
Frontiers and Controversies in Astrophysics 

Chapter 1: The Solar System 

1.1 Our Solar System 

What ‘scientific method’ is used in astronomy? 

 Observational sciences like astronomy do not use the traditional ‘scientific method’, in which 

hypotheses are formulated, tested in an experiment, and then accepted or rejected or modified 

appropriately, with the entire process leading to understanding 

 Rather, observational sciences start with observations, than categorise the observations, and use these 

categories to formulate interpretations and explanations, which may lead to more observations being 

taken for confirmation 

  

 

 

 

 

 

 

 

 

 

 

What are the six major categories of Solar System objects? 

1. The sun, representing 99% of the mass of the solar system, made of hot gases 

2. The inner terrestrial planets, rocks made of silicon and iron, covered with a very thin layer of ice (melted 

gases, not just water), with circular orbits and masses of             solar mass 

3. The asteroids are irregular small rocks 

4. The outer, or Jovian, planets have lots of gas and ice, with              solar masses, many moons, 

rings and circular orbits 

5. Beyond these are the TNOs or Kuiper Belt objects, small rocky objects, less than      solar masses, 

orbiting in elliptical, inclined orbits 

6. The final region is the Oort cloud, where reside the comets (small balls of ice) 

What is the current theory of planetary formation? 

 The sun and planets are formed out of a rotating cloud of gas 
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 The centre of the cloud collapsed to form the sun, while the remainder of the cloud continued to rotate 

around it 

 The sun and this cloud are both made predominantly out of H and HE, with some ice (N, C, O), and a few 

heavy metals 

 Gradually, the material in the disk stuck together to form bigger and bigger clumps of matter, eventually 

forming small bodies called planetesimals 

 These planetesimals gradually collide to form a single object in each given orbital region around the sun 

 Each individual planetesimal many have had a highly elliptical or irregular orbit, however the final 

planet’s orbit will be sort of the ‘sum total average’ of all of these orbits, and hence we would expect 

them to be nearly circular and co-planar, which is true in practise 

How does this theory explain the difference between inner and outer planets? 

 In the hotter, inner solar system, the ice and gas evaporates, and hence does not become part of the 

planets – they form almost entirely from rocks 

 However in the colder outer solar system, the ice remains frozen, and so continues to remain part of the 

planets 

 The outer solar system also has a larger area, and hence more matter to form planets 

 These two factors lead to much more massive outer planets than inner planets, and this extra mass 

allows the outer planets to hold onto much more gas, hence their huge atmospheres 

1.2 Planetary Orbits 

What was Keplar’s contribution to astronomy? 

 Kepler took the best observational data available and derived three laws to explain planetary motions, 

which he said were ellipses 

What was Newton’s contribution to astronomy? 

 He developed his three laws of motion, and then combined them with his law of gravity to derive 

Keplar’s laws 

 Newton made two key assumptions that formed the basis for modern science (these were revolutionary 

ideas not previously held): 

o The universe is governed by universal laws 

o These laws are mathematical in nature 

What is the current major challenge in physics? 

 In the early 20th century, quantum mechanics and general relativity were both developed, which 

extended Newton’s Laws in different directions 

 The challenge today is yo unify quantum mechanics and general relativity into a theory of everything 

What is Keplar’s Third Law? 
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 Note that if units are years, AU and solar masses, then       

What happens to the star being orbited by a planet? 

 Once a plant completes half its orbit around a star, it is now travelling in the opposite direction as 

before, and hence momentum is reversed 

 Because momentum must be conserved, the star must therefore change direction as well, thus 

reversing its momentum keeping total momentum constant 

 The conservation of momentum also implies that            , where    is the mass of the 

planet and    is the velocity of the star 

 The star is more massive, and hence it will move much more slowly 

 Both objects orbit around their ‘centre of mass’:            , where    is the distance from the 

planet to the centre of mass, and    the distance from the star to the centre of mass 

 Our sun responds to the motions and masses of all the planets in the solar system, and hence exhibits a 

complex motion which is the sum of all the individual motions  

How can we find the orbital velocity of the Earth? 

 Remember:            , and             

 For nearly circular orbits:                             

          
        

    
 

   

 
 (note that this only works for nearly circular orbits, as in highly elliptical 

orbits the velocity changes with distance) 

 Thus, the speed of the Earth  can be found as follows: 
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Chapter 2: Extrasolar Planets 

2.1 Standard Discovery Methods 

Why can’t we see exoplanets directly through telescopes? 

 If we had perfect conditions, stars would always appear as infinitely small points of light, as they are too 

far away to be resolved as extended objects 

 However, the distortions in the atmosphere move the light of the star around while the photograph is 

being taken, hence ‘smearing it’ over a larger physical region that the object actually occupies 

 Another reason is that telescope optics aren’t perfect, and so this spreads out the light even more – the 

end result is that stars appear as blobs in photos 

 We cannot photograph exoplanets because they are both so faint and so close to their parents stars 

that we cannot distinguish their light from the spread-out light of the stars 

What is a numerical example of this? 

 Suppose we want to find the angle subtended by a planet with a period of 40 years, orbiting a star 3 pc 

away. We assume that the star has a mass of one solar mass. 

 

 

 

 Note that for very small angles,       and         

 Note also that 
    

    
              

                

     
   

   
 

  
  

  
 

        

        

           

           

      
 

     
 

 

         

      

 

Sub in equation for   

            

           

               

 Even the best telescopes scatter incoming light over a distance of a few arcseconds 

 Thus even for this generous problem, where the star is very close and the planet is quite far away from 

it, the exoplanets will not be visible because its light will be obscured by the scattered light of the star 
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How can we use these orbital equations to find exoplanets? 

 The solar motion induced by the Earth is as follows: 

            

   
    
  

 

 
                 

         
 

 
            

         
 

           

        

 Motion this size is currently undetectable in other stars, however motion caused by planets the size of 

Jupiter is detectable, so a decade ago people decided to look for such motion 

What is Doppler shift are why is it useful for finding planets? 

 The Doppler shift refers to the fact that the observed wavelength of EM radiation changes with relative 

motion of observer and source of light 

 What matters for this is the radial motion, or motion towards/away from you 

  

  
 

  
 

 

   is the radial velocity away from the observer 

   is the rest wavelength, the wavelength that would be observed if      

                

 

 If a star is moving edge-on, or nearly edge-on to out plane of view, then we can use its radial velocity to 

determine its actual velocity using a diagram like below 

 

 

 

 

 

 

  

 The distance between peaks represents the time between when the star passes the same point in its 

orbit (i.e. the orbital period) 

 The amplitude represents the maximum velocity, which occurs when the star is moving directly away 

from (or toward) us, and hence represents its true velocity 

 Knowing the size of the motion induced by the planet, we can work out the mass and orbital distance of 

the planet 
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How does the planet’s mass and orbit affect the star’s motion? 

 The radial velocity of the star induced by the presence of a planet can be modelled using a sine curve, as 

the radial velocity increases and decreases depending upon where it is and its orbit, and its consequent 

relative motion to Earth 

 When two or more planets are present, however, the motion of the star will be modelled by the 

superposition of two or more since curves, each one representing the induced motion of a single planet 

            

      
  

  
 

 Thus, faster star velocities come from either more massive planets, or faster planets 

 As demonstrated below, short planetary orbits produce fast orbits, which makes sense, as the closer in 

to the star you are, the faster you have to travel to avoid falling into it 

   
 

 
 

 
   

 
                    

   
   

  
 

   
    

   
 

   
   

   
  

 
 

   
 

   

   
     

  
  

   
 

  
  

  
  

  
  

  

 
 

         
  

 
 

 Thus, faster star velocities come from either more massive planets or closer planets 

2.2 Alternative Discovery Methods 

How was the planetary transit method for discovering exoplanets first developed?  

 In 1999 it was discovered that the brightness of a star with a known ‘hot Jupiter’ dipped slightly for a 

few hours every seven days, which was exactly twice the orbital period of the ‘hot Jupiter’, 6 

 What was happening was that the planet was moving in front of the star and blocking some of the light 

from it (about 2%) 

 By the amount of sunlight it blocks, we can measure how big the planet is 

 The measured reduction in light by the Hubble Space Telescope was so close to the prediction that the 

predicted line was barely visible under the points of actual data; hence it is virtually certain that we are 

observing planetary transits 
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 At the point where the planet passes directly in front of the star, it must be true that the radial velocities 

of both objects are zero, and so we should be able to match up the dips in brightness of a given star 

with its points of zero radial velocity – the works in practise 

 As such, it is certain beyond reasonable doubt that these things are planets 

 

 

 

 

 

 

 

 

 

Why didn’t this method work in star clusters? 

 In star clusters the stars are packed so closely together that they are constantly moving around and 

disrupting the orbits of any planets that might be around a star, 6 

 Astronomers define every element above helium as a metal, and ‘metallicity’ is defined as the 

percentage of metal elements in a given object 

 High metallicity stars are more likely to have Hot Jupiters than other stars, as planets are made from 

metals, not hydrogen or helium, and hence without metals we cannot have planets 

 Star clusters generally have low metallicity stars, and hence we would expect few or no planets 

What do planetary transits allow us to say about the composition of hot Jupiters? 

 If we use the radial velocity method to work out the mass of a planet, and the transit method to work 

out its size, we can then work out the density of the planet 

 Knowing the density, we can work out what these planets are made out of. It turns out that Hot Jupiters 

are not very dense, and thus must be made out of ice. 

 However, judging by their distance from the stars, we can determine their surface temperatures as 

around 1000 degrees 

 The current theory is that these planets were formed in the outer solar system, and then migrated to 

the inner solar system through some as yet unknown mechanism 

 Though the planets will melt, they will do so only over billions of years, owing to their very high volume 

to surface area ratio (big things melt slowly) 

 Another implication is that we would expect hot Jupiter systems not to have any regular terrestrial 

planets, as the inward migration of the Jupiter would disrupt the orbits of any smaller planets 

What is astrometry? 

 Astrometry means measuring the positions of stars to very high accuracy 

 The idea is to directly measure the orbital movements of stars as planets orbit around them (directly 

measure the movement as opposed to the radial velocity) 
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 Although stars when observed from a great distance appear as an indistinct blob, whose dimensions tell 

us nothing about the star and merely obscure close objects, the centre point of that blob can be 

measured highly accurately 

 By observing movements in this central point, we can tell if a star is moving as a result of a planet 

orbiting around it 

How do different planetary detection methods have different selection biases? 

 Astrometry favours distant planets, because for a given planetary and star mass, the more distant the 

planetary orbit, the larger the movement of the star, and hence the easier it is to detect its movement 

(as per the equation          ) 

 Astrometry only works for nearby planets, because of the term    in the equation   
  

  
: the greater 

the distance to the ob served planet, the smaller will be the observed angle 

 The radial velocity method, in contrast, favours small orbits, as they produce more rapid movement of 

stars (as per the equation            ) 

 Planetary transits only work for edge-on orbits, and also favour short orbits because of tye increased 

chance of a transit occuring 

 All methods favour more massive planets 

2.3 The Problem of Hot Jupiters 

What is the problem with ‘hot Jupiters’? 

 They contradict our theory of planetary formation, as massive planets are only ‘supposed’ to occur far 

away from stars, where there is more matter and ice and gas can remain 

What is the ‘second star’ explanation of ‘hot Jupiters’? 

 One explanation for the existence of ‘hot Jupiters’ is that the other object is actually another star 

orbiting the first 

 Because stars are more massive than planets, however, we would expect a much larger induced motion 

on the first star if the second object was a star 

 This was explained away with the theory that these stars were orbiting each other ‘face on’ as viewed 

from the Earth, such that a large real velocity became a small radial velocity 

 Problems with this explanation include that there is no evidence of light being emitted by these alleged 

‘second stars’, and also that it is highly statistically improbable that all these systems are so perfectly 

line up face on to us 

What is the ‘pulsation’ explanation of ‘hot Jupiters’? 

 Another explanation is that we are actually observing pulsating stars, whose size expands and contracts, 

thus generating radial velocity, and hence we think the star is actually moving 

 Problems with this explanation include that sun-like stars (as some of these are) don’t pulsate very 

much, and also the fact that pulsating stars do not always pulsate in a sinusoidal manner, regularly like 

rotating stars do 

 Although the presence of previously unknown pulsation mechanisms is just as likely as the presence of 

previously impossible ‘hot Jupiters’, this explanation makes a testable prediction which turns out to be 

false, hence invalidating the theory 

 The redshift of distant stars, and hence their radial velocities, is measured by comparing the 

emission/absorption lines of a distant star from the lines produced by the same elements in a stationary 

lab, and comparing how much these lines move 
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 When a star moves away, the entire spectral graph moves to the right, towards longer wavelengths 

 However if the star changes size, only part of the star moves away, while part merely moves sideways 

relative to us. Hence only part of its spectral emissions graph is shifted 

 The result is a change in shape like that illustrated below 

 The data shows that the entire spectral line of these stars is shifting, and hence it is not pulsation 
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Chapter 3: Introduction to Black Holes 

3.1 Black Hole Basics 
Lecture 8 first  half ,  lecture 9  first three-quarters,  lecture 13 first quarter , lecture 15 first  tenth  

What are black holes? 

 Escape velocity is the speed required to escape from the gravitational field of a given object 

          
   

 
 

 

 
  where   is the speed required to escape from the gravitational  

field of an object with a mass   and radius  , starting from the surface of that object 

 A black hole is any object where           

 Black holes cannot be seen directly because they emit no light 

 However, their presence can be inferred by their effect on other objects that we can see, like orbital 

dynamics, doppler shifts, etc 

 The idea of a ‘black hole’ as an object with the escape velocity greater than the speed of light is only 

interesting because the speed of light is interesting, it being the maximum speed possible 

What is the Schwarzschild radius? 

