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        Introduction

        This course explores origins of the Universe by looking in detail at events immediately following the Big Bang. Starting with
          looking at the cooling of the very early Universe, the course then moves on to the inflation era, the quark-lepton and the
          hadron era. Then the course looks at how fundamental particles began to synthesise to form nuclei, and from here it discusses
          the development of larger structures like stars and galaxies. By examining closely the forces in play and the interactions
          of fundamental particles in these very early stages of the Universe we can begin to understand how it turned into the Universe
          that we live in now.
        

        This OpenLearn course provides a sample of level 1 study in Science

      

    

  
    
      
        Learning outcomes

        After studying this course you be able to:

        
          	discuss the sequence of the events that are believed to have taken place in the history of the Universe, particularly the
            particle reactions that occurred in the first few minutes after the Big Bang, and the role of unified theories in explaining
            those events
          

        

        
          	manipulate large and small numbers in scientific notation, and calculate values for quantities when given appropriate numerical
            information.
          

        

      

    

  
    
      
        1 The evolving Universe

        
          1.1 A history of the Universe

          
            In the beginning there was nothing at all. To the north and south of nothingness lay regions of fire and frost.

            Snorri Sturleson, 1220 AD

          

          
            The cosmos is all there is, all there ever was, and all there ever will be.

            Carl Sagan, 1934-1996

          

          The two viewpoints expressed above sum up the difficulty in describing the origin of the Universe and perhaps show that we
            haven't really moved very far in the 750 years or so that separate the two statements. In this course, we attempt a more detailed
            description than either of these. The ideas presented are the best explanation we currently have for the reasons why the Universe
            has the structure, contents and behaviour that we observe today.
          

        

        
          1.2 Time, space, temperature and energy

          The conventional view of the Universe is that, at the very instant of the Big Bang, the Universe came into being. There was
            no 'before' this instant since the Big Bang marked the creation of time. No location for this event can be specified since
            the Big Bang marked the creation of space. All that can be discussed are times after the Big Bang, and things that happen
            in the space created as a result of it. This is a difficult concept to visualize; but please bear with us and examine the
            consequences that follow.
          

          The thread running through this course is one of a Universe in which space is forever expanding, and in which the temperature
            is forever falling. In the early part of its history, every time the Universe increased in age by a factor of one hundred,
            it also cooled by a factor of ten and distances within the Universe increased by a factor of ten.
          

          If you are not familiar with powers of ten notation the box below will help.

          
            
              Numbers: very large and very small

            

            
              When discussing the Universe, it is frequently necessary to refer to very large and very small numbers. Scientists and mathematicians
                have developed a short hand way of writing such numbers for convenience. The easiest way to demonstrate this is with a few
                examples.
              

              (a) Large numbers

              First, a few simple ones:

              
                	
                  100 = 10 × 10 and is written as 102 (pronounced 'ten to the power two')
                  

                

                	
                  1000 = 10 × 10 × 10 and is written as 103 ('ten to the power three')
                  

                

                	
                  1000 000 = 10 × 10 × 10 × 10 × 10 × 10 and is written as 106 ('ten to the power six')
                  

                

              

              So the power to which the number 10 is raised (sometimes called the index or exponent) is simply the number of times 10 is multiplied by itself to make the number in question. More complicated numbers can also
                be written in a similar way. For instance
              

              
                	
                  3456 = 3.456 × 10 × 10 × 10 and is written as 3.456 × 103

                

                	
                  987 000 = 9.87 × 10 × 10 × 10 × 10 × 10 and is written as 9.87 × 105

                

              

              The last two examples are said to be written in scientific notation: that is, as a number between 1 and 10, multiplied by 10 raised to some power. To enter such a number into your calculator
                will generally involve a button labelled 'E' or 'EXP' (standing for 'exponent'). So the example above would be entered as:
                [image: ]. Make sure you know how to enter numbers in scientific notation into your own calculator.
              

              Another useful way of describing large numbers is by using the following prefixes:

              kilo (k) = 103;      mega (M) = 106;      giga (G) = 109

              For instance, you will be familiar with the idea that 1000 metres (103 m) is one kilometre (1 km). Other units of measurement may also be prefixed by these terms to indicate larger quantities.
                Finally, we will also sometimes refer to the number 109 as a billion.
              

              (b) Small numbers

              So much for large numbers, but what about small numbers? Well, it turns out that small numbers can be treated in a similar
                way. Again, a few simple examples to start with:
              

              
                	
                  0.1 = 1/10 and is written as 10−1 ('ten to the power minus one')
                  

                

                	
                  0.01 = 1/(10 × 10) and is written as 10−2 ('ten to the power minus two')
                  

                

                	
                  0.000 01 = 1/(10 × 10 × 10 × 10 × 10) and is written as 10−5 ('ten to the power minus five')
                  

                

              

              More complicated numbers can also be written in a similar way. For instance:

              
                	
                  0.987 = 9.87/10 and is written as 9.87 × 10−1

                

                	
                  0.000 034 56 = 3.456/(10 × 10 × 10 × 10 × 10) and is written as 3.456 × 10−5

                

              

              Once again, these small numbers are written in scientific notation because they are given as a number between 1 and 10 multiplied
                by 10 raised to some power, in this case a negative index or exponent. Make sure you know how to enter numbers in scientific
                notation with negative exponents into your calculator too. If in doubt, refer to your calculator's operating manual.
              

              There are also a few prefixes that are useful for describing very small numbers, namely:

              milli (m) = 10−3;      micro (μ)= 10−6;      nano (n) = 10−9

              Notice that the symbol for micro is the Greek letter mu, simply because the letter m is already used for the prefix milli. As an example of the use of these prefixes, you will no
                doubt be familiar with the fact that one-thousandth of a metre (10−3 m) is one millimetre (1 mm). Other units of measurement may also be prefixed by these terms to indicate smaller quantities.
              

              (c) Combining large and small numbers

              The use of powers of ten often makes it easier to carry out calculations too. This is because, when doing multiplication or
                division, the powers of ten are simply added or subtracted respectively. As usual, some examples will illustrate this. First,
                multiplication:
              

              
                	
                  104 × 103 = 10(4 + 3) = 107 (i.e. 10 000 × 1000 = 10 000 000)
                  

                

                	
                  105 × 10−3 = 10(5 − 3) = 102 (i.e. 100 000 × 0.001 = 100
                  

                

                	
                  10−2 × 103 = 10(−2 + 3) = 101 (i.e. 0.01 × 1000 = 10)
                  

                

              

              and also division:

              
                	
                  104/103 = 10(4 − 3) = 101 (i.e. 10 000/1000 = 10)
                  

                

                	
                  105/10−3 = 105 − (− 3) = 108 (i.e. 100 000/0.001 = 100 000 000)
                  

                

              

            

          

          
            
              Question 1

            

            
              
                When the Universe was 1 s old, its temperature was 1010 K. What was the temperature of the Universe when it was (a) 100 s old, and (b) 104 s old?
                

              

              View answer - Question 1

            

          

          The fact that the separations between objects increase only by a factor of ten for every factor of one hundred increase in
            the age of the Universe, actually means that the expansion rate is decreasing. For instance, two objects that were (say) 105 km apart when the Universe was 1 s old would be 106 km apart when the Universe was 100 s old, and 107 km apart after 104 s.
          

