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Lecture 16Lecture 16
Special relativity I I I : Special relativity I I I : 
space + time = spacespace + time = space--time time 
or  what is now, then, and or  what is now, then, and 
there ?there ?
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Einstein’s new relativityEinstein’s new relativity
•• Galileo:Galileo:

–– The The laws of mechanicslaws of mechanics are the same in all are the same in all 
inertial frames of referenceinertial frames of reference

–– time and spacetime and space are the same in all inertial are the same in all inertial 
frames of referenceframes of reference

•• Einstein:Einstein:
–– The The laws of physicslaws of physics are the same in all inertial are the same in all inertial 

frames of referenceframes of reference

–– thethe speed of light in the vacuumspeed of light in the vacuum is the same in is the same in 
all inertial frames of referenceall inertial frames of reference

�� time spans and distances are relativetime spans and distances are relative
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•• Examples:Examples:
–– vv=0.1=0.1cc �� ΓΓ = 1.005 = 1.005 �� 0.5% boost0.5% boost

–– vv=0.5=0.5cc �� ΓΓ = 1.155 = 1.155 �� 15.5% boost15.5% boost

–– vv=0.9=0.9cc �� ΓΓ = 2.294 = 2.294 �� 129.4% boost129.4% boost

–– vv=0.999=0.999cc �� ΓΓ = 22.37= 22.37

•• time dilation:time dilation:

•• length contraction:length contraction:

Boost factorBoost factor

•• Boost factor:Boost factor:

PR tt ∆×Γ=∆ PR tt ∆×Γ=∆

Γ= /RP dd Γ= /RP dd
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Energy:   Energy:   E = m cE = m c22

•• Newton:Newton:
–– kinetic energy:  kinetic energy:  EEkinkin= ½ m v= ½ m v22

–– v=0  v=0  �� EEkinkin= 0= 0

•• Einstein:Einstein:
–– E = E = ΓΓ mm00 cc22

–– v=0 v=0 �� ΓΓ =1=1 �� E= mE= m00 cc2  2  ““ rest energy”rest energy”

–– EEkinkin = = ((ΓΓ--1) 1) mm00 cc22

•• Example:Example:
The rest energy of an average person can cover The rest energy of an average person can cover 
the world energy need for 45 days !!!!the world energy need for 45 days !!!!
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This is messy, so let’s clean up a bit This is messy, so let’s clean up a bit 

•• proper time:proper time: time measured by a clock at time measured by a clock at 
rest with respect to a specific observerrest with respect to a specific observer
�� clock at the fastest possible rateclock at the fastest possible rate

•• proper length:proper length: length of an object as length of an object as 
measured in its own rest frame measured in its own rest frame 
�� largest possible lengthlargest possible length

•• time and length in other inertial frames can time and length in other inertial frames can 
be calculated by the sobe calculated by the so--called called Lorentz Lorentz 
transformation transformation (i.e. multiplying with or (i.e. multiplying with or 
dividing by the boost factor dividing by the boost factor ΓΓ))
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Minkowski’sMinkowski’s spacespace--timetime

•• As we have seen, time intervals, lengths, As we have seen, time intervals, lengths, 
and simultaneity is relative and depend on and simultaneity is relative and depend on 
the relative velocity of the observer.the relative velocity of the observer.

•• velocity connects time and spacevelocity connects time and space

•• Let’s stop separating space and time, let’s Let’s stop separating space and time, let’s 
rather talk about rather talk about spacespace--timetime

•• spacespace--timetime is 4 dimensional, is 4 dimensional, 
3 spatial + 1 time dimension3 spatial + 1 time dimension
but is space and time really the same thing ?but is space and time really the same thing ?
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Minkowski Minkowski diagramdiagram
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World lines Wor ld lines —— slowly movingslowly moving
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World lines Wor ld lines —— fast movingfast moving

c×t

x

world line

of a particle
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Faster  than speed of light ?Faster  than speed of light ?
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World lines Wor ld lines —— acceleratedaccelerated

c×t

x
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World lines Wor ld lines —— decelerateddecelerated

c×t

x
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geometr ical intervalgeometr ical interval
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SpaceSpace--time intervaltime interval
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SpaceSpace--time intervaltime interval

•• –– sign: difference between space and timesign: difference between space and time

•• ∆∆∆∆∆∆∆∆ss22 is invariant under is invariant under LorentzLorentz transformationtransformation

•• for particle moving at speed of light:for particle moving at speed of light:
∆∆∆∆∆∆∆∆xx = = cc×∆×∆×∆×∆×∆×∆×∆×∆tt �� ∆∆∆∆∆∆∆∆ss22= 0= 0
�������� light like (null) distancelight like (null) distance

∆∆∆∆∆∆∆∆ss22= (c= (c×∆×∆×∆×∆×∆×∆×∆×∆t)t)22 –– ∆∆∆∆∆∆∆∆xx22
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Character  of spaceCharacter  of space--time intervalstime intervals

•• ∆∆∆∆∆∆∆∆ss22>0 >0 �������� cc×∆×∆×∆×∆×∆×∆×∆×∆t > t > ∆∆∆∆∆∆∆∆xx
–– spatial distance can be traveled by speed of lightspatial distance can be traveled by speed of light

–– there exist an inertial frame, in which the two events there exist an inertial frame, in which the two events 
happen at the same positionhappen at the same position

–– but they never happen simultaneouslybut they never happen simultaneously

�������� time like distancetime like distance

•• ∆∆∆∆∆∆∆∆ss22<0 <0 �������� cc×∆×∆×∆×∆×∆×∆×∆×∆t < t < ∆∆∆∆∆∆∆∆xx
–– spatial distance cannot be traveled by speed of lightspatial distance cannot be traveled by speed of light

–– there exist an inertial frame, in which the two events there exist an inertial frame, in which the two events 
happen simultaneouslyhappen simultaneously

–– but they never happen at the same placebut they never happen at the same place

�������� space like distancespace like distance
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Future, past, and elsewhereFuture, past, and elsewhere

Future

Past

elsewhereelsewhere
∆∆∆∆s2>0

∆∆∆∆s2>0

∆∆∆∆s2<0

∆∆∆∆s2<0
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Pr inciple of causalityPr inciple of causality

•• Cause must always Cause must always 
precede the effectprecede the effect
�� A must not influence D A must not influence D 
and vice versaand vice versa
�� nothing can movenothing can move
faster than speed of lightfaster than speed of light

•A

•D
•• Some see A happen first, Some see A happen first, 

some see D happen firstsome see D happen first

•C

•B

•• All observers agree All observers agree 
that B is in the past of that B is in the past of 
A and C is in the futureA and C is in the future