 Using the escape velocity equation given above, we can determine that: 

       

   
   

 
 

 
 

 

  
   

  
 

 This   is known as the Schwarzschild radius, and is the size below which an object cannot be shrunk 

without it becoming a black hole 

 If     , then       , and the object is a black hole 

 The Schwarzschild radius of the sun is about 3km 

What is the relevant ‘mass’ to use in this equation? 

 In the diagram below the object is represented by the outermost solid line 

 Suppose also that this object is larger than its Schwarzschild radius, which is represented by the small 

dotted line inside the circle 

 Now suppose that we are in some position within that object, with the circumference of the circle of the 

radius equal to that position represented by the inner solid line 

 At this point, however, only the mass of the object that is located within this second circle actually 

counts towards determining the Schwarzschild radius  

 Hence as we move further into the object, less mass is relevant, and hence the Schwarzschild radius that 

is appropriate for me to use becomes smaller 

 This is why we can never reach the Schwarzschild radius of a non-black hole object 

 In the second diagram at the bottom, we see an object that is a black hole 

 In this case, all the mass is already within the Schwarzschild radius 

 Also, because of the nature of black holes, all the matter within the black hole will shrink down to a 

singularity 

 Hence no matter where you are inside the Schwarzschild radius, all of the mass will always be ‘below’ 

you 

 Hence the relevant Schwarzschild radius never changes as it does with non-black hole objects 
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What is the event horizon? 

 The escape velocity of an object decreases with distance from the centre of mass of that object, as per 

the equation:          
   

 
 

 

 
 

 As a result, for any given black hole there will be a certain point at which the escape velocity exactly 

equals the speed of light  

 This imaginary sphere around the black hole is called the ‘event horizon’ 

 Because nothing can travel faster than  , no information from inside the event horizon can ever escape 

to the outside 

 Thus, no event inside the event horizon can be detected from the outside 

How can we find out what happens inside the event horizon? 

 There is no way to find out what is going on inside the event horizon 

 In this sense, it represents an edge of, or hole in, the knowable universe  

 Nevertheless, we can make predictions about what happens inside the event horizon by assuming that 

the same laws and equations which apply outside the event horizon also apply inside 

 As this relies upon an assumption that is untestable even in principle, one can debate whether or not 

this constitutes physics 

Why do black holes always collapse to a singularity? 

 Inside the event horizon, all matter collapses into a single point of infinite density (because volume is 

zero) in a finite period of time 

 One cannot use energy of any sort to hold oneself up and prevent this collapse, as the extra energy has 

a mass equivalent as per Einstein’s equation 
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 Thus the extra energy just increases the gravitational attraction, which pulls you down with more force 

than can be compensated for by any thrust that could be generated by that mass 

 It can be proved mathematically that this just cannot ever work to prevent collapse 

 This is why neutron stars that are smaller than their Schwarzschild radius do not just stay the same size, 

but will always shrink to a singularity 

 The pressure forces needed to maintain hydrostatic equilibrium always contribute more to mass (and 

hence gravitational attraction) than they oppose it 

What are some other properties of Black Holes? 

 In space we can use energy to move around in space, but we cannot expend energy to move around in 

time 

 Inside an event horizon, however we cannot use energy to move around in space (see above), but 

theoretically we could expend energy to move around in time 

 Black holes only inexorably suck in objects inside the event horizon 

 From the perspective of an observer outside the event horizon, they behave just like any other object of 

the same mass, except you can’t see them 

What are super-massive black holes? 

 They are black holes that live in the centres of galaxies 

 They can have masses of hundreds of thousands, millions, sometimes even billions of times the mass of 

the Sun 

 For every galaxy for which we have enough data, we observe a huge object of thousands or millions of 

solar masses, that emits no radiation 

 We can tell that it is there because of its influence on the orbital patterns of surrounding stars 

 Armed with this and other evidence, we are fairly certain that every galaxy of significant size has a super 

massive black hole at its centre 

How did super-massive black holes form? 

 Recent work suggests that the very first generation of stars was quite massive, thousands of solar 

masses, rather than just a few solar masses or less, as is normal today 

 It has been proposed that this first generation of stars collapsed down into thousand-mass black holes, 

and then a whole bunch of them ran into each other and fell into the centres of galaxies 

 However, this is still highly speculative and imprecise, and in contrast to the situation with regular black 

holes, we don’t have a very good theory as to where supermassive black holes came from 

3.2 Stellar Evolution 
Lecture 8 second half  

What is hydrostatic equilibrium? 

 A star is exposed to two major forces: the force of gravity pulling it inwards, and the force of the 

pressure of its ionised gas pushing outwards 

 These two forces must balance at all points within a star for it to remain stable 

 Such a state of balance is called ‘hydrostatic equilibrium’ 
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What is necessary for stars to achieve hydrostatic equilibrium? 

 At a given point inside a star, the force from the gas below pushing upwards must equal the sum of the 

force of gravity on that point and the pressure from gas above that point pushing downwards 

 This can be modelled by:                , thus, it must be true that               

 Assume that                        , and that pressure is modelled by   
   

 
 

 Hence we get: 

   
    

 
 

   
  

 
     

         

    
 

 
   

As 
 

 
 is simply a constant, we see that the pressure at any given point is proportional to the density and 

temperature of the star at that point 

 Thus, in order for              , it must be true that   and/or   increase with depth 

Why must temperature increase with depth for hydrostatic equilibrium to occur? 

 It turns out that in practise, it is not possible to achieve this balance by varying only   

 This is because as   increases with depth (thus increasing       ), the force of gravity also increases, 

thus increasing the size of the inequality necessary for equilibrium to occur 

 This is obvious from the equation                  

 It is possible to prove mathematically that equilibrium cannot occur under these conditions 

 Thus, in order for equilibrium to be reached, temperature must also increase with depth – and indeed 

we know observationally that it does 

Why does this fact necessitate a constant energy source?  

 Heat tends to flow from objects of high temperature to objects of low temperature 

 Hence heat will flow from the centre of the star to the cooler outer regions, and once it reaches the 

surface it will radiate outwards 

 Thus, there must be some mechanism for generating continual new sources of heat at the centre of the 

star, otherwise the temperature and hence pressure difference could not be maintained 

 The energy source has to be at the centre of the star, and not dispersed through it, as we need a 

temperature difference, not merely a high temperature 

 In the case of the Sun, energy is released by the fusion of hydrogen atoms together to make helium 
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What happens when a star runs out of nuclear fuel? 

 When a star runs out of nuclear fuel it begins to collapse 

 This occurs because, without an energy source to generate internal temperature differences, the force 

of gravity pulls the star together without any force to resist it 

 As the collapse continues, eventually a new type of pressure arises called ‘electron degeneracy 

pressure’, which serves to halt the collapse at around the size of the Earth 

 These stars are called white dwarves, and this is what the sun will end up as 

 However, when the mass of a star exceeds 1.4 solar masses, electron pressure is insufficient to prevent 

the collapse of gravity 

 The collapse thus continues until the electrons combine with protons to form neutrons 

 At this stage, the entire star becomes a giant ball of neutrons 

 However, for stars of greater than three solar masses, their Schwarzschild radiuses will be less than their 

final radiuses as neutron stars – in other words they become black holes 

 As there are many massive stars, we expect there to be many black holes 

3.3 Discovering Black Holes 
Lecture 15 

How were X-ray Binaries discovered? 

 Beginning in the 1950s, astronomy has  gradually expanded into all sort of wavelengths other than 

optical light, which was traditionally all that was observed 

 One of the first new field was radio-wave astronomy, which led to the discovery of pulsars 

 X-ray astronomy began in the 1960s, with scientists sending Geiger counters and x-ray telescopes up on 

satellites to observe x-ray radiation 

 It is necessary to do x-ray astronomy in space because the atmosphere is opaque to x-rays 

 The astronomers soon discovered the existence of  stars that emitted enormous amounts of energy 

(tens of thousands times the output of the sun) 

 The most surprising part, however, was that virtually all of this radiation was in the form of x-rays 

How do we know that these x-ray sources were very small, hot objects? 

 X-rays are very energetic photons, and so the objects that emitted them must have been at a very high 

temperature (about one million degree surface temperature) to generate so much energy 

 By contrast, the Sun has a surface temperature of about 6,000 degrees, which is hot enough to glow in 

the optical, but not hot enough to generate large numbers of x-rays 

 As well as being able to correlate a particular EM emission spectrum with a particular temperature of 

the emitting object, we can also calculate how much radiation ought to come from a given volume of an 

object with that specific temperature 

 Or, in the reverse, if we know the luminosity and temperature of an object, we can calculate how big it 

must be in order to be emitting all the radiation that it 

 Using this technique, it was found that these x-ray sources are very small, much smaller than a star 

 Another piece of evidence that these objects are very small is that they vary in brightness (by a factor of 

two or more) with a very short period (i.e. 0.01s) 

 This means that the emitting object must be smaller than 0.01 light seconds, or about 3,000km 

 This is because the time that light takes to travel from one side of the object to the other places a lower 

limit upon the period of the variation of the object’s brightness 
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What are x-ray binaries? 

 These x-ray emitting objects are x-ray binary stars, which consist of one ordinary star orbiting a 

‘compact object’, which is a small massive object like a neutron star or black hole 

 The compact object is so massive that it exerts tidal forces upon the ordinary star 

 These tidal forces are strong enough such that gas particles from the outer surface of the ordinary star 

are pulled away from the star, towards the compact object 

 This material enters into orbit around the compact object in a spiral disk called an accretion disk 

 

 

 

 

 

 

 

 

 

 

How do x-ray binaries produce x-ray emissions? 

 The orbits of the gas particles in the accretion disc are perfectly ordinary orbits, which can be described 

by the usual set of equations 

 We know about orbits is that objects in closer orbits must orbit faster than objects in distant orbits 

 So if you imagine two pieces of gas right next to each other, one inside the other, the inside one has to 

go faster, and so the two particles rub against each other, producing friction 

 This friction heats up the gas atoms to extremely high temperatures – in fact, to exactly the millions of 

degrees needed to emit all these x-rays 

 The energy for all these emissions, in turn, is extracted from the orbital velocity of the atoms 

 As such, the matter in the accretion disk gradually spirals inwards towards the compact object 

How do x-ray binaries help us discover black holes? 

 The mass of a neutron star must be less than three solar masses 

 Hence, any compact object found to be greater than three solar masses must be a black hole 

 We can find the mass of the compact object in a binary system using the formula (which is derived from 

keplar’s laws): 

   

   
 

               

   
     

         
 
  

 Here,   is the orbital period of the star, while   is the orbital velocity of the star, and   is the angle 

between the orbit and the observer (needed to adjust the radial velocity results) 
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 Both of these can be easily measured using the radial velocity curve of the star, where   is observed as 

the amplitude of the velocity curve and   as the period 

 In fact, it is not even necessary to completely solve this equation – indeed we may lack enough 

information to do so 

 However, as    
     

         
 
 

 is always > 1, and as       is always < 1, it must be true that 
             

  
, 

hence it must also be true that           
   

   
 

 All we need to do in order to discover a black hole is prove that             

 All we need to do in order to prove this, in turn, is to measure 
   

   
 and see if it is greater than 3 

 If it is, then           must be greater than three as well, and hence it must be a black hole 

What is one potential problem with x-ray binary observation and how is it overcome? 

 Unfortunately, observation of the radial velocity curve is made more difficult by the fact that the 

radiation from the accretion disk generally blocks out the light from the companion star 

 Luckily, however, accretion (for various reasons) usually only occurs intermittently 

 We can observe the radical velocity of the companion object during the periods when accretion stops 

 When the x-rays turn off the accreted matter just piles up in the outer part of the accretion disk 

 There's not enough friction to force the matter down closer to the compact object, and hence there are 

no x-rays 

 Thus, basically all you can see is the companion star 

How can we be sure these objects are black holes? 

 We can be certain these massive objects are black holes if 

we can prove the existence of event horizons 

 One way to do this is to compare the interaction of accreting 

gas particles with a neutron star to their reaction with a 

black hole 

 When gas particles collide with the surface of a neutron 

star, their kinetic energy must be converted into various 

other forms of energy, some of which will be re-radiated 

 Black holes, however, have no surface, and one matter 

passes beyond the event horizon, we will not observe any 

radiation from it at all 

 Hence, for the same amount of mass falling onto a neutron 

star as onto a black hole, you would predict the neutron star would be brighter, owing to the addition of 

the re-emitted radiation 

 So, with the most sophisticated x-ray telescopes, people have recently tried to measure black holes and 

neutron stars of similar mass accretion rates, to compare the relative brightness 

 The results are shown below, with black holes marked in black, and the vertical axis plotting brightness 

on a logarithmic scale 

 This graph clearly shows a difference in a factor of around 100 in the brightness between the things that 

we think are neutron stars, and the things we think of as black holes 

 This is fairly strong evidence that the things we think are black holes do not have a surface 
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Chapter 4: Einsteinian Relativity 

4.1 Special Relativity 
Lecture 9 last quart er, lecture 10, lecture 11 first  tenth  

What is relativity? 

 Special relativity is a set of laws of motion designed to supersede and incorporate Newton’s laws 

 General relativity is a change/enhancement of Newton’s theory of gravity 

 Relativity does not replace or invalidate Newton’s laws; relativity is simply a more generic or generally 

applicable version of these laws 

 In other words, Newton’s laws are a subset of the relativity laws of motion, which are true only under 

certain conditions 

 Relativity introduces a parameter called gamma, where   
 

    
 

 
 
 
 

 Newtonian physics apply only when    , which occurs when   is much lower than   

 As   approaches  , however,     

What are Lorentz transformations? 

 Lorentz transformations show how basic properties of space and time change with high velocities 

 Mass dilation:        

 Time dilation:        

 Length contraction:   
 

 
 

What is mass dilation? 

 According to relativity,             , and therefore at the speed of light, mass will be infinite 

 As      ,   
 

 
 

 If mass is infinite, then 
 

 
  , and hence acceleration must be zero, regardless of what force is applied 

– this is why objects cannot travel at the speed of light 

 Another implication of this is that objects that travel at the speed of light must be massless 

Why must photons be massless? 