          
            
              Worked example 1

            

            
              
                What is the average recession speed of one of the objects referred to above, as measured from the other object, (a) when the
                  Universe is between 1 s and 100 s old and (b) when it is between 100 s and 104 s old?
                

              

              View answer - Worked example 1

            

          

          So even though distances between objects increase by the same factor (i.e. ten) for every hundred-fold increase in time, the
            expansion rate of the Universe (as given by the recession speed) actually decreases with time. The expansion rate continues
            to decrease at later times. This contributes to the decrease in the value of the Hubble constant with time, and is due to
            the gravitational attraction between all the matter in the Universe. The effect is referred to as deceleration.
          

          The rate of cooling and expansion has changed somewhat since those early times and, as you will see later, the rate of expansion
            may actually have increased at some epochs. However, a consequence of the cooling and expansion is that the mean energy per
            particle (i.e. the energy available for any reaction to occur) is continuously reduced. This has important implications for
            the ways in which the four fundamental interactions manifest themselves at different epochs.
          

          The four fundamental interactions, that is electromagnetic interaction, weak interaction, strong interaction and gravitational
            interaction, have very different strengths and act on different types of particle. A clue to their unification is that the
            strengths of the interactions vary with the energy of their environment. Furthermore, at very high energies, particles can
            transform into different types — quarks into leptons for instance. So the fact that only quarks feel the strong interaction
            whilst leptons do not, is irrelevant at very high energies.
          

          Figure 1 shows that at higher and higher energies, first the electromagnetic and weak interactions become unified as energies reach
            around 1000 GeV (GeV stands for giga electronvolt - the electronvolt is a unit of energy corresponding to the energy gained
            by an electron in passing from one terminal of a one volt battery to the other). Then the strong interaction becomes unified
            with the electroweak interaction at an energy of around 1015 GeV. Finally, at the very highest energies of at least 1019 GeV, gravity too may become unified with all the other interactions.
          

          
            [image: Figure 1]

            Figure 1 The unification of the four fundamental interactions as energy increases towards the bottom of the diagram. As the
              Universe has aged, so the mean energy of each particle has fallen, and the various interactions have become distinct from
              one another as the energy has fallen below the thresholds shown. The approximate ages of the Universe when each of these interactions
              became distinct are also shown.
            

          

          At the very earliest times, the Universe was extremely hot, the mean energy available per particle was extremely high, and
            so the unification of interactions would have occurred naturally. As the Universe has cooled, the available energy has fallen,
            and the interactions have in turn become distinct until the current situation is reached in which four different interactions
            are observed. The relationship between the mean energy of a particle and the temperature of the Universe, and the time at
            which such energies and temperatures applied, is shown in Figure 2.
          

          You will appreciate from Figure 2 that the rest of this course will necessarily refer to incredibly small times after the Big Bang (notice how far along the
            graph 1 second appears). Many important processes took place when the Universe was significantly less than 1 s old, when the
            energy available for processes in the Universe was extremely high. In fact, most of the important processes were completed
            by the time the Universe was only a few minutes old! For each of the intervals under discussion in Sections 2 to 7 (and shown
            in Figure 2) the time, temperature and energy ranges are given. As you read through these sections you can imagine yourself travelling
            down the line of the graph in Figure 2.
          

          
            [image: Figure 2]

            Figure 2 The mean energy per particle and temperature of the Universe at different times in its history. The divisions of
              this graph are described in Sections 2-7. Notice that the axes are shown on powers-of-ten scales to accommodate the vast ranges
              of energy, temperature and time that are necessary. You will find it useful to refer back to Figure 1 and Figure 2 as each
              successive stage in the history of the Universe is introduced.
            

          

        

        
          1.3 The very early Universe

          Time: <10−36 s
          

          Temperature: >1028 K
          

          Energy: >3 × 1015 GeV (i.e. >3 × 1024 eV)
          

          At the very earliest times in the history of the Universe, we can only presume that a superunification of the four interactions
            was in operation. Unfortunately, no reliable theory of superunification is yet available, so nothing can be said about the contents or behaviour of the Universe in its earliest moments. Indeed, it may even be that the concept
            of 'time' itself had no meaning until the Universe had cooled below a certain threshold.
          

          The first stop on the tour where anything can be said is at about 3 × 10−44 s after the Big Bang - an epoch known as the Planck time. By this time the mean energy per particle in the Universe had fallen to around 1019 GeV. This is the energy at which the gravitational force on an individual particle has roughly the same strength as its other
            interactions. An idea of the typical size scale of the Universe can be gained by thinking about how far a photon of light
            could have travelled during this period. By the time the Universe was 3 × 10−44 s old, a beam of light travelling at 3 × 108 m s−1 could have travelled a distance of only about 10−35 m. This tiny dimension is referred to as the Planck length. This is the sort of scale on which the hidden dimensions involved in the theory of everything, known as M-theory, are supposed
            to be curled up very small.
          

          
            
              Question 2

            

            
              
                How does the Planck length compare with the typical size of an atomic nucleus?

              

              View answer - Question 2

            

          

          As Figure 1 shows, at or around the Planck time, it is supposed that gravitational interactions became distinct from a grand unified
            interaction that included the three effects seen today as the electromagnetic, strong and weak interactions. In order to describe
            the gravitational interactions at these times a theory of quantum gravity is required. However no such theory is yet available.
          

          The temperature, and hence the mean energy per particle, was far higher at this time than can be recreated in particle accelerators
            here on Earth. Cosmologists and particle physicists can therefore only speculate on what might have occurred in the very early
            Universe. The best guess is that pairs of matter and antimatter particles of all types were spontaneously created out of pure
            energy, which can be thought of as a 'sea' of photons filling the entire Universe. With equal spontaneity, pairs of matter
            and antimatter particles also combined with each other again to produce photons. The overall processes of pair creation (left
            to right) and annihilation (right to left) can be represented as:
          

          
            [image: ]

          

          At the temperatures existing in the Universe today, reactions such as this proceed preferentially from right to left. However,
            at the temperatures applying in the early Universe, the reactions proceeded in both directions at the same rate, for all types
            of particle. A stable situation was reached in which the rates of pair creation and annihilation exactly balanced, and equal
            amounts of matter/antimatter and radiation were maintained.
          

          As well as quarks and leptons, if the Grand Unified Theory is correct, then this is when the particles known as X bosons would
            also have been in evidence. These particles are the quanta of the grand unified interaction and are suggested as a means of
            converting between quarks and leptons, or between matter and antimatter.
          

          The next stop in time is at about 10−36 s after the Big Bang when the Universe had a temperature of about 1028 K. This temperature marks the energy at which the strong interactions became distinct from the electroweak interactions (see
            Figure 1).
          

          
            
              Question 3

            

            
              
                How long after the Planck time did the strong and electroweak interactions become distinct?

