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Lecture 15Lecture 15
Doppler  shift or  how the Doppler  shift or  how the 
police finds you speeding police finds you speeding 
or  how astronomers find or  how astronomers find 
galaxies movinggalaxies moving
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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



Astronomy 201 Cosmology - Lecture 15 3

ConsequencesConsequences

•• breakdown of simultaneity:breakdown of simultaneity:
whether or not two events happen whether or not two events happen simulsimul--
taneouslytaneously depends on the speed at which depends on the speed at which 
you are moving with respect to the eventsyou are moving with respect to the events

•• time dilationtime dilation

•• length contractionlength contraction
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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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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))



Astronomy 201 Cosmology - Lecture 15 6

So c + c=c ?   yes, sor t of ...So c + c=c ?   yes, sor t of ...

•• Q:Q: So how do we add velocities ?So how do we add velocities ?
A:A: by properly applying by properly applying Lorentz Lorentz transforms:transforms:

•• Example:Example: shoot a torpedo (shoot a torpedo (vv22=0.5=0.5cc) from ) from 
the Enterprise, moving at the Enterprise, moving at vv11=0.5=0.5cc
outside observer: outside observer: vvtorpedotorpedo= 0.8= 0.8cc
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Doppler  effect (for  sound)Doppler  effect (for  sound)

The pitch of an approaching car is higher than thatThe pitch of an approaching car is higher than that

of a car moving away.of a car moving away.
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Doppler  effect (for  light)Doppler  effect (for  light)

The light of an approaching source is shifted to the blue, The light of an approaching source is shifted to the blue, 

the light of a receding source is shifted to the red.the light of a receding source is shifted to the red.
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Doppler  effectDoppler  effect

red shiftred shiftblue shiftblue shift

The light of an approaching source is shifted to the blue, The light of an approaching source is shifted to the blue, 

the light of a receding source is shifted to the red.the light of a receding source is shifted to the red.



Astronomy 201 Cosmology - Lecture 15 10

Doppler  effectDoppler  effect

redshiftredshift::

zz=0: not moving=0: not moving

zz=2: =2: vv=0.8=0.8cc

zz==∞∞: : vv==cc
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EnergyEnergy

•• Energy:Energy: the capacity to do workthe capacity to do work

•• total energy is conservedtotal energy is conserved, i.e. it is only , i.e. it is only 
transformed from one form of energy into transformed from one form of energy into 
another.another.
–– breaks: transform energy of motion (kinetic breaks: transform energy of motion (kinetic 

energy) into heatenergy) into heat

–– falling body: transform gravitational energy falling body: transform gravitational energy 
into kinetic energyinto kinetic energy
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EnergyEnergy

•• 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  �� E= mE= m00 cc2  2  ““ rest energy”rest energy”

–– EEkinkin = = ((ΓΓ--1) 1) mm00 cc22

•• Example:Example:
energy required to accelerate 1kg of mass to energy required to accelerate 1kg of mass to 
v=0.87c v=0.87c �� equivalent of equivalent of 20 megatons of TNT20 megatons of TNT