 Otherwise, any rest mass they possessed would result in infinite mass and infinite energy when 

travelling at  , which obviously is physically impossible 

 With zero rest mass ad travelling at  , photon’s relativistic mass is found by           

 This is zero times infinity, which that can equal a finite number 

Why cannot photons decelerate? 

 The fact that acceleration is impossible when travelling at   is borne out by the fact that, if we slowed 

down a photon below  , its energy would be modelled by              

 As       is zero and   is no longer infinite, the photon wouldn’t have any energy, and hence would 

cease to exist 

What is mass? 

 Inertial mass, as defined by the equation     , is a property of an object that determines how much 

the object resists acceleration when a given force is applied to it 

 In Newtonian physics, inertial mass is just an unchanging internal property of an object 

 In Einsteinian relativity, however, the inertial mass changes according to velocity 
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 In Einsteinian physics, the inertial mass, the amount by which an object resists being pushed, is partly a 

property of the object (the rest mass), and partly a property of its motion 

 So, if an object were moving at a large fraction of the speed of light and I applied some kind of force to 

it, I wouldn't change its motion nearly as much as is it were standing still 

How do particle decay observations prove special relativity? 

 Scientists in many different labs have taken all sorts of very unstable, short-lived sub-atomic particles 

and accelerated them to a large fraction of the speed of light 

 They then observe the rate of decay and compare it to the expected results 

 They discover that it takes much longer for them to decay than usual, because they're going so fast and 

hence their time clocks slow down 

 These observations agree with Einstein’s equations to many decimal places of accuracy 

 Another proof comes from muons, which are small unstable particle created when solar rays strike the 

Earth’s atmosphere 

 On Earth’s surface, we detect far more muons than would be expected given the distance they must 

travel from the atmosphere to the Earth’s surface and their extremely short half-lives 

 The explanation is that these muons are travelling so fast that their time is slowed down, and hence 

fewer half-lived pass for them than otherwise would be the case 

What would happen if you could travel faster than c? 

 An object travelling faster than   would have super infinite mass, which doesn’t really make sense 

 Nonetheless, let us imagine what the equations would do if     

 In this case,   –        would become negative, hence         

 The square root of a negative number moves us into imaginary numbers 

 There are hypothetical particles called tachyons, which don’t exist in the real world, that do this 

 They have the odd effect that they go backwards in time, which is consistent with the move into 

imaginary time 

In what way did Einstein ‘revolutionize’ physics? 

 Einstein revolutionised physics not in the sense of overturning everything that went before 

 He never claimed ‘Newton was wrong’, or that he was charting a totally new course for science 

 Rather, his theories expanded upon previous knowledge, explaining new situations and experiments 

that the old system could not 

 At the same time, however, all that was useful and correct about the old theories were retained 

 They were incorporated into a newer, more comprehensive theory 

 Hence, when    , we get Newton’s laws 

 Thus any modern day people who come along saying that Einstein and everyone else is wrong, and that 

they will revolutionise science, are almost certainly quacks 

 Scientific revolutions do not overturn old knowledge; they expand upon it 

What prompted Einstein to develop Special Relativity? 

 Einstein was prompted to develop special relativity by a series of experiments around the turn of the 

century which proved that the ether did not exist, and that the speed of light was the same in all 

reference frames 

 As speed is distance over time, Einstein realised that if velocity was remaining constant, then space and 

time themselves must be really screwed up at very high speeds 

 This led him to develop the theory of special relativity 
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 There were plenty of other people working on the same problem at the time, as it was one of the 

biggest problems in contemporary physics 

 As such, if Einstein hadn’t existed, we probably would had gotten special relativity not too long 

afterwards anyway 

 Lorenz transformations, for example, are named after a  guy named Lorentz, who developed them 

4.2 General Relativity 
Lecture 11 

What prompted Einstein to develop General Relativity? 

 Unlike special relativity, general relativity was not prompted by a range of experimental results 

 Hence if Einstein hadn't existed, general relativity might not have been developed until the 1960s 

 Some historians of science have argued that Einstein was prompted to develop general relativity 

because of his work in the patent office 

 He spent much of his time there reviewing devices for synchronising clocks using signals sent at the 

speed of light (i.e. using telegraphs) 

 Such inventions were important at the time because of the need to synchronise clocks in different cities 

so as to ensure that the newly build railways could function smoothly 

What did Newton say about gravity and mass? 

 Under Newtonian physics, gravity is considered to be just another force 

 Inertial mass is defined in Newton’s equation     , as the degree to which objects resist a change in 

acceleration 

 Gravitational mass is defined differently in Newton’s equation for gravity   
     

  , as how much an 

object creates gravitational force  

 To as accurate as experimentally possible, these two masses, though conceptually different, have been 

shown to be exactly equal to each other 

What is the consequence of the equality of these two types of mass? 

 Because the two types of mass are always equal, we see that: 

     
    

  
    

   

  
   

 In other words, the rate at which an object falls on Earth due to gravity is independent of the mass of 

the object 

 Although greater mass means greater inertia, it also means exactly enough additional force to exactly 

cancel this out 

How does this make gravity unique? 

 If we look at the electrical force, it has almost the same equation:   
              

   

 However, because the charge of an object is not the same as its mass, different objects are affected 

differently by the same electrical field 

 Indeed, it turns out that this is the case for all forces except for gravity 

 Gravity is weird because gravitational mass = inertial mass 
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How did this fact lead Einstein to develop General relativity? 

 This bothered Einstein, and so he developed a totally different theory 

 Einstein’s first proposition is that objects move in a straight line unless acted upon by a force 

 To reconcile this with the fact that gravity affects objects like it is a force (e.g. orbits), he hypothesised 

that the presence of mass curves space and time 

How does curved space-time work? 

 A straight line is the shortest distance between two points 

 On a curved surface, however, the shortest distance between two points often involves moving across 

the curve in a way such that when the movement is projected onto a flat surface, it looks like the object 

is not moving in a straight line at all (e.g. travel from Beijing to New York) 

 Thus if we don’t know that space is curved, we interpret the path we take through space as curved, 

when in fact the path is straight – it is space that is curved 

How does Einstein’s theory explain the equality of the two masses? 

 Einstein’s theory of curvature explains why all objects in the same gravitational field move with the 

same acceleration, as they all follow the same curved space, and hence all follow the same path 

 A straight line is the same regardless of an objects mass 

What is space-time? 

 Space-time is a four-dimensional co-ordinate system, in which any event can be completely located 

using four numbers (x, y, z, and t) 

 In order to get these things into the same units, you have to actually represent this as the speed of light 

times time 

What happens to time in a strong gravitational field? 

 Just as massive objects bend space, they also slow down time 

 Supposing you're falling into a black hole, and you look at your clock, or feel your pulse 

 According to these clocks, time has not changed. You continue to experience time normally 

 However, if you were to look back at a planet far away from the black hole, things would seem to be 

speeding up: people are aging and dying on Earth, while it's only been a week in your perception 

 Similarly, someone on Earth watching you fall into the black hole would see you gradually slowing down, 

never really quite getting to the event horizon, even in an infinite amount of time 

 But the perception of the person falling through is that they just fall through. It's just, the whole 

Universe is evolved in the time that they've done it 

4.3 The Space-Time Metric 
Lecture 12 

What is the invariant interval? 

 According to special relativity, time, mass and space change with velocity – they are relative 

 However, Einstein said that what is far more important are those things that don’t change, or those 

things that are invariant 

 Suppose we have two points on flat 2D space, A  and B 

 Clearly, the (x, y) coordinates of these points depend on how we rotate or orient the axis 

 However, one thing that never changes is the distance between the two points 

 Thus, although the (x, y) coordinates of these points are not invariant, the expression             

      does not change, and    always remains the same 
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 In four-dimensional space time, we find the quantity that is invariant is given by the equation 

                                

 The above quantity is called the invariant interval (i.e. the interval between two events), and unlike 

regular space or time intervals, it does not vary with speed 

 In essence, it is a way of measuring the ‘separateness’ or two events (or unique points in space-time), 

that does not change with velocity 

 

 

 

 

 

Why is the speed of light used as the conversion factor from time to speed? 

 Why the term  –    ? This is the term needed to convert the time dimension into the same units as the 

special dimensions 

 We could try many other constants for conversion, but it turns out that only when the speed of light is 

used is the quantity conserved 

What is the significance of the different possible values of the invariant interval? 

 If is it zero, is means that the space and time dimensions cancel out, and hence the distance in light-

years between events must be equal to the time separation in years between the events 

 Thus, a photon emitted at the first event will, if travelling in the right direction, arrive at the second 

event just as it occurs 

 If the interval is negative, it means the time dimension is dominant (hence it is called time-like) 

 In this case a photon emitted from the first event will have already passed the second event before it 

occurs – separation in time is greater than separation in space 

 If the interval is positive, it means the space dimension is dominant (hence it is called space-like) 

 In this case a photon emitted from the first event will never be able to reach the second event before it 

occurs – separation in space is greater than separation in time 

 In this last case, communication between the two events is impossible 

 You can only travel from one event to another if they are separated by a negative, or time-like, distance 

in space-time 

What is ‘special’ about special relativity? 

 The expression                                 is called the Metric for flat space (i.e. where 

no mass is present) 

 Whenever a different amount of mass is added, a different metric is created 

 Special relativity is ‘special’ because it uses only the metric for flat space 

 The metric can also be written in polar form, so that it refers to the coordinates relative to one central 

point around which everything curves 

 Polar metric:                             

 Here,   is the radius, or the distance along the curve from the object to some reference point 
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 The term         takes care of the other two angles necessary to specify polar coordinates in three 

special dimensions 

What is ‘general’ form of the metric? 

 When we place a single point mass at    , the metric is altered as follows:  

      
     

  
  

  
              

  
         

 Where    is the Schwarzschild radius of that mass, and   is the distance from that mass 

 Note that this form of the metric is called the ‘Schwarzschild Metric’ 

 We see that this altered metric collapses into the flat metric if 
  

    , which occurs either when 

     (i.e. when there is no mass), or when     (i.e. when one is very far away from the object) 

How does the metric help us explain what happens at event horizons? 

 As one gets closer and closer to the Schwarzschild radius (i.e. as     ),    
  

      

 Thus, the 
     

  
  

  
 term becomes very large, while the      

  
         term becomes very small 

 At the event horizon, 
     

  
  

  
 becomes infinite, while      

  
         becomes zero 

 The result is that all intervals become ‘space like’ – there are no time-like intervals that cross the event 

horizon 

 As one cannot communicate across space-like distances, this explains why information cannot cross the 

event horizon 

What does the metric tell us about what happens inside an event horizon? 

 Inside the event horizon,     , and hence   
  

   becomes negative 

 This means that the spatial term in the metric becomes negative and the time term becomes positive – 

this is what is meant by ‘space and time reverse’ inside a black hole 

 As one can only travel along negative intervals, motion in   (distance) is required inside the event 

horizon, whereas outside of it motion in T is required 

 Note that all of these propositions are by nature untestable, and are only true if we assume the metric is 

the same inside event horizons, which is something we cannot be certain about 

What evidence existed at the time to support general relativity?  

 Unlike special relativity, there were virtually no experimental observations that Einstein’s general 

relativity explained – he just thought it up from philosophical principles 

 The only piece of evidence supporting the theory at the time was the orbit of mercury 

 In the 19th century, the presence of Uranus was founded to be different to what was expected, and 

scientists hypothesised the presence of another planet 

 The location of this planet was predicted using orbital data and Newtonian mechanics, and eventually it 

was discovered just in that location 

 There was also a perturbance in the orbit of Mercury, and as a result the presence of another planet 

called ‘Vulcan’ was predicted, supposedly located even closer to the sun than Mercury 

 However, this planet was never discovered observationally, and the question of Mercury remained a 

mystery 

 Einstein’s general theory, however, explained the procession of Mercury exactly 
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 Nevertheless, this was the only piece of evidence supporting general relativity at the time, and anyway 

Einstein did not develop the theory for this reason, he was just interested in thinking about the question 

of why the two types of mass were equal 

 This is one of the only examples in history when science has advanced this manner – usually advances 

come from problems in the data 

What is the effect of Mercury’s orbit that Einstein’s theory explained? 

 It is not surprising that Mercury is the most general relativistic planet in the solar system, as for the fixed 

Schwarzschild radius of the sun, Mercury has the smallest radius 

 Hence the term 
  

   is larger for Mercury than for any other planet 

 The orbital affect this produces is called the precession of the perihelion, where the perihelion is the 

smallest distance Mercury gets to the sun on its elliptical orbit 

 The perihelion gradually rotates around 43 arcseconds per century, meaning that Mercury’s orit slowly 

changes rotates around over time (though not much) 

 

 

 

 

 

 

 

 

4.4 Post-Newtonian Effects 
Lecture 13 final three -quarters, lecture 14 first  half  

What are Post-Newtonian Effects? 

 Post-Newtonian effects occur when space is only slightly curved 

 As a result of this minor curvature, we begin to see the first deviations from Newtonian predictions, or 

the first post-Newtonian gravitational effects 

 One example of a Post-Newtonian effect is the procession of the perihelion of Mercury’s orbit 

What is the deflection of light? 

 The deflection of light is a Post-Newtonian effect caused by massive objects which bend space such that 

light travels in a curve 

 As such, we interpret objects whose light has been bent in this manner to be located away from their 

actual location 

 If the light is bent enough, multiple images of the same object can be observed 

 If a massive object is directly between you and a distant object, you will see an entire ring of images 

form around the black hole – these are called Einstein rings 
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What are some of the finer points of gravitational lensing? 

 The exact nature of the gravitational lensing effect depends upon the distribution of the mass within the 

object causing the lensing 

 This is why lensing effects are not always symmetrical even when the causal object is directly in front of 

the lensed object 

 One typically observes more light from a lensed object than one would if the object was not lensed 

 This is owing to the fact that the massive object causing the lensing has bent light inward towards the 

observer that otherwise would have passed by their side 

 If one were to stand off to the side of the observer, one would see less light 

How was this effect used to confirm Einstein’s theory?  