              

              View answer - Question 3

            

          

          It should be emphasised that there is some disagreement and uncertainty about the exact processes that occurred at this extremely
            early period in the history of the Universe, but the story outlined above is the best guess at what may have actually occurred.
            Before proceeding with the trip through time, we will pause for a moment to examine a quite remarkable event that seems to
            have happened just after the strong and electroweak interactions became distinct. The event has profound consequences for
            the nature of the Universe today.
          

        

        
          1.4 Inflation

          Time: 10−36s to 10−32s
          

          Temperature: rapidly changing
          

          Energy: rapidly changing
          

          When talking about the Universe, there is an important distinction that our discussion has, up until now, largely ignored.
            First, there is the entire Universe and this may be infinite in size. By implication, it makes no sense to put a value on
            the 'size' of the entire Universe, since infinity is larger than any number you care to think of. But there is also what we
            may call the observable Universe, which is that part of the Universe that it is theoretically possible for us to observe from Earth. We can calculate a value for the size of this finite region.
          

          
            
              Question 4

            

            
              
                Why should there be a limit to how far we can see?

              

              View answer - Question 4

            

          

          One might naturally expect that the radius of the currently observable Universe is therefore equal to the maximum distance
            that light can have travelled since the Universe began, as illustrated in Figure 3. Notice that, although light can travel from the edge of the sphere shown in Figure 3 to the centre within the age of the Universe, light cannot travel from one edge to the opposite edge (across the diameter of the sphere) within the age of the Universe — the Universe
            is simply not old enough!
          

          
            [image: Figure 3]

            Figure 3 The size of the observable Universe. Imagine that the Earth lies at the centre of the circle (really a sphere in
              three dimensions), with a radius equal to the distance that light can travel since the Universe began. Then light from galaxies
              lying within the circle has had time to reach us, but light from galaxies lying outside the circle has not had sufficient
              time to reach us since the Universe began. Such galaxies are simply not observable at the current time. Furthermore, light
              from galaxies at one side of the circle has not had time to reach galaxies on the other side of the circle.
            

          

          When trying to understand the large-scale structure of the Universe that is observed today, one of he most intriguing problems
            is that the Universe is so uniform. The results from the Cosmic Background Explorer (COBE) satellite, launched in 1989 to
            measure the diffuse infrared and microwave radiation from the early universe, showed that one part of the Universe has exactly
            the same temperature, to an accuracy of better than one part in ten thousand, as any other part of the Universe. Furthermore,
            the expansion rate of the Universe in one direction is observed to be exactly the same as that in any other direction. In
            other words, the observable Universe today is seen to be incredibly uniform. At 10−36s after the Big Bang, when things were far closer together than they are now, the physical conditions across the Universe
            must therefore have been identical, to an unimaginable level of accuracy. Yet, according to conventional physics, there has
            not been time for these regions of space to ever 'communicate' with one another — no light signals or any other form of energy
            could travel from one to the other and smooth out any irregularities.
          

          In 1981, the American physicist Alan Guth suggested that, in the early history of the Universe at times between about 10−36s and 10−32 s after the Big Bang, the Universe underwent a period of extremely rapid expansion, known as inflation. During this time, distances in the Universe expanded by an extraordinary factor — something like 1050 has been suggested although this could be a vast underestimate!
          

          It is believed that inflation may be caused by the way in which the strong and electroweak interactions became distinct. The
            exact mechanism by which inflation occurred is not important here, but there are many consequences of this theory. The most
            important for the present discussion is that the region that was destined to expand to become the currently observable Universe,
            originated in an extremely tiny region of the pre-inflated Universe. This tiny region was far smaller than the distance a
            light signal could have travelled by that time and so any smoothing processes could have operated throughout the space that
            now constitutes the observable Universe. The problem of the uniformity of the microwave background and the uniform measured
            expansion then goes away.
          

          Non-uniformities may still be out there, but they are far beyond the limits of the observable Universe — and always will be.
            Because we cannot ever hope to see beyond this barrier, we can have no knowledge whatsoever of events that occurred before inflation, since any information about such events is washed out by the rapid increase in scale. Inflation serves to hide
            from us any event, process or structure that was present in the Universe at the very earliest times.
          

          If you're thinking that the inflation theory contains some pretty bizarre ideas — you're right! — but it's the most promising
            theory that currently exists for one of the earliest phases in the history of the Universe. We shall say no more about it
            here, but now pick up the story again after the Universe has completed its cosmic hiccup. The strong and electroweak interactions
            have now become distinct and the X bosons have therefore disappeared.
          

          As the matter and antimatter X bosons decayed, they produced more quarks, antiquarks, leptons and antileptons — so adding
            to the raw materials from which the material contents of the Universe were later built. If we use X to represent a matter
            X boson and [image: ] to represent an antimatter X boson, the types of reaction that are believed to have occurred are:
          

          
            [image: ]

          

          All six flavours of quark (up [u], down [d], charm [c], strange [s], top [t], bottom [b]) and all six flavours of lepton (e−, μ−, [image: ]−, [image: ]e, [image: ]μ, [image: ]τ) were produced at this time, along with their antiparticles. Notice, however, that matter and antimatter X bosons can each
            decay into either matter or antimatter particles. This will be important later on in the story.
          

        

        
          1.5 The quark-lepton era

          Time: l0−11s to 10−5s
          

          Temperature: 3 × 1015 K to 3 × 1012 K
          

          Energy: 1000 GeV to 1 GeV
          

          During the time interval 10−32 s to 10−11 s, i.e. for the 10−11 seconds or so after inflation, nothing new happened in the Universe! It merely carried on expanding and cooling, but no new
            processes took place. The desert (as it is known) - came to an end when the Universe reached a temperature of about 3 × 1015 K, and this is where the next stage in our history begins. At this point the mean energy per particle was around 1000 GeV
            and the electromagnetic and weak interactions became distinct (Figure 1). The energies corresponding to this transition are becoming attainable in experiments here on Earth. So it could be argued
            that all particle reactions that models propose after the first 10−11 s of the history of the Universe are directly testable in Earth-based laboratories.
          

          By 10−11 s after the Big Bang, the X bosons had long since decayed in reactions like those shown in Equation 2, but the temperature of the Universe was still too high for the familiar baryons (protons and neutrons) to be stable. The
            Universe contained all types of leptons, quarks, antileptons, and antiquarks as well as photons. In fact, there would have
            been approximately equal numbers of particles and antiparticles at this time — but note that word approximately — we shall return to the implications of this in a moment. There would also have been equal amounts of radiation (photons)
            and matter/antimatter (particles or antiparticles).
          

          Now is a good time to go over some of the basics about the fundamental particles from which the Universe is built.

          
            
              Question 5

            

            
              
                How do the properties of one generation of particles differ from those of each other generation?

              

              View answer - Question 5

            

          

          
            
              Question 6

            

            
              
                Which particles participate in strong interactions, weak interactions and electromagnetic interactions, respectively?

              

              View answer - Question 6

            

          

          
            
              Question 7

            

            
              
                How do the charge and mass of antimatter particles differ from those of the corresponding matter particles?

