even at light-speed it would take them a time:
t=10km /300 000 km/s =33 ps

| to reach the ground = 21 x half-life time: %%~ 1 /1 000 000
Expect: only 1 in a million muons arrive on the ground!

/ — A

| Measurement: ~ 5% makes it to the ground!
| Relativity: v = 1/v/1 —0.982 =~ 5
—> Lifetime = 5x1.56 us = 7.8 us ; Takes 33/7.8 = 4.2 half-lives!

a=: Consistent with observation!  Since: 1%42)=0.05 25%

Out of a million

: Measure muon
particles at 10 km, | 4 250 km
how many will height.
reach the Earth?

)

H :mass 207 m,
charge + or -

Rest halflife:

1@

v=.98cC

Relativity
factor




Lorentz Contraction (Gedankenexperiment)

Alice boards a super spaceship with her clock and
travels with v=0.8c to a distant star (L = 8 light-years).

From earth, Bob calculates that the trip takes about
10 years, since: L=vt—> t=L/v -2 t=8/0.8=10

Bob calculates that since Alice’s clock runs slower, for
her the trip takes 6 years, since y=1/v(1-0.8%) =5/3
and L=vt=v yt’ 2> t'=t/y=6

Since:

1) Alice and Bob agree on the velocity v=0.8c

2) Alice and Bob agree on the number of clock ticks A

3) For Alice a clock tick does not change, M v
takes indeed 6 years -

Alice observes: ' =vt'=0.8 x 6 =4.8 light-years!

mirror

Lorentz contraction: I’ =L / y
=» Distances shrink at high speed!

'=Ljy=1L- (Vl - 712/62)

mirror




Lorentz Contraction and time dilation

At ;@};’ v=0.8c Lorentz factor:y=5/3 Alpha
Earth Centauri
’Bob L, = 8 lightyears
= L il
| 0 |
_L
YT At (a)
At, =3/5 At
B L
Alice ;{E/D Y] Alpha
Centauri
vV
i
L=3/5L,=4.8lightyears
- L -
(b)
This is called: Lorentz contraction: L’=L/y . Distances shrink at high velocities!




Lorentz Contraction
*@ At ;S};V v=0.8c Lorentzfactor:y=15/3 Alpha

, Centauri
BOb L, = 8 lightyears

Lo

Y

Special Relativity:
The running of time and the size of distances are

different for observers moving at relative speeds!

Centauri

v ‘ "“ v
L=3/5L,=4.8lightyears
- L -

(b)

This is called: Lorentz contraction: L’=L/y . Distances shrink at high velocities!




Lorentz Contraction
At ;S};V v=0.8c Lorentzfactor:y=>5/3

Alpha

arth Centauri

O Bob L, = 8 lightyears

If you want to travel in the universe you should go fast not to

travel the same distance faster, but to shrink the distance!
Prize to pay is that time passes very fast on earth.

Alpha
Centauri

v 3 v
4_0 <—
L=3/5L,=4.8lightyears

- L -
(b)

This is called: Lorentz contraction: L’=L/ y .

Distances shrink at high velocities!




Muon particles revisited

Primary cosmic ray

From the muon particle’s own point of view it does not live longer.
Its lifetime is what it is: t=1.56 us

The distance from the atmosphere to the surface has reduced

The result is the consistent: many muons reach the surface!

" Since also 14(6-:8/1.56) = 0.05 - 5%

Me‘- A“‘
/ o

Out of a million

particles at 10 km,

how many will
reach the Earth?

)

M mass 207 m,
charge + or -

Rest halflife:
-6

Measure muon
flux at 10 km
height.

1@

v=.98cC

Y=5
Relativity
factor




Muon particles revisited

AT At
Elapsed muon Elapsed muon
lifetime lifetime
muons have a shorter earth observer sees
distance to traverse muons to live longer
Muon created
A

Muon created

Muon decays Muon decays

(a) Muon’s reference frame (b) Earth's reference frame



Relativistic Effects: Summary in Formula’s

Time dilation:

At' =y At

Lorentz contraction:

L'=L/y

Two definitions:

1

'}/:

Time in rest frame = “eigen-time” or “proper-time”

Length in rest frame = “proper length”

with the relativistic factor:




Different perspectives of the universe

particle

particle

How does a photon see the universe?

Seen by us

Seen by particle

For a photon time and distance do not exist!

26




moniey High Energy Neutrino!

Km3NeT experiment in 13-2-2023: Very high

Neutrino 3 Error 1,000 )
path range energy neutrino detected: 1.2 x 107 eV
“"' 7 = I’ . . . .
e < 2,000 Such a neutrino sees lifetime of the universe
detected o (13.8 billion years) as less than one second!
particle =g it
SICILY e AT a ’
KM3NeT
telescope

Not to scale

Underwater
Detector (3 km

1
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ing Lead Nuclei “Pancakes” at the LHC

Collid




Calvin’s Relativity

. WO, THE LAST TWO I HOPE THE TEACHER
LOOK, IT'S ALMOST HOURS REALLY FLEW BY/ DIONT SBY AN THING
Il O'CLoCk ! S \ IMPORTANT,
/

w
is/ﬁ’lf




Next Lecture... Paradoxes!

Causality...

Travelling to the future...

Before

~younger than twin

Space traveler is

After
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