 The deflection of stars from behind the sun can be observed from Earth by comparing the apparent 

position of stars at night (no sun) to their apparent positions during the day when the sun is present 

 To block out the light of the sun, however, this must be done during a solar eclipse 

 A British expedition to a solar eclipse in brazil in 1919 was mounted for this very purpose, in order to see 

if the specific predictions made by Einstein in his General theory (published 1917) were correct  

 In the event, the expedition verified Einstein’s theory 

 This was a huge media event, and it is what made Einstein famous and proved his theory 

 Since then this test has been successfully performed many times with many solar eclipses 

What is gravitational redshift? 

 Gravitational redshift refers to the fact that light shifts towards the red end of the spectrum when 

emitted in a gravitational field 

 The gravitational redshift observed by an observer at infinity is modelled by 
  

  
 

 

   
  
 

   

 Here    is the Schwarzschild radius of the massive object and   is the distance between the massive 

object and the light source 
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What happens if the observer is not infinitely far away? 

 In this case being ‘at infinity’ means beng at such a long distance away from the observed object that 

RS / R goes to zero 

 Suppose you're just a little bit further away than the light source is, or perhaps even closer to the object 

than the light source is 

 In that case, the observed redshift is equal to the redshift from the source to infinity, which you could 

calculate by this formula, minus the redshift from the observer to infinity, which you can also calculate 

with that same formula 

Why does gravitational redshift occur? 

 Gravitational redshift occurs because as an object moves away from a massive object, it must lose 

energy to compensate for the gravitational potential energy that it gains 

 This is intuitive: the object is fighting to leave the gravitational field, so naturally it must expend energy 

to do this 

 In the case of a moving object, it loses kinetic energy – for example, if we throw a ball up into the air it 

slows down and eventually falls back 

 Einstein’s relativity tells us, however, that photons cannot lose kinetic energy (i.e. they cannot slow 

down), and hence they must lose energy in another way 

 They do this by expanding in wavelength size, as the energy of a photon  
  

 
 

 This means that if a photon was emitted exactly at an event horizon, the change in wavelength (  ) 

would be equal to infinity, and so the photon would redshift itself out of existence 

Why is this a relativistic effect? Would it not also occur under Newtonian laws? 

 The reason that this is a relativistic concept, is because in Newtonian physics, there's no reason for light 

not to slow down when emitted from inside a gravitational field 

 This idea that light always goes at the speed of light, regardless of the observer, is a relativistic effect 

 Without this concept, there is no reason for light to redshift at all 

 You can also reverse this concept by supposing that you are sitting on the surface of some massive 

object, say a neutron star, and look up at light from distant objects 

 In this case, that light will actually be blueshifted, because it will gain energy falling down toward you 

How has this effect been detected? 

 This effect has been measured in the laboratory by comparing the wavelength of light emitted upwards 

over a distance x to the wavelength of the same light emitted over a horizontal distance x 

 The effect is very small over such short distances, but it is measurable 

What are gravitational waves? 

 Gravitational waves are a post-Newtonian effect whereby masses moving back and forth in space (e.g. 

due to an orbit) creating ripples in space-time which propagate outwards at the speed of light 

 Gravitational waves carry energy, and as this energy is extracted from the orbital energy of the object, 

the orbital energy of the object must diminish over time 

 This in turn means that eventually the object will spiral into whatever object it is orbiting; its orbit 

cannot be stable 

 Although the effect is too small to observe within our solar system, it has been observed for some 

binary pulsars 
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4.5 Pulsars and Relativity 
Lecture 14 second half  

Why are astronomical observations so important for general relativity? 

 The problem with general relativity is you can't actually study it all that much in the lab, because in 

order to study it, you need very strong gravitational forces 

 It's very difficult to create strong gravitational forces in a laboratory – you can’t just create a mini-black 

hole and do tests on it 

 Hence instead, to study general relativity you have to observe astronomical objects in order to find 

suitable situation in which to study these relativistic effects 

How were pulsars discovered? 

 Pulsars were discovered in the late 1960s by a woman named Jocelyn Bell 

 She wired up a whole field in Cambridge, England, to make it behave like a radio telescope, and 

discovered that there were objects in the sky, that seemed to be emitting pulses of radio waves 

 These pulses had very regular periods of a few seconds or a few milliseconds 

 They had no idea what these were, and for a short time it was proposed these might be signals from 

some extraterrestrial intelligence, because of the highly regular signal 

 Soon, however, it was realised that something with a period this short had to be very small 

 Hence this provided the first direct evidence for the existence of neutron stars 

What are pulsars? 

 Pulsars are rotating magnetised neutron stars, in which the magnetic poles are offset from the axis of 

rotation (just as it is for the Earth) such that the radio wave emissions emitted from the magnetic poles 

appear to blink on and off rapidly 

 In this sense they act kind of like cosmic lighthouses 

 

 

 

 

 

 

 

 

 

 

Why are pulsars useful for testing general relativity? 

 Because the pulsation of a pulsar is so regular and with such a short period, one can plot a highly 

accurate graph of the measured radio emissions over time 
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 If the pulsar is in an orbit around another object, however, this graph will exhibit the effects of the 

Doppler shift 

 Specifically, as the pulsar moves around in its orbit coming closer towards you, each one of these blips 

happens a little closer to you 

 Hence, the light travel time from the blip to you is less, and so it seems like the blips happen closer 

together – in other words, the pulsation period is ‘blue-shifted’ 

 Note that in this case not only will the light itself be blue shifted, but more importantly, the wave 

pattern describing the emission of this light will be ‘blue-shifted’ 

 The rapid rate of pulsation means that we can measure the orbits of pulsars to extreme accuracy 

 Hence, even if the system is not very relativistic, we can observe even the tiniest of deviations from the 

Newtonian velocity curve 

 From those tiny deviations we can observe post-Newtonian effects 

 

 

 

 

 

 

 

How do pulsars allow us to observe gravitational redshift? 

 Once again, the ‘redshift’ here refers to the lengthening of the period of pulsation of the pulsar, not the 

redshift of the actual light emitted by the pulsar 

 The redshift of the former is very easy to measure (see above), whereas the latter is very difficult, as 

pulsars emit a mostly constant spectrum of light, not spectral lines whose shift is easy to measure  

 In addition, the redshift of the period is also only observable when the pulsar is orbiting some other 

object, perhaps a neutron star 

 Even in this case, not any old orbit is enough – the orbit must be elliptical 

 These two requirements exist because we don’t know what period the pulsar ‘should’ have (i.e. its 

original period before gravitational redshift 

 All we can do is measure changes in the period over time 

 Hence, although the period of the pulsar is affected by its own mass, this effect is always the same 

magnitude, and hence we cannot detect it 

 Similarly, if the pulsar star was in a circular orbit, it would always be the same distance from its 

companion object 

 Hence the redshift caused by the mass of the companion object would always be the same, and we 

would be unable to detect it 

 Only when the pulsar is in an elliptical orbit does its distance from the other object change, and hence 

the amount of redshift also changes – this can be measured very accurately 

 Observe on the diagrams below how distance between two orbiting objects only changes when the 

orbit is elliptical, not circular 
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What other post-Newtonian effects have been observed with pulsars? 

 As a result of the observations of gravitational redshift, it is possible to calculate the orbital period of 

the pulsar and its companion object 

 When this was done, it was found that the period was slowly decreasing, and hence the objects were 

slowly spiralling in towards each other 

 This is consistent with the presence of gravitational waves 

 You can observe the precession of the periastron, as the direction of the orbit rotates over time 

 In some objects the precession of the periastron happens at the rate of four degrees per year, which is 

much larger than the 43 arc seconds per century observed for Mercury 

What does all this tell us about general relativity? 

 Now that we are able to measure these three post-Newtonian effects to such accuracy, it is clear that 

general relativity is correct within this realm, to some number of decimal places 

 However, it is possible to develop a theory that agrees with Newton (in the first term of the expansion), 

as well as general relativity (in the second term of the expansion), but is different in the higher orders, 

where extreme relativistic effects occur 

 Thus, to confirm general relativity fully, it would be good to be able to test strong field effects, where 
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Chapter 5: The Big Bang Theory 

5.1 Measuring Celestial Distance 
Lecture 16 last two-thirds 

How do we measure the distance to celestial objects? 

 The distance of fairly nearby stars (up to a few hundred parsecs with current equipment) can be 

measured directly by parallax 

 If stars are close enough, they appear to change in position relative to fixed, background stars, when the 

Earth is at different positions in its orbit around the sun 

 Though I can’t figure out how, scientists are about to determine the angle (marked below by the 

coloured dot) by comparing the change in  position of the object relative to the background stars 

 Knowing this angle, they are able to determine the angle   

 We know from trigonometry that: 
  

   
      

 However, for very small angles:                                    

 Hence we can use the simplification:   
  

  
 

 Measuring    as 1 AU, we get   
 

  
, or    

 

 
 

 A parsec is the distance from which a length of 1 AU would subtend an angle of one second of arc 

 

 

 

 

 

 

 

 

 

What is the problem with the parallax method? 

 The problem with parallax is that it only works on fairly close objects 

 With current technology we can only measure out to about one hundredth of an arc second 

 Hence, we can only get distance measurements to a few hundred parsecs using this method 

 Given that the centre of the galaxy is 8,000 parsecs away, however, this method cannot be used for 

most stars, let alone other galaxies 

How is apparent magnitude measured? 

 The magnitude scale in astronomy follows the rule:        
 

 
    

  
  
   

 This means that the magnitude of object 1 minus the magnitude of object two is equal to  
 

 
 times the 

logarithm of the brightness of object one divided by the brightness of object two 
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 Note that this equation doesn’t tell you how bright anything is, only how bright one object is relative to 

some other object 

 However, astronomers have defined the star Vega as having zero magnitude, and so the magnitude of 

all objects can be defined relative to Vega 

 The terms for ‘brightness’ in the above equation    and    are brightness measured in some meaningful 

way, like the number of photons per second we get from them 

 This equation measures the observed brightness, or apparent magnitude, of an object (m) 

How is apparent magnitude measured? 

 The absolute magnitude of an object ( ), is equal to the apparent magnitude of the object if it were 

located exactly ten parsecs away 

 The equation relating these three terms is:                  

What is the ‘standard candle’ method for measuring distance? 

 The ‘standard candle’ method is used to measure the distance of far away objects 

 It works by observing a distant object whose brightness is known, looking at how bright the object 

appears, and using the inverse square rule of apparent brightness, computing the distance 

 Obviously, the greatest difficulty is making the right assumption of how bright the objects really are 

 This is done by finding many examples from a general class of objects whose brightness is known 

 Astronomers estimate absolute magnitude of distant objects by comparing their spectrum to the 

spectrum of nearby objects of known absolute magnitude 

 When they find similar or matching spectrums, they can assume that the objects are similar, and hence 

will have similar absolute magnitude 

5.2 The Hubble Diagram 
Lecture 16 first  third,  lecture 17 first  half  

What was the ‘spiral nebula’ debate? 

 By the 1920s, people had been taking photographs of the sky for a few decades 

 As a result, there had accumulated observations of a large number of spiral clouds called ‘spiral 

nebulae’, and there was a great debate about what these things were 

 One hypothesis was that they were clouds of glowing gas, located within our own galaxy 

 It had been known since the time of Galileo that the milky way was really just a big bunch of stars 

forming our galaxy 

 The other hypothesis was that these ‘spiral nebulae’ were in fact other galaxies located very far away 

from our own 

 This question naturally had important implications for how big the universe was 

How was the debate resolved? 

 Edwin Hubble basically solved this debate after only a few years when he managed to obtain a much 

larger telescope, which was capable of resolving individual stars within the ‘spiral nebulae’ 

 This is exactly what happened when Galileo pointed his telescope at the Milky Way in 1610 

 Hubble also saw that even the brightest of these stars were incredibly faint 

 By assuming they were regular type stars, he calculated their distance, thus showing them to be well 

outside out galaxy 

 Hence Hubble proved that the spiral nebulae were in fact other galaxies located very far away 

 This dramatically increased the size of the known universe at the time 
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How did Hubble discover the expansion of the universe? 

 After discovering the spiral nebula were galaxies, Hubble decided to measure thier radical velocity  

 He made the starting discovery that all these galaxies were red-shifted, meaning that they are all 

moving away from us 

 Even more surprisingly, he found an almost perfect linear relationship between the distance of a galaxy 

and its radical velocity:      

 The   is the Hubble constant, equal to   
  

 
     

 This means that for every     an object is away from us, it is travelling an additional         faster 

away from us 

 This relationship tells us that the universe is expanding 

How are the data for the Hubble Diagram measured? 

 

 

 

 

 

 The Hubble Constant is an extremely important number 

 You measure it by creating these Hubble Diagrams and just measuring the slope of the line 

 Redshift, forming the x-axis, is measured by simply observing the Doppler shift of the light coming from 

distant galaxies 

 Assuming that laws of physics and chemistry are the same all over the universe, we determine that 

hydrogen should emit lines at the same frequency as they do in the atmosphere of Earth 

 The y-axis, which plots the distance, is much more difficult to determine 

Why is the Hubble Diagram so important? 

 The Hubble Diagram, which demonstrates a positive linear relationship between the distance of galaxies 

and their radial velocity away from us, has very important implications for cosmology 

 First, it tells us that the universe is expanding, and hence it supports the big bang theory 

 Second, it allows us to calculate the age of the universe 

 Thirdly, it allows us to determine the ultimate fate of the universe 

Why does the Hubble Diagram prove the expansion of the universe? 