              

              View answer - Question 7

            

          

          Let's now consider what the net electric charge of the Universe would have been at this time. When quarks and leptons are
            spontaneously produced from energy, they appear as matter-antimatter pairs with equal and opposite charge. So the net charge
            of the Universe remains zero, however many quarks, antiquarks, leptons and antileptons are produced in this way. But there
            is another way of producing leptons and quarks, namely by the decay of X bosons (Equation 2). The decays of X bosons produce:
          

          
            	   
              three quarks for every one lepton (and three antiquarks for every antilepton);
   
            

            	   
              quarks with charge +2/3 unit as often as quarks with charge −1/3 unit;
   
            

            	   
              charged leptons as often as uncharged leptons.
   
            

          

          So, a few X bosons might decay to produce three up quarks, three down quarks, one electron and one electron neutrino, in accord
            with these rules.
          

          
            
              Question 7.1

            

            
              
                What is the total electric charge of: three up quarks, three down quarks, one electron and one electron neutrino?

              

              View answer - Question 7.1

            

          

          An X boson decay rate with a three to one balance between quarks and leptons therefore ensured that the net charge of the
            Universe remained zero.
          

        

        
          1.6 The quark-lepton era (contd)
          

          The next stage of the story is to look at how and when the original mixture of all types of quark and lepton that were present
            when the Universe was 10−11 s old, gave rise to the Universe today, which seems to be dominated by protons, neutrons and electrons.
          

          
            
              Question 8

            

            
              
                In particle accelerators, how much energy is required in order to 'create' a particle and an antiparticle of a given mass?

              

              View answer - Question 8

            

          

          In the early Universe, when the mean energy per particle was greater than the mass energy of a given particle plus antiparticle,
            those particles and antiparticles existed in abundance, and survived in equilibrium with radiation. When the mean energy per
            particle dropped below this value, annihilations became more likely than pair creations, and so the number of particles and
            antiparticles of a given type reduced.
          

          Massive quarks and leptons also decay into less massive ones, and these decays became more likely as the available energy
            fell.
          

          
            
              Question 9

            

            
              
                In the early Universe, what was the mean energy per particle when the following particles decayed into their less massive
                  counterparts? (a) Top quarks with a mass energy of around 180 GeV. (b) Tauons with a mass energy of around 1.8 GeV.
                

              

              View answer - Question 9

            

          

          Broadly speaking, when the temperature of the Universe fell below that at which the mean energy per particle was similar to
            the mass energy of the particles concerned, then the particles decayed into other less massive particles. So, by the time
            the Universe had cooled to a temperature of 3 × 1012 K, equivalent to a mean energy per particle of about 1 GeV, when the Universe was 10−5 s old, several important changes had taken place. First, many of the tauons and antitauons, muons and antimuons had decayed
            into their less massive lepton counterparts: electrons and positrons. Also, the temperature had fallen such that annihilation
            was favoured rather than pair creation for tauons and muons, so any remaining massive leptons had mutually annihilated, producing
            photons. The only leptons that remained in the Universe in any significant number were therefore electrons and neutrinos (with
            their antiparticles in approximately equal numbers).
          

          Similarly, the massive quarks (strange, charm, top and bottom) had mostly decayed into their less massive counterparts (up
            and down), via a variety of transformations, some of which are shown in Figure 4. Notice that all of these decays are weak interactions, since they involve W bosons. In each case quarks change flavour with
            the emission of a lepton-antilepton pair.
          

          All types of quark and antiquark also underwent mutual annihilations — with a particularly crucial result. In discussing the
            relative numbers of particles and antiparticles earlier, the phrase approximately equal was used deliberately. If the Universe had contained exactly equal numbers of quarks and antiquarks, then these would have all annihilated each other, leaving a Universe that contained
            no baryons — so no protons and neutrons — no atoms and molecules — no galaxies, stars, planets or people. Clearly that is
            not what we observe around us!
          

          In fact the Universe now seems to consist almost entirely of matter (rather than antimatter) in the form of protons, neutrons,
            electrons and electron neutrinos, plus photons. And there are believed to be roughly one billion photons for every baryon
            (proton or neutron) in the Universe today. This implies that, just before the quark-antiquark annihilations took place, for
            every billion antimatter quarks there must have been just over a billion matter quarks. Running the Universe forward from this point, for every billion quarks and billion antiquarks that
            annihilated each other producing photons, a few quarks were left over to build baryons in order to make galaxies, stars, planets
            and people.
          

          Why did the Universe produce this slight imbalance of matter over antimatter? Maybe it was just 'built-in' from the start,
            like any other constant of nature? This is rather unsatisfactory to many cosmologists and particle physicists, who prefer
            to believe that the imbalance arose after the Universe had got started. It has been suggested that the decays of X bosons into quarks and leptons may slightly favour the production of matter particles over antimatter particles. As you saw in Equation 2, a matter or antimatter X boson can decay into either matter particles or antimatter particles. So, if there is an imbalance in the rates, starting with equal numbers of matter
            and antimatter X bosons will not lead to the production of equal numbers of matter and antimatter quarks and leptons. Such matter-antimatter asymmetry has
            actually already been observed with experiments on Earth that measure the decay of particles called K mesons. Of the two possible
            routes for this reaction, one is favoured over the other by seven parts in a thousand. Perhaps something similar, to the tune
            of a few parts in a billion, occurs with X boson decays? The answer to this question is not yet known — but it's a rather
            important one, since without it none of us would be here to discuss the matter!
          

          
            [image: Figure 4]

            Figure 4 Feynman diagrams showing some examples of processes by which massive quarks decay into less massive quarks. In each
              case, electric charge, the number of quarks minus the number of antiquarks, and the number of leptons minus the number of
              antileptons are all conserved.
            

          

        

        
          1.7 The hadron era

          Time: 10−5 s to 100 s
          

          Temperature: 3 × 1012 K to 109 K
          

          Energy: 1 GeV to 300 keV
          

          From the time that the temperature fell to about 3 × 1012 K, at about 10−5 s after the Big Bang, stable baryons (protons and neutrons) began to form from the up and down quarks that remained after
            the annihilation of matter and antimatter.
          

          
            
              Figure 10

            

            
              
                How does the mean energy per particle at 10−5 s compare with the mass energy of a proton or neutron?
                

              

              View answer - Figure 10

            

          

          This is why confinement of quarks became important from this time onwards. Before 10−5 s after the Big Bang, there had been sufficient energy available for up and down quarks to escape to distances significantly
            larger than the dimensions of a proton or neutron. After this time, no such escape was possible.
          

          
            
              Question 11

            

            
              
                What are the quark contents of a proton and a neutron?

              

              View answer - Question 11

            

          

          Equal numbers of up and down quarks therefore led to an equal number of protons and neutrons emerging from this process. To
            recap on the contents of the Universe at this time, there were about a billion photons, electrons, positrons, neutrinos and
            antineutrinos for every single proton or neutron in the Universe.
          

          
            
              Question 12

            

            
              
                Why had the electrons and positrons not yet mutually annihilated each other?

              

              View answer - Question 12

            

          

          As soon as baryons had formed, weak interactions took over, with protons and neutrons existing in equilibrium governed by
            the following processes:
          

          
            [image: ]

          

          
            [image: ]

          

          So neutrons converted into protons by reacting with either positrons or electron neutrinos; protons converted into neutrons
            by reacting with either electron antineutrinos or electrons.
          

          
            
              Question 13

            

            
              
                At the quark and lepton level, how may the two reactions in Equation 3 be represented?
                

              

              View answer - Question 13

            

          

          We can also draw Feynman diagrams to illustrate these two processes, as shown in Figure 5. Each of the two processes may be considered as arising from the exchange of a W boson. Furthermore, each of the parts of this figure may be read either from bottom to top, or from top to bottom, depending on which way the reaction in Equation 4 progresses.
          

          
            
              Question 14

            

            
              
                What is the change in electric charge when a positron converts into an electron antineutrino? What is the change in electric
                  charge when a down quark converts into an up quark? How can the exchange of a W boson, as illustrated in Figure 5a, maintain conservation of electric charge in this case?
                

              

              View answer - Question 14

            

          

          With plenty of energy available, the transitions from neutron to proton and from proton to neutron proceeded at the same rate.
            Since there were as many neutrinos as electrons, and as many antineutrinos as positrons, the numbers of neutrons and protons
            in the Universe remained equal, at least initially. However, this situation did not continue. The mass of a neutron is slightly
            higher than that of a proton. As a consequence of this, the reactions in which a proton converted into a neutron became slightly
            less likely to happen as the energy fell, because they required more energy than those in which a neutron converted into a
            proton. As the Universe cooled, this difference in the rates of the two processes became more pronounced, and protons began
            to outnumber neutrons for the first time.
          

          
            [image: Figure 5]

            Figure 5 (a) and (b) Feynman diagrams illustrating the reactions occurring in Equations 4a and b, respectively. No arrows
              are shown because each of these Feynman diagrams can be read either from bottom to top (neutron to proton conversions), or
              from top to bottom (proton to neutron conversions). The W boson in each case may be exchanged either from left to right or
              from right to left. Positrons, electron neutrinos, and up quarks will emit W+ bosons, whereas electrons, electron antineutrinos and down quarks will emit W− bosons.
            

          

          As the Universe cooled still further, another reaction became important for the neutrons and the protons: isolated neutrons
            decay into protons. This additional process, again governed by the weak interaction, added to the dominance of protons over
            neutrons in the Universe:
          

          
            [image: ]

          

          Once the Universe was 0.1 s old, the weak interactions described by the reactions in Equations 3 and 4 became too slow, and neutrinos virtually ceased to have any further interaction with the rest of the Universe - ever! The
            ratio of protons to neutrons continued to rise as a result of neutron decay, and was only halted when the neutrons became
            bound up in atomic nuclei where they became essentially immune from decay. If the typical lifetime of the neutron (about 10
            minutes) were much shorter than it in fact is, then all neutrons would have decayed into protons long before they could become
            confined inside nuclei.
          

          When the Universe was about 10 s old, and the mean energy per particle was about 1 MeV, a final important event for the matter
            contents of the Universe occurred. The remaining primordial electrons and positrons mutually annihilated, producing yet more
            photons, but leaving the excess one-in-a-billion electrons to balance the charges of the primordial one-in-a-billion protons
            and ensure that the Universe has a net electric charge of zero.
          

        

        
          1.8 Primordial nucleosynthesis

          Time: 100 s to 1000 s
          

          Temperature: 109 K to 3 × 108 K
          

          Energy: 300 keV to 100 keV
          

          As the temperature continued to decrease, protons and neutrons were able to combine to make light nuclei. This marked the
            beginning of the period referred to as the era of primordial nucleosynthesis (which literally means 'making nuclei'). The first such reaction to become energetically favoured was that of a single proton
            and neutron combining to produce a deuterium nucleus, with the excess energy carried away by a gamma-ray photon:
          

          
            [image: ]

          

          
            
              Question 15

            

            
              
                What is deuterium?

              

              View answer - Question 15

            

          

          At high temperatures (greater than 109 K), there are a lot of high-energy photons so this reaction is favoured to go from right to left. As a result, deuterium
            nuclei were rapidly broken down. However, as the temperature fell below 109 K when the Universe was about 100 s old, deuterium production was favoured. Virtually all of the remaining free neutrons
            in the Universe were rapidly bound up in deuterium nuclei, and from then on other light nuclei formed. One of the reactions
            that occurred was:
          

          
            [image: ]

          

          
            
              Question 16

            

            
              
                What is the nucleus represented by [image: ]?
                

              

              View answer - Question 16

            

          

          This shows that two deuterium nuclei react together to form a nucleus of tritium with the ejection of a proton. The tritium
            nucleus immediately reacts with another deuterium nucleus to form a nucleus of helium-4 with the emission of a neutron. The
            proton and neutron produced in the two reactions above can combine to form another deuterium nucleus, so the net result of this set of reactions is that two deuterium nuclei are converted into a single nucleus of helium-4.
          

          Other more massive nuclei were also made as follows:

          
            [image: ]

          

          This shows that deuterium nuclei react with protons to make nuclei of helium-3. These can then either react with other helium-3
            nuclei to make helium-4 plus more protons or with nuclei of helium-4 to make beryllium-7. Nuclei of beryllium-7 are unstable
            and immediately capture an electron to form lithium-7 with the emission of an electron neutrino. Lithium-7 nuclei can react
            further with a proton to create nuclei of beryllium-8, but these too are unstable and immediately split apart into a pair
            of helium-4 nuclei. The end products of the four reactions are nuclei of helium-3, helium-4 and lithium-7, with the vast majority
            ending up as helium-4.
          

          
            
              Question 17

            

            
              
                The reactions in Equation 8 are the same as those that comprise the later stages of the proton-proton chain that occurs in
                  the Sun. Why did the first stage of the proton-proton chain not occur to any great extent in the early Universe?
                

              

              View answer - Question 17

            

          

          Nuclei with a mass number greater than seven did not survive in the early Universe. This is because there are no stable nuclei
            with a mass number of eight — notice from above that the beryllium nuclei decay spontaneously, leading ultimately to more
            helium-4. The reactions that by-pass this bottleneck take much longer than the few minutes that were available for nucleosynthesis
            at this time. (Remember, we're now talking about a time-span of around 15 minutes when the Universe had an age of between
            100 and 1000 s.) Before more advanced reactions could occur, the Universe cooled too much to provide the energy necessary
            to initiate them.
          

          The ratio of protons to neutrons had, by this time, reached about seven protons for every one neutron. Because the neutrons
            were bound up in nuclei, they no longer decayed, and the ratio remained essentially fixed from here on. The vast majority
            of the neutrons ended up in nuclei of helium-4. Only very tiny fractions were left in deuterium, helium-3 and lithium-7 nuclei,
            since the reactions to produce them were far more likely to continue and produce helium-4 than they were to halt at these
            intermediate products.
          

          By the time the Universe had cooled to a temperature of about 3 × 108 K after 1000 s, the particles had insufficient energy to undergo any more reactions. The era of primordial nucleosynthesis
            was at an end, and the proportion of the various light elements was fixed. The rates of reaction to form helium and the other
            light elements have been calculated, and the abundances predicted may be compared with the abundances of these nuclei that
            are observed in the Universe today. There is close agreement between theory and observation.
          