 Suppose you take a set of points on a coordinate system and stretch the entire coordinate system 

 What happens is that the further away a given point on the coordinate system is from a defined 

baseline (e.g. the position of the observer), the greater the stretch is 

 As the time elapsed must be the same for all points, more distant points (having moved further), must 

also have moved faster 

 Hence there is a correlation between how far away an object is, and how fast it recedes from you 

 Note that this is true regardless of which point you sit on – the resultant graph is always the same 

 See the example with a one dimensional universe below 
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Where is the edge of the universe? 

 This analogy gives rise to many questions which are misleading, as they arise because of the nature of 

the analogy, not because of the nature of the universe itself 

 Such questions include ‘where is the centre of the universe’ and ‘what is it expanding into’? 

 A more accurate model of the universe (still in one dimension) would be if we curve the line around as 

shown below 

 

 

 

 

 

 

 

 In this case, the line (i.e. the universe) has no edge and no centre (it is unbounded) 

 It expands into a dimension that cannot be experienced by the one-dimensional creatures living within 

the line – hence the universe expands into a ‘higher dimension’ 

 Nonetheless, the relationship between distance and velocity, or the Hubble Graph, would be just as 

applicable here as to the straight line universe 
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5.3 Understanding the Big Bang 
Lecture 17 second half  

How does all this apply to our three-dimensional universe? 

 In one dimension, we can visualize this circle expanding onto the plane 

 In two dimensions, you can imagine this spherical surface expanding 

 In three dimensions, we can't imagine what it's expanding into – that's beyond us 

 And so, having had this failure of the imagination, we resort to mathematics 

 Imagine that every object has a position denoted by three spatial coordinates x, y, and z 

 But now, let's imagine that every object's position has this coordinate system times a scale factor, which 

is a function of T, Thus,               

 An object in such a system can change its position in two ways 

 First, it can move through the coordinate system by changing its         coordinates 

 This is called peculiar motion, in the old-fashioned sense that the motion is specific to each object 

 Second, it can move simply as a result of a change in the scale factor 

How is it possible for objects to appear to move faster than light? 

 This latter form of motion is unique, as it does not require any expenditure of energy to achieve – one 

just sits there as space expands around you 

 That's also why this kind of velocity can be greater than the speed of light, if it's far enough away 

 However, faster than light motion of this sort makes the object impossible to see 

 This is because photons coming off such objects would be redshifted to an infinite wavelength 

 At such a wavelength their energy would be zero, and hence they would be undetectable 

 This imposes a kind of cosmic event horizon, similar to the event horizons around black holes 

What does this model tell us about the origins of the universe? 

 If we extrapolate the scale factor backwards in time far enough, it will eventually become zero 

 Now the universe will be located at a single point, except it isn't a single point, but rather it is many 

points (all the points in the universe) superimposed on each other 

 The whole geometry of the universe was already somehow encoded in that point 

 Hence, it is wrong to think of the Big Bang as starting at a point and expanding into space 

 All the space, and all the difference points in space, were contained in that point 

 Their positions were just all multiplied by 0, and so they all come out to be on top of each other 

Why do we not observe the expansion of the universe on Earth? 

 We are not currently participating in the expansion of the Universe 

 This is because the molecules that make up our bodies and the Earth as a whole are held together by 

other forces which have stopped the expansion of the universe locally 

 This is why we can only observe it on galactic scales 

What causes the expansion of the universe? 

 The rate of expansion is really just a parameter that governs the Universe; it’s an initial condition 

 It’s sort of like the speed of light, or the gravitational constant 

 Why is that the quantity it is? Why those particular parameters? 

 That's more a theological than a scientific question, and so we don't know 

What is an anthropic argument? 

 If the universe wasn't expanding at approximately the rate it is, we wouldn't be here to notice it 
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 Because if it was expanding a whole lot slower, then it would never have gotten big enough for stars to 

condense out 

 If it was expanding a whole lot faster, all the atoms would be spread out so far that, again, stars could 

never form 

 So, you can make this interesting argument that while you don't know why it has this particular value, 

it's very important that it does, because otherwise we wouldn't be here to observe it 

 This is a form of argumentation called the anthropic principle 

 It is highly debated among scientists whether this is a scientific argument or not 

What happened before the Big Bang? 

 Again, this is more of a theological question 

 It's like asking: "What's going on inside an event horizon?" 

 You can write down equations and talk about it, but by its very nature its untestable, and so it’s not 

really a scientific question 

Would it be possible to take a journey right around the universe? 

 Although the universe is curved, the actual type of curvature depends upon how much matter is in the 

universe 

 Even if it is positively curved like a sphere, it still might not actually be possible to travel in a straight line 

and end up back where you started 

 This is because the expansion might be faster than the speed of light, and hence faster than you can 

ever travel 

5.4 Two Competing Theories 
Lecture 18 first  quarter 

What were the two competing models for the expanding universe as of the 1950s? 

 By the 1950s it had become clear that the universe was expanding 

 However, there were two major competing theories to explain why this was the case 

 The first was the ‘big bang’ theory, according to which the universe began as an initial singularity a finite 

amount of time in the past, and has been expanding outwards ever since 

 The opposing idea was called the ‘steady state theory’, which held that the Universe expands, but as it 

does, new matter and energy is created to fill in the void 

 In 1950s, however, there was not much scientific evidence for either of these options, and hence which 

one you adopted was mostly dependent upon your philosophical and religious views 

What are the implications of the ‘big bang’ theory? 

 The big bang implies that in the past, everything was closer together, and hence denser and hotter 

 Conversely, in the future everything will be farther apart, and hence sparser and cooler 

 Another implication is that you can extrapolate back to an initial singularity; a moment at some point in 

the past when all currently existing space was piled up at one single point 

 This initial singularity is not the kind of thing that can be verified scientifically, because all physical laws 

break down at this point, just as they do at the singularity inside a black hole 

 The point is, that this is the extrapolation of this set of ideas 

What are the implications of the ‘steady state’ theory? 

 The steady state theory implies that the past and the future of the universe have similar characteristics 
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 For example, the overall density of the universe would not change over time, because as things move 

further away, they are simply replaced by new things 

 Of course, this requires some new way of creating matter and energy,  but that's not nearly as bad as 

creating a whole Universe, which is what you have to do in the case of the Big Bang 

 The steady state theory also implies that the universe is eternal, which avoids the problem of what 

happened before the universe 

How testable predictions did these theories imply? 

 The big bang theory predicts that the universe changes over time 

 Hence, as you look back over great distances, you predict that you ought to see things that look 

different from the galaxies you see today 

 This is because the universe at that time was denser and hotter, and on average galaxies were younger 

 Thus you would expect distant galaxies to look different to close galaxies 

 The prediction of the steady state theory is that there exist places of continual matter and energy 

creation, which is needed to keep the expanding universe static 

 In the 1960s, new evidence was discovered that ended the debate in favour of the big bang theory 

5.5 Evidence for the Big Bang 
Lecture 18 second quarter 

How did quasars provide evidence for the big bang? 

 Quasars, discovered in the 1960s, are massive sources of EM radiation energy with very highly 

redshifted light 

 This in turn means that quasars must have very large radial velocity, which means they must be a long 

way away (as per Hubble’s law that speed of celestial objects is proportional to their distance) 

 If these objects are so bright and yet so far away, it means that they must be producing truly enormous 

amounts of energy 

 At first it was thought that quasars, being new sources of energy, supported steady state theory 

 Over time, however, as more and more were observed, it was found that there were much more of 

them, and they were on average much brighter, in the past than they are in the present 

 In other words, when the universe was younger, denser and hotter, there were more quasars than now, 

when it is denser and cooler 

 This significant change in the composition of the Universe  is exactly the type of thing predicted by the 

Big Bang theory 

How did the discovery of the microwave background radiation support the big bang? 

 Cosmic background radiation is radiation that was generated by ionised hydrogen ions, at a time long 

ago, when the universe was much denser and hotter than it is now 

 The universe at this time was also much smoother than it is today, as rather than being locked up in 

individual stars or galaxies, all this hydrogen was very smoothly distributed around space 

 These observations that the universe was denser, hotter and smoother in the past are exactly what we 

would expect if the big bang theory were true 

What other observations provided evidence for the big bang theory? 

 Another thing that was discovered is that the Universe is almost exactly 3/4 hydrogen and 1/4 helium 

 Just about every cosmic object including the Solar System as a whole, all stars and all galaxies, have 

these same proportions of different elements 
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 The reason for this is that during the first three minutes of its existence, the universe was hot enough to 

support fusion of hydrogen atoms into helium 

 After three minutes it cooled down too much for this process to continue 

 However, it turns out that this three minutes was just long enough for exactly one quarter of all the 

hydrogen to fuse into helium, thus providing further evidence for the big bang 

 More recently, with the Hubble Telescope and other big ground-based telescopes, we have been able to 

observe very distant galaxies, up to a considerable fraction of the age of the universe 

 By now, it is clear the statistical demographics of galaxies (including how many there are, how massive 

they are, etc) change dramatically the further away we look into space (and hence time) 

 This evolution of galaxies over time further supports the big bang theory 

What is the current scientific position of the big bang? 

 The demise of the "steady state" is one of the big things that happened in the latter half of the 

twentieth century, and by now, the scientific evidence is very strongly in favour of the Big Bang 

 When we say there is a lot of scientific support for the Big Bang, what we mean is that there is support 

for this idea that the Universe is changing over time 

 It was denser, hotter, and smoother in the past, and that if you extrapolate this back, there was an 

initial singularity some number of years ago 

 However, this initial moment of infinite density, when somehow everything started to expand, is 

unobservable, and according to current theories it never will be, as all of physics breaks down there; 

hence you can say that the scientific evidence for that actual Big Bang moment isn't strong 
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Chapter 6: Dark Matter and Dark Energy 

6.1 Investigating the Universe’s Fate 
Lecture 18 last third,  and lecture 19 first six or eight  paragraphs  

How can we calculate the age of the universe? 

 Assuming that a galaxy has been moving away from us at a constant velocity, we can find out how long 

since it was located right on top of us using the simple equation       

 We also know that the distance and velocity of galaxies are linearly related according to the rule   

  , where   is Hubble’s constant (and is measurable) 

 Thus,   
 

  
 

 

 
; hence the age of the universe is equal to the reciprocal of the Hubble Constant 

 To convert this into useful time units, we need to eliminate the distance units by multiplying by the 

number of kilometres in a megaparsec             : 
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What if the rate of expansion isn’t constant? 

 If the expansion has been accelerating, that means in the past the universe was expanding less rapidly 

than it is now 

 This means that the universe must have required more time to reach its current size than would have 

been necessary if the rate of expansion had been constant 

 Hence if the expansion is accelerating the universe will be older than this calculation 

 If the expansion has been decelerating, that means in the past the universe was expanding more rapidly 

than it is now 

 This means that the universe required less time to reach its current size than would have been 

necessary if the rate of expansion had been constant 

 Hence if the expansion is decelerating the universe will be younger than this calculation 

 This can be represented in the scale factor vs. Time graph shown below. Note that the scale factor is 

expressed as a function of time:      

 

 

 

 

 

 

 

  

How can we discover what the ultimate fate of the universe will be? 

 The ultimate fate of the universe depends upon whether the rate of expansion is greater or less than 

the escape velocity of the universe, as determined by the amount of matter within it 

 Unfortunately, the rate of expansion that we calculate will vary depending upon how far the object is 

away from us, owing to Hubble’s Law        

 It turns out, however, that this isn’t a problem so long as we only take into account the mass within the 

sphere with a radius equal to the distance to the object whose velocity we are using 

 The mass of everything outside this sphere cancels out, and so has no effect 
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What is the importance of the critical density of the universe? 

 And so, the question is, "Is V greater than Vescape?" (Note that    density,   = distance,   = mass) 

      
   

 
 

        

    
      

     

 

                

    
      

      

 
 

               

    
  

 
    

  

 
  
 

  
   

  
   

   
 

 We see here that the distances cancel, hence it doesn’t matter which galaxy we chose to make this 

calculation 

 Hence the question becomes whether or not the density of the universe exceeds a certain value: this 

value is called the critical density 

 If the density of the Universe is less than the critical density, the Universe expands forever 

 If the density of the Universe is greater than the critical density, then the Universe re-collapses 

 It turns out that the density of the universe it actually very close to the critical density 

How can we calculate the critical density? 

 As can be seen from the computation below, the critical density is fairly small, and so it doesn’t take 

much to hold the universe back 

 On the other hand, the universe is also pretty spare, as stars and galaxies are rare 
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What is the meaning of omega? 

(First  little bit  of lect ure 19) 

 Omega is a measure of the actual density of the universe as a proportion of the critical density: 
 

         
   

 If Ω is greater than 1, the density is greater than the critical density, and hence the universe will 

eventually stop expanding and re-collapse on itself, causing a ‘Big Crunch’ 

 If Ω is less than 1, the Universe expands forever 

 In the unlikely event that Ω is exactly equal to 1, there is no Big Crunch, and the Universe expands 

forever, but the rate of expansion asymptotically approaches zero 

 Thus, the fate of the universe depends upon calculating the overall average density of the universe 

6.2 Direct Observation of Omega: Dark Matter 
Lecture 19 after first  six or eight paragraphs  

What is the ‘light’ method of measuring the density of the universe? 

 The value for the density of the universe that we calculate will be highly dependent on how big a piece 

of the universe we measure – the density of the Earth is much different to the density of the solar 

system, or the galaxy, or the local group, or even of the local super cluster 

 However, we know we have gone out far enough if we double the distance we are looking out to, and 

we still get the same answer – this proves there is no biased selection effect 

 To find the density of the universe we need to add up all the mass, and divide by the volume 

 And one way you can do it is to look at how bright things are, and add up the total light you see (or 

more accurately, how much light you would see if everything was at the same distance – you need to 

add absolute magnitudes) 

 By observing a large number of celestial objects, you could then calculate an average mass-to-light ratio 

(i.e. how much mass is needed to create this much light?), and multiply this by the amount of light you 

see to get the total mass 

 Of course, adjusting for distance and different light-to-mass ratios is very difficult, and so another 

method to calculate mass is desirable 

What is the ‘orbit’ method of measuring the density of the universe? 