          
            
              The close agreement between the theoretically predicted abundances of the light elements and the observed abundances in the
                Universe today is the third major piece of evidence, alongside the cosmic microwave background and the Hubble expansion, in
                favour of the hot big bang model for the origin of the Universe.
              

            

          

          At an age of 1000 s, the Universe reached a state where its matter constituents were essentially as they are today. There
            are about 109 photons for every baryon (proton and neutron), and about seven protons and electrons for every one neutron. Neutrinos and
            antineutrinos continue to travel through the Universe unhindered by virtually anything they encounter.
          

          
            
              Worked example 2

            

            
              
                Assume that the Universe contains one neutron for every seven protons, and that all the neutrons are today bound up in nuclei
                  of helium-4. (a) What are the relative numbers of hydrogen and helium nuclei in the Universe? (b) What are the relative percentages,
                  by mass, of hydrogen and helium in the Universe?
                

              

              View answer - Worked example 2

            

          

        

        
          1.9 Structure in the Universe

          Time: 1010s to 4.2 × 1017 s (300 years to 14 billion years)
          

          Temperature: 105 K to 2.73 K
          

          Energy: 30 eV to 7 × 10−4eV
          

          As the Universe cooled still further, nothing much happened for a few hundred years (between 1000 s and 1010 s). As the mean energy per particle fell below a few tens of electronvolts, so electrons began to combine with nuclei to
            form neutral atoms.
          

          Gradually, as this electrically neutral matter accumulated, gravity began to take over as the dominant force operating in
            the Universe. Slight variations in the amount of matter and radiation in different regions meant that matter began to gather
            together into slightly denser clumps. These clumps provided the seeds from which galaxies later grew.
          

          By the time the Universe had cooled to a temperature of 3000 K, about 300 000 years after the Big Bang, the mean energy of
            the photons had fallen to about 1 eV, and most of the matter in the Universe was in the form of neutral atoms. This was the
            trigger for another significant change in the behaviour of the Universe. The background radiation photons — those 109 photons for every particle left over from the annihilation epoch (matter and antimatter reactions) — interacted for the last
            time with matter in the Universe. When hydrogen atoms are in their ground state, photons with an energy of at least 10 eV
            are required in order to excite them to even the next energy level. So from this point on in the history of the Universe,
            photons were no longer absorbed by matter. After this time, the cosmic background radiation simply expanded freely with the
            Universe, cooling as it did so.
          

          When the cosmic microwave background radiation is observed today, very slight irregularities are observed in its temperature
            and intensity. These reflect slight differences in the matter distribution of the Universe at the time of the last interaction
            between the background photons and atoms. At the time of the discovery of these irregularities by the COBE satellite, they
            were described as 'wrinkles in the fabric of space-time' (Figure 6).
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            Figure 6

          

          
            
              The colour-coded map in Figure 6 (a) shows departures from uniformity in the cosmic microwave background radiation over the
                whole sky. The two panels correspond to two 'halves' of the sky, projected onto a flat picture. The scale represents the temperature
                either side of the mean temperature of 2.73 K. Violet regions are slightly cooler than the mean value of 2.73 K, red regions
                are slightly hotter, by about 100 microkelvin (μK). Most of the variations seen are believed to represent localized variations
                in the density of matter at a time 300 000 years after the Big Bang when this radiation interacted with matter for the last
                time. This map is the final result after four years operation of the COBE satellite. The map in Figure 6 (b), produced by
                the Wilkinson Microwave Anisotropy Probe (WMAP) satellite, was released in 2003. It shows the whole sky. Ripples in the temperature
                of the microwave background are seen here on much finer scales than was possible with COBE.
              

            

          

          Some time after the last interaction of matter and radiation, but probably before the Universe was a billion years old, the
            first galaxies formed. The exact time for this event is uncertain, but within these early galaxies, stars condensed out of
            the gas to become dense enough for nuclear reactions to start within their cores. Deep within these stars, hydrogen was converted
            into helium, releasing energy as electromagnetic radiation into the Universe. As stars age, so their cores contract and grow
            hotter, allowing helium fusion to occur. These further reactions produce heavier nuclei, such as carbon, oxygen and silicon.
            Low-mass stars, like the Sun, will end their cosmic chemistry here. They will eventually simply run out of nuclear fuel, and
            their cores will collapse to form dense, compact objects called white dwarfs.
          

          The more massive the star though, the hotter its interior, and the more massive the elements that can be produced by nuclear
            fusion reactions. But there is a limit to how far nuclear fusion can go. When four protons are converted into a nucleus of
            helium-4, the products have a lower mass than the reactants. This mass difference is liberated as energy. Similar mass reductions
            apply for reactions to produce all the elements up to those with mass numbers in the range of about 56 to 62, such as iron,
            cobalt and nickel. However, for nuclear fusion reactions beyond this, more energy must be put into the reactions than is released
            from them, so these are not viable.
          

          As the most massive stars approach the ends of their lives, when their cores are composed of nuclei that undergo no more fusion,
            some nuclear reactions within their interiors release free neutrons. These neutrons can then add, slowly one at a time, to
            the iron, cobalt or nickel nuclei to make even more massive elements. As more and more neutrons are added, some transform
            into protons, via beta-minus decay, and in this way massive (stable) nuclei up to lead and bismuth can be created. These are
            the most massive, non-radioactive nuclei that exist in the Universe.
          

          But what happens to these massive stars? When the core is largely composed of iron, they have no further source of energy
            available. The outer layers fall inwards, squeezing the centre of the star down until it has a density comparable to that
            of an atomic nucleus. The collapse halts — suddenly — and the material rebounds, setting off a shock wave back through the
            outer layers of the star. The result is a supernova explosion, in which 90% of the star's mass is thrown violently out into
            space (see Figure 7). The star's core left behind will be revealed as a neutron star, or the ultimate compact object, a black hole.
          

          In the final moments of its life, the star has one final surprise left. The immense temperatures and pressures created during
            the explosion cause electrons and protons to react to form huge numbers of free neutrons. These neutrons enable elements to
            be built beyond the lead and bismuth limit. All naturally radioactive elements in the Universe (apart from those which are the decay products
            of even more massive radioactive nuclei) were formed in such supernovae explosions, and a large proportion of the others between
            nickel and bismuth were also created in these violent events.
          

          From here the star cycle repeats - but this time with a slight difference. Stars that formed after the first generation had
            lived and died had a richer source of raw material. A star like the Sun was formed in a galaxy that had already seen at least
            one generation of massive stars born, live and die in supernovae explosions. The gas and dust from which the Sun formed, about
            5 billion years ago, had therefore been enriched by heavier elements produced inside these earlier stars. This leads to the
            possibility of the formation of planets from the rubble left behind.
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            Figure 7 The Crab nebula, a supernova remnant in the constellation of Taurus. This expanding cloud of gas was thrown off in
              a supernova explosion when a massive star reached the end of its life. The cloud seen here is about three parsecs across.
              The exploding star was seen by Chinese astronomers on 4 July 1054, and was so bright that it remained visible in full daylight
              for 23 days.
            

          

          The Earth itself formed from such debris. Every nucleus of carbon, oxygen, nitrogen and silicon found on the Earth and within
            living creatures was created inside the heart of an ancient star. Every nucleus of precious metal such as silver, gold and
            platinum was formed either from slow neutron capture in ageing stars, or by rapid neutron capture during the supernova explosions
            that mark their death. And so we come full circle back to the present day, about 14 billion years after the Big Bang, when
            the Universe has cooled to only 2.73 K.
          

          Homing in on a fairly average spiral galaxy, we find a fairly average star somewhere out in one its spiral arms. Orbiting
            this star is a small rocky planet, two-thirds covered with water, and with an atmosphere rich in oxygen. On the surface of
            the planet are many living creatures, including members of one species who are so interested in the origin and complexity
            of the Universe that they build telescopes and particle accelerators with which to study it. They observe the expansion of
            the Universe by the redshift of distant galaxies, and the cooling of the Universe by the spectrum of its background radiation.
            Using particle accelerators they recreate extreme temperatures and examine particle reactions that have not occurred in the
            Universe for billions of years. The revelations of such experiments confirm that no epoch or location in the Universe is subject
            to any special dispensation. That at all times and all places the same physical principles hold, yet manifest themselves in
            a gloriously evolving diversity.
          

        

        
          1.10 Summary and questions

          The Universe was created at the instant of the Big Bang. As it has aged, the Universe has cooled and distances within it have
            increased. At the earliest times, the four fundamental interactions were unified, but as the temperature of the Universe decreased,
            so these interactions became distinct.
          

          The earliest time about which anything can be said is the Planck time, when the gravitational interaction had a similar strength
            to the other fundamental interactions. Before this, the concept of 'time' itself may have no meaning.
          

          Early in its history, the Universe is presumed to have undergone an extremely rapid period of expansion, known as inflation.
            One effect of this was to smooth out any irregularities, leading to today's remarkably uniform observable Universe.
          

          The early Universe contained almost equal numbers of matter and antimatter particles (quarks and leptons). However, there was an asymmetry of a few parts per
            billion in favour of matter. The matter and antimatter underwent mutual annihilation and the result of this is that there
            are now about 109 photons for every matter particle in the Universe.
          

          Equal numbers of protons and neutrons were initially produced in the Universe from the up and down quarks remaining after
            annihilation. However, free neutrons decay, and this reduced their number, leading to a Universe containing about seven protons
            for every neutron today.
          

          All free neutrons were soon bound up within nuclei of deuterium, helium and lithium. The approximate distribution of mass
            in the Universe is about 25% helium-4 to 75% hydrogen, with small traces of other nuclei.
          

          Neutrinos ceased to interact with the rest of the Universe soon after protons and neutrons were formed.

          At 300 000 years after the Big Bang, when the temperature was about 3000 K, photons produced from the matter-antimatter annihilations
            had their last interaction with the matter of the Universe. These photons, redshifted by a factor of a thousand by the expansion
            of the Universe, form the cosmic microwave background that is observed today.
          

          As the Universe cooled still further, galaxies and stars were able to form under the influence of gravity. Stars process light
            nuclei into heavier ones within their cores. The more massive stars then undergo supernova explosions, throwing material out
            into space ready to be included in later generations of stars and planets.
          

          
            
              Question 1

            

            
              
                
                  [image: Figure 4]

                  Figure 4 Feynman diagrams showing some examples of processes by which massive quarks decay into less massive quarks. In each
                    case, electric charge, the number of quarks minus the number of antiquarks, and the number of leptons minus the number of
                    antileptons are all conserved.
                  

                

                Figure 4, repeated above shows how top and bottom quarks can decay into bottom and charm quarks, respectively. Following the
                  patterns shown there, draw Feynman diagrams to represent: (a) the decay of a charm quark into a strange quark, and (b) the
                  decay of a strange quark into an up quark.
                

              

              View answer - Question 1

            

          

          
            
              Question 2

            

            
              
                Imagine a hypothetical Universe in which weak interactions do not exist and in which only first-generation quarks and leptons
                  are present (i.e. there are no charm, strange, top or bottom quarks, and no muons, muon neutrinos, tauons or tauon neutrinos).
                  Speculate about the ways in which such a Universe would be different from our own. Your answer should be no longer than about
                  100 words.
                

              

              View answer - Question 2

            

          

          
            
              Question 3

            

            
              
                In addition to the 'barrier' at a mass number of eight, there are also no stable nuclei with a mass number of five. Using
                  the building blocks available in the early Universe, what nuclei could you combine to try to create a nucleus with a mass
                  number of five?
                

              

              View answer - Question 3

            

          

          
            
              Question 4

            

            
              
                (a) Describe three times or sites at which nucleosynthesis has occurred in the history of the Universe.

                (b) At which of these times or sites did most of the (i) helium, (ii) oxygen, and (iii) uranium in the Universe originate?

              

              View answer - Question 4

            

          

          
            
              Question 5

            

            
              
                In which order did the following events occur in the history of the Universe? (Hint: Consider the energy required for each process.)
                

                
                  	   
                    the formation of atoms
   
                  

                  	   
                    the formation of light nuclei
   
                  

                  	   
                    the formation of quarks and leptons
   
                  

                  	   
                    the formation of protons and neutrons
   
                  

                  	   
                    the annihilation of electrons and positrons
   
                  

                  	   
                    the annihilation of quarks and antiquarks
   
                  

                  	   
                    neutrinos cease to interact further with matter or radiation
   
                  

                  	   
                    background photons cease to interact with matter
   
                  

                

              

              View answer - Question 5

            

          

          
            
              Question 6

            

            
              
                Summarise the contents of the Universe at the times corresponding to the end of each of Sections 2 to 7.

              

              View answer - Question 6

            

          

          
            
              Question 7

            

            
              
                What are the three key pieces of observational evidence that support the idea of a hot big bang? Which of them do you think
                  allows cosmologists to reach back furthest into the past, and why?
                

              

              View answer - Question 7

            

          

        

      

    

  
    
      
        Conclusion

        This free course provided an introduction to studying Science. It took you through a series of exercises designed to develop
          your approach to study and learning at a distance, and helped to improve your confidence as an independent learner.
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        Question 1

        Answer

        (a) As the Universe aged from 1 s to 100 s (a factor of one hundred increase in age), so its temperature fell by a factor
          of ten from 1010 K to 109 K. (b) As it aged by another factor of one hundred from 100 s to 104 s, its temperature fell by another factor of ten from 109 K to 108 K.
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        Worked example 1

        Answer

        (a) You know that

        
          [image: ]

        

        and that over the interval between 1 s and 100 s, the separation increases from 105 km to 106 km. Therefore the average recession speed over this interval is given by:
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        This is of the order of 104 km s−1.
        

        (b) In the interval between 100 s and 104 s, the separation increases at an average rate of
        

        
          [image: ]

        

        which is of the order of 103 km s−1.
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        Question 2

        Answer

        The typical size for an atomic nucleus is about 10−14 m. So the Planck length is around 1021 times smaller than an atomic nucleus. (It is as many times smaller than a nucleus as a nucleus is smaller than the Earth!)
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        Question 3

        Answer

        Be careful here!