 Therefore, another way is to measure orbits 

 You find some star in the distant portion of the galaxy, orbiting around the galaxy. You figure out how 

fast the thing is going, and use Kepler's Laws to determine the mass from orbital theory 

 Specifically, if a galaxy is edge-on, we can measure the radical velocity of a star orbiting that galaxy, and 

galaxies are also large enough for us to measure the ortibal distance directly 

 Thus, we can sub these values into the orbital equation    
  

 
, and hence calculate the mass 



 

41 Frontiers and Controversies in Astrophysics 

How was dark matter discovered? 

 By 1985, one of the big controversies in astrophysics was why the measured value of the mass of the 

universe based on the second method (i.e. rotation of stars in galaxies and galaxies in clusters, etc) was 

much greater than the measured value of the mass based on the first method (i.e. observed light) 

 In other words, based on the light stars and galaxies emitted, we would expect them to be much less 

massive than they actually are (by about a factor of ten) 

 This problem remains even when we account for the mass of clouds and so on 

 This ‘missing matter’ became known as ‘dark matter’ – we still don’t know what it is 

What is the ‘WIMP’ explanation for dark matter? 

 One hypothesis is that dark matter is some kind of unknown subatomic particle; these particles must 

have mass, but have no interaction with matter 

 If this stuff absorbs light, it would be opaque, and we would know it was there, because galaxies behind 

this stuff would look dim. Alternatively, if it gives off light, then we'd see it. And so, it has to not interact 

with light, or interact with light only very weakly. 

 And so, these are given the name, Weakly Interactive Massive Particles, or WIMPs 

 Indeed, we already know a group of particles that has these properties – the neutrinos 

 However, we know for various reasons that neutrinos do not explain the missing mass 

 So, there are now a whole bunch of experiments looking for WIMPs, all with the same basic 

characteristics: you have a huge vat of something, and something is supposed to happen, occasionally, 

when one of these WIMPs hits whatever’s in the vat 

 So, the Japanese have a cubic mile of distilled water, and they're looking for little light flashes when the 

neutrino runs into the water molecule 

 So far, such experiments have failed, and no WIMPs have been observed 

What is the ‘MACHO’ explanation for dark matter? 

 A second hypothesis is that dark matter is composed of large chunks of ordinary matter which simply do 

not emit light 

 This stuff cannot be dust (i.e. too small) , because large amounts of it would be observed by obscuring 

light from objects behind it (dust also tends to glow in the infrared) 

 This stuff also cannot be too large, namely anything close to the size of a galaxy, as objects this massive 

would visibly disrupt the orbits of stars around nearby galaxies 

 These objects could then be observed in the same way as black holes 

 You could, however, have some bunch of star- or planet- massed dark things in the outer parts (halos) of 

galaxies – we would have no way of detecting these 

 These things are called Massive Astrophysical Compact Halo Objects, or MACHOs 

 One experiment which has been devised to detect them relies on the gravitational lensing of light 

caused by massive objects to detect changes in brightness of stars when they pass directly behind 

MACHOs (the bending of light inwards tend to make the star dramatically brighter) 
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 These events have been observed, but there are too few of them to explain the dark matter 

 It is still possible that most MACHOs could be small (i.e. the mass of Earth), and hence too small to cause 

visible lensing 

 They could also be at the upper bounds of their mass limit, which would mean that there would be 

fewer of them, and hence it is possible that we just haven’t seen enough yet 

 However, overall the case of MACHOs is getting pretty tenuous 

What is the state of the controversy today? 

 Most people believe in WIMPs, because there is a theoretical basis for the existence of such particles, 

even if they have not yet been observed 

 Taking the value of the mass of the universe obtained by watching the motion of galaxies, we come up 

with a critical density of 1/3, meaning the universe will continue to expand forever 

 But the problem is, we've got all this dark matter around and what we're doing is, we're adding up 

galaxies. How do we know that there isn't a whole bunch of dark matter where there aren't galaxies 

whose motion is affected by it? 

 Indeed, most of the WIMP theories postulate some kind of dark matter that, pervades the Universe, and 

we’d expect there to be somewhat more of it than you can see in any given galaxy 

 The trouble is, ‘somewhat more’ than 1/3 gets could easily be more or less than one, and yet the whole 

point is to distinguish whether this number is greater than 1 or not 

 Hence, we need a new approach. This isn't going to get you the answer 

6.3 Indirect Observation of Omega: Scale Factor  
Lecture 20 first  third 

What is the third, indirect method of calculating omega? 

 In the diagram below, the scale factor is defined as a function of time      equal to unity at the present, 

and increasing at a rate determined by omega (actual mass as a portion of critical mass) 

 The higher the value of omega, the more mass is in the universe, and hence the more the expansion is 

slowed down over time 

 The case where     occurs when the universe has no mass, and hence expansion is not slowed 

 

 

 

 

 

 

 

 As we have already discovered, direct measurement of omega by calculating the amount of matter in 

the universe doesn’t work, owing to the uncertainty regarding the amount of dark matter 

 Rather than trying to calculate omega directly, we can construct a graph of the scale factor 

 From the shape of the graph we can calculate omega and thus determine the fate of the universe 
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How can we plot the x-axis of the scale-factor graph with real data? 

 To plot points in the x-axis (time), all we need to do is measure the distance to whole bunch of a distant 

objects, divide by the speed of light, and plot the different time points we obtain 

 The more distant the object, the further back in the past the light we observe will have been omitted, 

and hence the further to the left of the x-axis the point will be plotted 

How can we plot the y-axis of the scale-factor graph with real data? 

 To measure the scale factor at each time point, we need to measure redshift 

 This type of redshift, however, is different to the redshift we measured before 

 Before we had the idea that the redshift is telling you something about velocity: because all the 

velocities of galaxies were moving away from us, the Universe must be expanding 

 However, the cosmological redshift is not caused by the proper motion of objects relative to Earth (i.e. 

objects are not actually moving through space away from us) 

 Rather, it is caused by the expansion of space itself, which causes redshift because, during the time 

between when that wavelength was emitted and when we see it, the Universe has expanded, and the 

wavelength has expanded along with it 

 The longer ago the light was emitted, the more expansion has occurred since it was emitted, and hence 

the more redshift is observed in that light 

What is meant by ‘distance’ in an expanding universe? 

 Our usual intuitive understanding of distance doesn’t really work when the universe is expanding 

 The coordinate points of objects in an expanding universe don’t change; rather, space itself is expanding 

 For terrestrial objects, we observe that when we place a light source twice as far away, the observed 

brightness of the light falls to one fourth 

 To define astronomical distances in an expanding universe, we just swap this around 

 Hence, an object is said to be twice as far away when it appears one fourth as bright 

 Specifically, distance is defined by the   in the equation:                  

How does redshift help us to measure the scale factor? 

 If the redshift of light from distant objects is caused by the expansion of the universe, then the 

percentage change in the scale factor will be equal to the percentage change in the wavelength of any 

given photon of light, assuming both are measured over the same time interval 

 Hence we get (‘redshift’    is defined as the change in the wavelength divided by the original 

wavelength; hence:   
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 Because we have defined       , it is evident that: 
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 So, by measuring redshifts, we can calculate the scale factor of the universe at any time in the past 

(relative to the present scale factor, defined to be 1) 

 We can only measure points in the past; however if we measure enough points we can plot a curve 

 Assuming the trend continues into the future without any unknown physics changing it, we can then use 

this curve to extrapolate what will happen to the universe in the future 

6.4 Measuring Redshift 
Lecture 21 first  four -fifths  

What is a Nova? 

 Novas occur in a binary star system with one regular star, and one white dwarf which is gradually 

accreting material from the normal star 

 The white dwarf has had all its hydrogen and helium fused together, and it is composed solely of 

elements like carbon, oxygen, nitrogen and neon 

 The material that comes from the normal star, however, is almost all hydrogen and helium 

 When this hydrogen and helium reaches the white dwarf, it slowly builds up in the surface until a critical 

mass, temperature and density is reached, such that a brief burst of fusion to occur 

 The hydrogen and helium usually goes off like an H-bomb; it seldom burns steadily 

 This fusion explosion makes the system much brighter, and this phenomenon is called a nova, because it 

looked to the ancients as if a new star had appeared 

 The consequence of the nova is that all the hydrogen and helium gets fused into carbon, oxygen, 

nitrogen, neon, etc, and so it looks just like the rest of the white dwarf 

 The end result of this nova process is thus a gradual increase in the mass of the white dwarf 

What are Type Ia Supernovae? 

 We know, however, that the Chandrasekhar limit places a maximum limit on the size of white dwarves 

at 1.4 solar masses 

 When a white dwarf exceeds the Chandrasekhar limit, the white dwarf can no longer hold itself up 

against gravity, and so the whole thing collapses all at once 

 As this occurs, it naturally becomes much denser and hotter, and these enormous temperatures and 

pressures cause carbon and other elements to fuse into iron and other heavier elements, thus releasing 

an enormous amount of energy that we see as a huge explosion: a Type 1a Supernova 

Why are Type 1a Supernovae important? 

 These supernova all occur at exactly the same mass (the Chandrasekhar limit), and hence they should all 

be the same brightness 

 They are also very bright, and outshine whole galaxies for a week or two before they fade 

 Hence, they can be seen at an enormous distance 

 These two facts make them very useful as a standard candle for measuring distance 
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Why was the discovery of dark energy delayed? 

 We were only able to start using Type 1a supernovae to measure distant redshifts in the 1990s, owing to 

two key advances that were made at that time 

 One is the Hubble Space Telescope, which could measure the distance to things like Cepheids and other 

kinds of stars, in galaxies that historically had Type Ia Supernovae 

 This allowed us to calculate the distance to said galaxies, and hence calibrate the absolute magnitude of 

Type 1a Supernovae 

 This then enabled ground-based telescopes to make many measurements of Type 1a supernovae in 

distant galaxies, and using the calculated absolute magnitude, measure their distance 

What other problem delayed accurate measurement of distance? 

 As ground-based telescope made such observations, it was realised that not all Type 1a Supernovae 

were actually the same brightness – they varied by about 15-20% 

 They would all be the same brightness if it were possible to measure the total amount of energy that 

they emitted, but that isn't actually what you measure 

 What you measure is all of the photons in a certain wavelength range, which depends on your detector 

and how you set your telescope up 

 It also turns out that the distribution of energy across the wavelengths differs between different 

supernovae, making it hard to use them as an accurate standard candle 

 Eventually, however, it was discovered that this could be corrected for by measuring the colour and 

decay rate of the observed light 

 A correction formula was devised to enable the absolute magnitude (and hence distance) of every Type 

1a supernovae to be calculated 

How are supernovae discovered? 

 There are about 10,000 galaxies n the Hubble Ultra Deep Field photograph 

 As about one Type 1a Supernova will occur per galaxy every century, this means that at any given 

moment you would expect to see 10-20 supernova in just that tiny little patch of sky 

 So, it doesn’t matter where you look to find high redshift supernovae – they're everywhere 

 Hence all astronomers need do is pick out a blank piece of sky, and take really deep pictures of it over 

an interval of a few weeks 

 They detect the supernova by digitally subtracting the light of photograph B from the light at exactly the 

same point on photograph A; any large changes will probably be supernova 

What measurements do they make after discovering the supernovae? 

 Once a supernova is discovered, astronomers photograph it at regular intervals to construct a light 

curve, observing the gradual decay in brightness over time 

 Using this light curve, they can apply the correction factor, and hence work out the apparent magnitude 

of the supernova 

 Knowing the absolute magnitude, they can calculate the distance 

 Finally, spectra are taken of the supernova in order to calculate the redshift, and to verify that it 

definitely is a Type 1a supernova 

What are the strong pieces of evidence that the supernova redshift measures are accurate? 

 There is both a theoretical reason and an observational reason to trust these results 

 The theoretical basis for thinking Type 1a supernovae are standard candles is that each has the same 

amount of fuel when it explodes, and hence we would expect the same brightness 
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 The empirical basis is that, after correction, the absolute magnitude of nearby supernova (i.e. 

supernovae that are close enough for us to measure their absolute magnitude through other means) 

line up along almost exactly the same curve 

 Hence it seems that our formula for adjusting the light from Type 1a supernovae to make them into 

standard candles works very accurately 

 Another reason people believed dark energy so quickly is because two indepdendent research groups 

who used very different methods came up with the exact same answer at the same time 

 Indeed, both submitted their reports concerning the discovery of dark energy within 24 hours of each 

other in 1998 

6.5 Discovery of Dark Energy 
Lecture 20 last two-thirds 

What is the relationship between the scale-factor diagram and the Hubble Diagram? 

 It is very important to understand that the Hubble diagram and the scale factor diagram are essentially 

different ways of plotting the same thing 

 The traditional Hubble diagram shows a linear relationship simply because Hubble did not observe and 

plot distant enough galaxies to demonstrate the curved relationship characteristic of a universe whose 

velocity of expansion was changing 

 As we can see from the Hubble Diagram shown below, all values of Omega look like straight lines unless 

one looks far enough back into the past 

  

 

 

 

 

 

 

 

 

 

 

 

 In the Hubble Diagram (bottom), the scale factor is plotted on the x-axis 

 Although the x-axis technically shows the velocity of distant objects, this is directly related to the 

measured redshift of the light these objects emit, which in turn (as demonstrated above), is directly 

related to amount that the scale factor has changed since the light was emitted 
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 The y-axis plots distance (usually in the odd units                  , though as shown above 

we can derive distance from this equation) 

 Remember, however, that distance can easily be converted to time by dividing by   

 Hence the Hubble Diagram shows time on the y-axis, and the scale-factor on the x-axis – just like the top 

diagram, only in stranger units 

 The only significant difference is that the x- and y-axes on the two diagrams are reversed, so the lines 

seem to point in different directions, even when they are actually the same things 

What does the ‘Hubble Version’ of the scale-factor graph actually mean? 

 If the universe had been expanding at a constant rate, the line on this graph would be perfectly straight, 

as there would be a perfectly linear relationship between distance and radial velocity (or, equivalently, 

the redshift) 

 This is because the amount of observed redshift is directly proportional to the time elapsed since it was 

emitted, which in turn is directly proportional to its distance away (owing to  ) 

 If, however, we find we are plotting points below this straight line, it means that objects of a given 

distance have experienced more redshift than we would expect for a linearly expanding universe 

 This in turn means that the universe must have expanded more during the transit time of these photons 

than we would expect 

 Hence, at the time the photons were emitted the scale factor of the universe must have been smaller 

than expected 

 This in turn means that the universe must be younger than expected, and was expanding more rapidly in 

the past that it is now  

 This is demonstrated on the Hubble Diagram by the fact that the plotted lines for a positive value of 

omega reach the extreme right edge of x-axis (where the scale factor = 0) at a lower value of y (i.e. a 

more recent time), than the plotted line for a no-mass universe 

How do we actually measure and graph these data? 

 For objects that aren’t very far away (and hence are not very old), the observed redshift does not differ 

much from the expected value for an empty universe, as there simply has not been enough time for the 

universe to have changed its rate of expansion much 

 This is why Hubble’s initial diagram showed a linear relationship 

 However, technological advances in the 1990s enabled us to measure much more distant objects, out to 

a redshift of one or more (the standard candle used to do so are Type 1a Supernovae) 

 Because these differences in redshift we fairly small, it is hard to see them on the type of graph shown 

below 

 Hence astronomers make the graph easier to see by subtracting the y-axis value expected in a no-mass 

universe, from each actual observed y-value (see bottom graph) 
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 This second graph is a straight line at 0, because it's always true that the empty Universe, minus what 

you expect for the empty Universe, is zero 

 So basically, this second graph is just the first graph rotated 45º clockwise so that this green line is 

straight at zero 

 Thus, when these measurements were made and plotted, we obtained the following graph: 
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What would we expect the Hubble Diagram to look like in our universe? 

 Because the universe does have mass in it, we would expect acceleration to be slowing down 

 Thus, we would expect the observed redshift values to be greater than the values predicted for a 

massless universe (i.e. below the straight line), with the amount of dipping determined by the value of 

omega (i.e. the density of the universe) 

How do we interpret these data? 

 It turns out that redshift can be measured very accurately, but brightness cannot 

 Specifically, the large error bars for distance are due to uncertainty about the actual observed 

brightness of the object (measurement error), and also uncertainty as to the brightness of the standard 

candle used (uncertainty of absolute magnitude) 

 Because of these large uncertainties, we must ignore all the points before a redshift of 0.2, as their 

errors are so much larger than the differences between the lines that they tell us nothing useful 

 For the points above 0.2, we would expect about half of them to fall below the line marked       , 

and half to fall above it, just from a purely statistical point of view 

 Note that the line        is important because we know from our calculations of dark matter that the 

universe has at least this much mass in it (plus perhaps more we cannot measure) 

 Instead, however, we observe that none of the points falls below the line, and all lie above it 

 The chance of all twenty points randomly distributing in this way is about one in a million, or one in a 

trillion when we consider that another independent group of scientists collected similar data 

 Indeed, virtually all of the points lie above even the line    , and the line of best fit for the observed 

points is shown in black as the uppermost line in the graph below 

 So, this is quite strong evidence that, in fact, what the Universe is doing is not going below that line, but 

going above it 

How do these data tell us that the universe is accelerating? 

 Working backwards from the actual observed data, we can construct a scale factor diagram from the 

data as shown on the next page 
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 This means that if we look out to a particular distance (or a particular time in the past), the observed 

redshift is smaller than we would expect in an empty universe 

 This means that the universe has expanded less during the transit time of this light than we would have 

expected 

 Hence, the scale factor of the universe at the time the light was emitted was larger than expected 

 Extrapolating this past curve into the future, as seen in the bottom diagram, allows us to determine  

that the rate of expansion of the universe is accelerating 

 So, to recap. Scientists thought that when they looked at really distant, and hence really old, objects, 

they would observe more redshift than would be predicted using Hubble’s constant relationship 

between distance and velocity (redshift), thereby proving that the universe was even smaller in the past 

than you would predict based on the current rate of expansion, hence proving that the universe was 

slowing down 

 Instead, they found less redshift than would be predicted using Hubble’s constant, thereby proving that 

the universe was bigger in the past than you would predict based on the current rate of expansion, 

hence proving that the universe is speeding up 

 More redshift   more expansion in past   expansion slowing down 

 Less redshift   less expansion in past   expansion speeding up 

How did this lead to the discovery of dark energy? 

 This acceleration means that something is pushing the Universe outwards – it is not being pulled back 

inwards by the force of gravity, as we thought it would  

 Instead, the Universe is being pushed outward by some kind of force, by some kind of energy, which has 

the characteristics of a repulsive gravity – a sort of anti-gravity, if you like 

 This energy pervades the Universe in such a way that it actually dominates the behaviour of the 

Universe as a whole. We give this the name dark energy, and we have absolutely no idea what it is 

 We can, however, by measuring the rate of acceleration, calculate how much of it there is, and doing so 

we find that it constitutes about 75% of all the mass-energy in the universe, with ordinary matter 

accounting for only about 4%, and dark matter accounting for most of the rest 
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Chapter 7: Fate of the Universe 

7.1 The Cosmological Constant 
Lecture 21 last fifth,  lecture 22  

What is dark energy physically?  

 The only physical explanation of the physical nature of dark energy that connects to anything else we 

know is the idea that it's the vacuum energy predicted by quantum mechanics 

 However it turns out that if that's true, dark energy ought to be 10120 times stronger than it is, and so 

that's not a good prediction 

 For the latter part of this chapter, however, we are going to suppose that dark energy behaves like 

Einstein’s cosmological constant predicts (i.e. its density remains constant) 

What would happen if the dark energy density increased with time? 

 As we don't have a clue what the dark energy actually is, however, we don’t actually know if Einstein’s 

equations are correct  

 If you allow for changes in the dark energy-density, you get very interesting potential effects 

 For example, if the dark energy density of space increases over time, you end up with a feedback effect 

which results in the rate of expansion accelerating exponentially 

 Eventually, the dark energy in any cubic galaxy will become so much that it blows the galaxy apart, as 

gravity can't hold the galaxy together 

 And then, after a while, the amount of dark energy in one star becomes so great that it overcomes the 

gravity of the star and it blows the star apart 

 Eventually, you have so much dark matter that whole atoms get blown to bits, and even sub-atomic 

particles within them eventually get blown to bits. And so, dark energy conquers all. 

 This is described as the Big Rip, and it is an alternative hypothesis of what might happen to the Universe, 

that stems from an alternative hypothesis of the nature of dark energy 

What does Einstein’s Cosmological Constant predict about dark energy? 

 When dark energy was first discovered, the only known description of its behaviour was in the form of 

Einstein’s Cosmological Constant 

 Einstein had made up this constant and inserted it into his equations decades ago so as to counter-act 

the attractive force of gravity and maintain a static universe 

 As modelled by Einstein’s Cosmological constant, the dark-energy density of the universe stays constant 

with time 

 In other words, Einstein’s equations predict that the dark energy-density of any cubic metre of the 

universe now, is the same as the dark energy-density of the entire universe, when the universe was only 

one cubic metre in volume 

 This is totally different to ordinary matter-density, which decreases as the universe expands 

 Obviously this is common sense, as the mass of the universe doesn’t change, but volume does 

What are the implications of Einstein’s Cosmological Constant? 

 Unlike the cosmological constant, the density of regular matter-energy does change  

 Namely, it gets smaller as the universe expands, as there is only a finite amount of matter 

 At the moment, the expansion of the universe is accelerating, meaning that dark energy overcomes 

matter (including dark matter) 

 However, assuming Einstein was right, this was not always the case 
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 In the past, the universe had just as much mass as it does now, but was much smaller, and hence the 

matter density was much greater than it is right now 

 Therefore, the gravitational force holding the Universe together was greater than it is right now 

 Hence, from the start of the Universe until some point in time, the rate of the expansion of the universe 

was decelerating 

 Then, after a time, it started to accelerate, as seen in the scale factor graph below 

 

 

 

 

 

 

 

 

 

 The dotted lines are extrapolations based on the following assumptions: 

o Dark energy is the Cosmological Constant 

o Dark matter behaves like regular matter 

o The relative masses are distributed as follows; Ωmatter = .25, Ωλ = .75 

 Using these data, we calculate the age of the universe to be about 13.5 billion years old 

What observational prediction does the ‘Cosmological Constant’ model make? 

 This model of the universe makes a very strong prediction, namely that the rate of acceleration should 

decline, and then turn around to become negative at some point in the past 

 In the diagram shown below, a positive slope indicates an accelerating universe 

 Hence, we would expect that around a redshift of 0.8 (according to current calculations), we should see 

the graph dropping off back downwards as the expansion decelerates in the distant past 

 The first graph like this we saw previously did not demonstrate this behaviour because the observers did 

not look back far enough 

 

 

 

 

 

 



 

53 Frontiers and Controversies in Astrophysics 

Why is this prediction difficult to test in practise? 

 Unfortunately, is turns out to be hard to observe supernovae with redshifts greater than 1 

 Firstly, they are very far away, and so they are extremely faint 

 Secondly, supernovae appear on top of galaxies, while more distant galaxies look smaller 

 As such, the further away you look, the harder it becomes to distinguish the light of the supernova from 

the light of the galaxy in which it resides 

 Thirdly, although supernovae emit most of their energy in optical light, which we can observe, by the 

time they are at a redshift of one or more, all the wavelengths are doubled, and so most of the radiation 

is in the infrared 

 Infrared is much harder to detect from the ground, because all telestial objects glow in the infrared, and 

thus the interference is enormous 

 Additionally, the atmosphere absorbs most infrared light, making it yet more difficult to make any 

infrared measurements 

How does the space telescope help overcome these problems? 

 Problems two and three are much reduced in space, as the space telescope can produce much clearer 

images (owing to less atmospheric disturbances) than ground based telescopes 

 This makes it much easier to distinguish supernova and their parent galaxies 

 Also, it is much easier to keep things cold in space, so interfering infrared light is less of a problem 

What have we learnt from observations? 

 Below is the data that has been observed using the space telescope 

 Although we do observe the expected accelerating then decelerating trend, much of it hinges upon the 

last two supernovae points seen in the top graph 

 Note that the points in the bottom graph are averages of several points in the top graph 

 

 

 

 

 

 

 

 

 

What are the problems with this dataset? 

 First of all, very distant objects are more likely to have some object in between us and them, and hence 

are more likely to be gravitationally lensed 

 Gravitational lensing makes objects appear brighter than they really are 

 In addition, if you're out looking for very distant, very faint objects, you are naturally going to see the 

brightest ones first 
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 Because we are using a standard candle of constant absolute magnitude, any factors making our objects 

look brighter than they really are will make us think that they are closer than they really are 

 Thus, if it turns out that the last two points on the graph were lensed, they would actually be fainter, 

and hence further sway, than they appear 

 If true this means that these points should be higher up on the graph than they are now 

 This is only one of a number of problems, as these objects are very faint, and very hard to observe 

 Nevertheless at present, I think the evidence for this turnaround is highly suggestive, but not yet wholly 

conclusive 

How can we find out if the big rip is really going to occur? 

 The Big Rip rests on the assumption that the energy density of dark energy is not constant, but actually 

increases over time 

 If the dark energy density is greater is the future, that means it must have been less in the past 

 This in turn means that deceleration (cause by regular energy density) was greater in the past than 

expected, and hence the point of balance (when acceleration began) was more recent 

 If this is true, we should observe really, really distant supernovae to have less redshift than would be 

expected in the Cosmological Constant model, which in turn would mean that the scale factor was 

smaller when the light was emitted 

 This is shown in the diagrams shown below 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Thus, as is clear from the bottom diagram, to find out whether the big rip scenario is true, we need to 

find out exactly when the cross-over time occurred 

 Specifically, we need to see if it occurred more recently (i.e. at a smaller distance and redshift) than the 

z = 0.8 prediction of the Cosmological Constant model 
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What are the two possible methods of obtaining the necessary data? 

 First, you could try to obtain enough accurate measurements of very large redshift (over 0.8) 

 Second, you could measure a very large number of redshifts around the 0.5 range, where the 

divergence is much less noticeable, but should be apparent if enough supernovae are measured 

What are some future projects planned to obtain this data? 

 One project currently planned is called JDEM, or Joint Dark Energy Mission 

 This will be some kind of new space telescope which is optimised for infrared, and has a much larger 

field of vision than Hubble (over 100 times) 

 These factors will make it ideal for searching for very distant supernovae (with redshifts of 1-2) 

 Another project is a ground based project called the Large Synoptic Survey Telescope (LSST), which will 

make a survey of the entire sky every three days 

 This will allow us to discover many low and intermediate redshift supernovas (out to about 0.5) 

 That's maybe supernovas per 10,000, allowing us to built up incredible statistics of supernovae 

 This is turn will enable us to draw up very precise scale-factor graphs, and hopefully distinguish what 

path our universe is actually on 

7.2 Cosmic Background Radiation 
Lecture 23 first  half  

What do we see if we look to redshifts of 3000 or so? 

 This means observing the universe when the scale factor was 3,000 times smaller than it is today 

 At that time, the average temperature of the Universe was about 10,000 degrees 

 This is a significant number, because 10,000 degrees is the temperature at which hydrogen ionizes 

 One of the features of ionized hydrogen is that it tends to be opaque, as photons don't propagate well 

through charged materials 

 Hence, for all the time before the universe was 3000 times smaller than it is now, the universe was also 

opaque 

 It's like looking at the surface of a star or a big wall of opaque gas – you can't see any further 

 The prediction then is that if we look far enough into the distance in any direction, we should see a big 

wall of 10,000-degree hydrogen 

 And, in fact, we know what a wall of 10,000-degree hydrogen looks like, because there are stars whose 

surfaces are 10,000 degrees 

 Of course, we won’t actually see it like this, because of all the redshift that has taken place in the 

expansion of the universe that has occurred since the light was emitted 

What is the microwave background radiation and what are its properties? 

 If we do the calculation based on a redshift factor of 3000, we find that light emitted the optical range 

would now be in the microwave range 

 This is true, and has been verified observationally since the 1960s 

 If you take a microwave detector or radio telescope and point it in any direction, you will see this stuff 

coming from the Universe 

 One of the features of the Cosmic Microwave Background turns out to be that it's very smooth 

 And you expect that to be true, because you expect to see the exact same thing in any direction 

 However it cannot be perfectly smooth, as if it were perfectly smooth then, it would have to be 

perfectly smooth now, and that's manifestly not the case, as we have planets and galaxies 
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What were COBE and WMAP and what was their purpose? 

 It is easiest to detect microwaves in space, so in the 1990s they launched a satellite called COBE to try 

and detect these predicted irregularities in the background radiation 

 COBE finally found the variations in the Cosmic Microwave Background, though they were very small, 

about one part in 100,000 

 This means that the sixth decimal place in the density was found to be variable, while the first five were 

always the same 

 Though this was useful, the map that COBE produced was fairly blurry, and not very precise 

 Hence another satellite called WMAP was launched, and in 2003 it reported its results 

 It produced a much more precise map of the Cosmic Microwave Background, so precise in fact that we 

can now measure the size of these density irregularities 

What results did they obtain about the background radiation? 

 The images on the left show the original COBE results, with the darker areas representing hotter and 

hence denser regions of the universe 

 

 

 

 

 

 

 

 

 The top image is the raw data, which is manifestedly uniform with a clear split down the middle because 

the Earth itself is moving through space, and so all of the light from one side is redshifted, while all the 

light from the other side is blue shifted 

 This effect turns out to totally swamp everything else, but it is also luckily easy to remove 

 The middle image on the left shows the microwave radiation with the motion of the earth factored out, 

although here we still see the band across the middle characteristic of microwave radiation being 

emitted from sources within our own galaxy 

 Once again, this can be factored out, in this case because galactic microwave sources have very different 

spectrums to background radiation 

 The bottom image is the background radiation only, with other effects factored out 

 The images on the right compare the original COBE results (top), with the much higher resolution 

WMAP results (bottom) 

 Looking at these images, it is clear that the COBE results are too blurry to make any meaningful 

measurements of the actual size of the density irregularities 

 The WMAP results, however, are precise enough for such calculations to be made 
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7.3 Cosmological Evidences 
Lecture 23 second half,  lecture 24 first half  

How does supernova data constrain the possible values of matter and dark energy density? 

 Because we know that the universe is accelerating, we know that       , or the energy density of 

dark energy (relative to the critical density) is greater than the energy density of matter (relative to the 

critical density) 

 Knowing the rate at which the universe is expanding, we can even calculate how much bigger it is 

 In fact, there is a range of possible values for     and    permitted by the supernova data 

 All we need is a fixed distance between them to account for the observed rate of acceleration – taking 

the supernova data alone does not tell us precisely what the values of     and    are 

 For example, they could equally be 0.75 and 0.25 as 1.0 and 0.5 

 We can plot a graph like the one below of the possible range of values of the amount of matter and dark 

energy, based solely upon the supernovae data 

 

 

 

 

 

How does the cosmic background radiation further constrain the universe density graph? 

 From measuring these relative sizes, you can get cosmological information 

 I won't go into that in any more detail except to say that the outcome of this is that you can calculate 

what they refer to Ωtot, or the sum of Ωλ and Ωmatter, which  turns out to be equal to 1 

 This gives us another constraint on the possible values of the density of dark energy and matter, which 

are plotted below along with the supernovae data 

 

 

 

 

 

 

 

How has the density of the universe increased over time? 

 As mentioned before, at Z = 3,000 the differences in density are on the order of 10-5, whereas now they 

are on the order of 1030 or more 

 This change came about because if you have a slightly more dense region, the greater gravity of this 

region attracts mass from less dense regions, thereby increasing the density difference 
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 Continued over billions of years, this process greatly amplified the density differentials 

How do evolutionary simulations of the universe further constrain the universe density graph? 

 We can build a 3D map of the universe by observing galaxies (both near and far), and measuring their 

redshift to find out how far away they are 

 We can then build a computer model of the universe, set it up as the universe was at the time when the 

background radiation was emitted (which is easy because we can see what the universe was like then) 

 We can then run this simulation many times, each time using different values for dark matter, dark 

energy, etc, and seeing which values produce the same structure of galaxy clusters that we observe 

observationally 

 This has been done, and successful models that produced a universe that is similar to the one we 

observe allowed us to calculate a value for the amount of dark matter 

 This allows us to plot the actual amount of matter in the universe as a straight line in the graph shown 

above 

What is the significance in having three pieces of evidence and what have we found as a result? 

 This serves as a test of all our other cosmological theories, particularly our assumption (implicit in the 

above graph), that dark energy behaves as predicted by the cosmological constant 

 If all three results agree with each other, than the theory looks solid, whereas if they do not, something 

must be wrong, either with the observations or with the underlying theory 

 

 

 

 

 

 

 

 

  

 It turns out that the ‘good answer’ marked above is what we actually observe/calculate, which is a big 

triumph for modern astrophysics 

What is the problem with this evidence? 

 Though we have no idea what dark energy and dark matter are, nonetheless it is the density of these 

things (relative to the critical density of the universe) that the graph is plotted against  

 Hence, once could also look at this graph quite pessimistically as representing the fact that we have no 

idea what is going on 

 Indeed, the process of discovery of dark matter and dark energy bears strong relation to epicycles 

What are epicycles and how did they come about? 

 In ancient and medieval times, it was believed that the Earth was at the centre of the universe 
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 As observational data of the planetary orbits improved over time, however, it became clear that simple 

circular orbits weren’t adequate to explain the orbits 

 Hence circles were added onto the main circles, and then with more data another layers of circles was 

added to the smaller circles, and so on to explain each new observational discovery 

 And then, of course, it turned out is that the idea that the Earth was the centre of the Universe, and the 

idea that everything goes in circles is just wrong 

 As soon as you abandon those two ideas, and have the idea that the planets go in ellipses around the 

Sun, all of a sudden, everything gets much simpler and you don’t need epicycles anymore 

How are dark matter and energy similar to epicycles? 

 In cosmology today, we have been observing the motions of galaxies and of objects within galaxies, and 

we have observed that things don’t move as we expect, 

 So we invent dark matter to explain the internal motions of galaxies and galaxy clusters 

 We then discover that the external motion of things through the Universe also doesn't accord with what 

we would have expected, so we invent dark energy in order to explain that 

 So, we've now, in the past twenty-five years, invented two different, but completely imaginary as far as 

we know, concepts, to fill 96% of the Universe 

 Like the epicycles there is no real limit to the number of such concepts that we could come up with 

 For example, if the three lines in the universe density graph had not crossed, then we would simply have 

said that dark energy changes over time or over distance, or something complicated like that 

 We then would have recalculated our points until the three lines did cross; looking at it this way, the 

graph is not so compelling 

What have some scientists proposed in response to this? 

 And indeed, it has gotten sufficiently embarrassing that there is now just beginning to be a feeling that 

maybe what's going on is we need new laws of physics 

 Maybe we're at a moment like the end of the sixteenth century, or the end of the nineteenth century, 

where the current basic ideas that we base our theories of the Universe on are about to be radically 

transformed 

 Some new theories have already been proposed, although none have worked out as yet 

7.4 Life and the Multiverse 
Lecture 24 second half  

How does the existence of life place constraints on the nature of the universe? 

 One thing we can definitely say about the universe is that it contains life, as we exist 

 In order to contain life, the universe must have a certain amount of complexity – a universe full of 

helium atoms or neutrinos couldn’t possibly create life 

 Also, if the density of dark energy was much greater than the critical density, say a hundred or more, the 

universe would very quickly blow itself apart, making the formation of life impossible 

 Similarly, if the density of matter was much greater than one, the entire universe would quickly collapse 

into a black hole, where of course you can’t have life 

 This turns out to be true of most of the constants of nature 

 Hence it appears that drastic fine-tuning of natural constants is a pre-requisite for life; not any set of 

constants will do 

 In fact, if you picked a random bunch of numbers for all these constants, you would almost certainly 

have a Universe with no complexity in it at all 
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How does the value of the Schwarzschild radius provide an example of this? 

 The Schwarzschild radius of the event horizon of a black hole is given by 
   

  
 

 If the gravitational constant were much bigger, and/or the speed of light was much lower, the 

Schwarzschild radius associated with any given mass would be bigger 

 If it were the case that the Schwarzschild radius of a white dwarf is bigger than the size of white 

dwarves, you never get white dwarfs or neutron stars 

 All stars evolve when they run out of nuclear fuel straight into black holes 

 As a consequence, the carbon and other heavy elements that is made in stars is never dispersed into the 

Universe, and you never end up with planets or life 

How does carbon provide an example of this? 

 Similarly, if a few of the constants of nature were just a little bit different, carbon would never form at 

all, or if it did it wouldn’t have the same magnificent properties that it currently does 

 Obviously, if carbon turns out to be just like iron, and it just kind of sits there, you're, again, going to 

have some trouble creating any kind of complex life 

What is the strong anthropic principle? 

 The question is: why do all these constants, G, c, λ, what have you, have the values they do? 

 One answer is that it's just a big accident: something just happened to pick a set of numbers that 

allowed life to exist, and there's nothing more to say because it's merely an accident 

 The opposite of this, called the strong anthropic principle, is to say it happened on purpose 

 The constants of nature that allow life to exist, are created on purpose, either by God or some other 

mechanism 

 Perhaps it is the case that there is some underlying theory or principle that we haven’t yet discovered, 

which requires these numbers to have the values they do, and forbids alternatives 

 Somebody, possibly Einstein, phrased the question as: did God have a choice? Could he have made a 

self-consistent Universe with some other set of numbers? Maybe, maybe not 

What is the multiverse approach to answer this question? 

 The third approach, which is getting the most attention at the moment by the kinds of people who think 

about these things, is the concept of the multiverse 

 The idea here is that there are many Universes with different sets of physical constants 
 If it is true that there are many universes, each one with different laws of nature, it's not so surprising 

that the one we live in happens to be conducive for our existence 
 Indeed, there would be a whole bunch of other universes out there with no people in them 
 It's like going out into a parking lot and looking at a random licence plate, and then saying “wow, of all 

the license plates in the Universe, that one happens to be sitting right in front of my office” 

 But, of course, if it was any other license plate, you would have said the same thing, and so it’s actually 

not surprising 

 Similarly, of all the billions of cars in the world, what are the odds that you get into the one you own? 

Actually they are pretty high, because you're doing it on purpose 

 Similarly, if there are lots of different Universes, each one with a different set of physical laws, what are 

the odds that we exist in one that allows us to exist? Actually pretty high 

What is the ‘infinite universe’ explanation for how these universes came about? 

 One theory is that there are gradual changes in the constants of nature across space and time 
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 Hence, by the time you're 100 billion light years away from us, that part of the Universe, which is 

causally disconnected from our own (as we can’t see anything more than 13.7 billion light years away), 

has some other kind of physics that is going on 

 Using this idea, you can imagine an infinite Universe of which we can only ever detect a tiny fraction 

 In the parts we cannot detect or contact, the laws of physics are different 

What is the ‘extra dimension’ explanation for how these universes came about? 

 Another possibility is the existence of alternate universes in higher dimensions 

 For example, imagine you are in a two-dimensional Universe 

 There could be another two-dimensional Universe right next to you, but as you cannot experience the 

third spatial dimension, you would have no way of interacting with it, or knowing it existences 

 Similarly, you could imagine that there are many other three-dimensional universes (or even more 

dimensions) which exist parallel to our own in these higher dimensions 

What is the ‘evolutionary’ explanation for how these universes came about? 

 The third possibility is a kind of evolutionary argument, most famously presented in a popular book by a 

guy named Lee Smolin 

 Suppose that each time a  forms black hole inside the event horizon, a new Universe forms 

 Further suppose that each daughter Universe has slightly different parameters, but only slightly 

different, from its parent 

 This would be analogous to how each of us has genetic material that's closely related, but not identical 

to that of each of our parents 

 In this case, you favour Universes that produce lots of black holes, as the more black holes a universe 

has the more ‘children’ universes it will have 

 You make the most black holes, in turn, by producing lots and lots and lots of stars 

 As stars are complex objects, this will also be the kind of Universe likely to end up with life in it 

 Hence you are almost guaranteed that any particular Universe you pick is the kind of Universe that will 

produce lots of black holes, and therefore, lots of complexity, and therefore, will support life 

Is any of this really science? 

 There is a big debate about whether discussion of these things falls within the realm of science 

 The main argument against is that science is studying our own Universe in ways that you can actually 

test. And, by definition, if you're talking about another Universe, it can't be tested 
 I personally think this is the wrong question, because both sides of this argument presuppose that if it's 

science that's good, and that if it isn't science, you shouldn't be talking about it 

 In my view, there are plenty of things that are worth thinking about that aren't science 

 And my own personal view of this argument is that this is one of them; this really isn't science, but I 

don't care if it's science or not, because it's still pretty interesting 

 And I think we should also keep in mind that the border of what science is and isn't has evolved rather 

quickly over the past 100 years 

 Twenty years ago, talking about planets around other stars was complete science fiction: they did it on 

Star Trek, but not in the scientific journals 

 The same can be said about black holes, and even the study of the universe as a hole – these things 

were not part of science until very recently 

 And so, this whole argument over whether this is science or not might be overtaken by events 