        10−36 s − 3 × 10−44 s = (1 × 10−36 s) − (0.000 000 03 × 10−36 s) = 0.999 999 97 × 10−36 s. So, to all intents and purposes, the strong and electroweak interactions became distinct about 10−36 s after the Planck time.
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        Question 4

        Answer

        The speed of light is a cosmic speed limit — nothing can travel any faster. So, the only part of the Universe that is now
          observable is that fraction of it from which light has had time to reach us since the Universe began, about 14 billion years
          ago.
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        Question 5

        Answer

        The third-generation quarks (t and b) are more massive than the second-generation quarks (c and s), which in turn are more
          massive than the first-generation quarks (u and d). Only upper limits to the masses of neutrinos are known, but tauons are
          more massive than muons, which in turn are more massive than electrons.
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        Question 6

        Answer

        Only quarks take part in strong interactions. All quarks and leptons participate in weak interactions. All electrically charged
          particles experience electromagnetic interactions.
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        Question 7

        Answer

        Antimatter particles have the opposite electric charge, but the same mass, as their matter counterparts. Antimatter quarks
          also have the opposite colour charge to matter quarks.
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        Question 7.1

        Answer

        The electric charge of a single up quark is +2/3 unit, of a single down quark is −1/3 unit, of a single electron is −1 unit,
          and of a single electron neutrino is 0 units. So the total electric charge of this collection of particles is [image: ].
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        Question 8

        Answer

        Broadly speaking, an amount of energy equivalent to (or greater than) the mass energy of the particle and antiparticle concerned
          needs to be supplied. For example, the mass energy of an electron is about 500 keV, so to create an electron-positron pair,
          at least 2 × 500 keV = 1 MeV of energy must be available.
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        Question 9

        Answer

        (a) Top quarks decayed when the mean energy per particle fell below about 180 GeV. (b) Tauons decayed when the mean energy
          per particle fell below about 1.8 GeV.
        

        Back

      

    

  
    
      
        Figure 10

        Answer

        Protons and neutrons have a mass energy of about 1 GeV, which is similar to the mean energy per particle in the Universe at
          this time.
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        Question 11

        Answer

        A proton is composed of two up quarks and a down quark, whereas a neutron is composed of two down quarks and an up quark.
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        Question 12

        Answer

        The mass energy of an electron or positron is about 500 keV, and the mean energy per particle was still much higher than the
          1 MeV required to create a pair of them. So electrons and positrons were still in equilibrium with photons, undergoing both
          annihilation and pair creation reactions at the same rate.
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        Question 13

        Answer

        Bearing in mind the quark composition of a proton and a neutron, each of the reactions involve conversions between a down
          quark and an up quark as shown in Equations 4a and b:
        

        
          [image: ]

        

        
          [image: ]
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        Question 14

        Answer

        When a positron (electric charge = +1 unit) converts into an electron antineutrino (electric charge = 0), the change in electric
          charge is −1 unit. When a down quark (electric charge = −1/3 unit) converts into an up quark (electric charge = +2/3 unit),
          the change in electric charge is +1 unit. So in Figure 5a the exchange of a W+ boson from left to right can be thought of as carrying +1 unit of electric charge away from the positron and adding it to
          the down quark. Alternatively, the exchange of a W− boson from right to left can be thought of as carrying −1 unit of electric charge away from the down quark and adding it
          to the positron.
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        Question 15

        Answer

        Deuterium is an isotope of hydrogen. Whereas normal hydrogen nuclei consist simply of a proton, deuterium nuclei (sometimes called 'heavy hydrogen')
          contain a proton and a neutron.
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        Question 16

        Answer

        This represents a nucleus of another isotope of hydrogen (called tritium), which contains two neutrons and one proton.
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        Question 17

        Answer

        The first stage of the proton-proton chain relies on the weak interaction and takes, on average, 1010 years to occur for any individual pair of protons. In the early Universe at this epoch, there was just not enough time for
          this reaction to occur to any great extent over the period considered here.
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        Worked example 2

        Answer

        (a) One way to calculate the answer is as follows. Imagine that you have a box containing 14 protons and two neutrons — the
          7:1 ratio mentioned in the question. If a nucleus of helium-4 is made from two protons and two neutrons, there will be 12
          protons remaining in the box, each of which can be considered as a hydrogen nucleus. Therefore there are 12 hydrogen nuclei
          for every one helium-4 nucleus in the Universe.
        

        (b) Taking the mass of a helium-4 nucleus to be four units, and that of a hydrogen nucleus to be one unit, the relative masses
          of the helium-4 and hydrogen in the box are 4 and 12, respectively. The fraction of the mass in the box due to helium-4 is
          therefore 4/(4 + 12) = 0.25 or 25%, and that due to hydrogen is 12/(4 + 12) = 0.75 or 75%. (In fact the actual mass fraction
          of helium-4 that is predicted to have come out of the Big Bang is between about 22% and 24%.)
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        Question 1

        Answer

        Feynman diagrams for these decay processes are shown in Figure 8.
        

        (a) Figure 8a shows the decay of a charm quark into a strange quark and a W+ boson, which in turn decays into a positron and an electron neutrino.
        

        
          [image: Figure 8]

          Figure 8 Feynman diagrams illustrating the decay of (a) a charm quark and (b) a strange quark.

        

        (b) Figure 8b shows the decay of a strange quark into an up quark and a W− boson, which in turn decays into an electron and an electron antineutrino.
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        Question 2

        Answer

        If weak interactions did not exist in the hypothetical Universe, and if only up quarks, down quarks, electrons, electron neutrinos
          and their antiparticles were initially present:
        

        
          	   
            Conversions between protons and neutrons would be impossible.
   
          

          	   
            As protons cannot convert into neutrons, there would be no proton-proton chain of nuclear fusion in stars (including the Sun).
   
          

          	   
            As primordial neutrons cannot convert into protons, there would be equal numbers of protons and neutrons in the Universe.
   
          

          	   
            As there are equal numbers of primordial protons and neutrons, these would all combine (eventually) to form nuclei of helium-4.
              Consequently there would be no hydrogen in the Universe.
            
   
          

          	   
            As there is no hydrogen in the Universe, there would be no water, no organic chemicals, and therefore no life as we know it.
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        Question 3

        Answer

        In principle, you could combine [image: ] with [image: ], or you could combine a proton with [image: ]. Both of these would give a nucleus consisting of three protons and two neutrons: [image: ]. (In practice this is unstable as it has too many protons, and splits apart into [image: ] plus a proton.) Alternatively, you might try adding a free neutron to a [image: ] nucleus to make [image: ]. (However, this too is unstable as it contains too many neutrons, and splits apart.)
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        Question 4

        Answer

        (a) Nucleosynthesis — the formation of nuclei — occurred in the early Universe, between about 100 and 1000 seconds after the
          Big Bang. During this epoch, only low-mass nuclei, such as deuterium, helium and lithium were formed. A second site for nucleosynthesis
          is in the heart of stars, such as the Sun. Here, hydrogen undergoes nuclear fusion to form helium, and later on helium can
          fuse to form carbon, oxygen, silicon and other (relatively) low-mass nuclei. In fact, most nuclei below a mass number of about
          62 (nuclei up to iron, cobalt and nickel) can form in the heart of stars in this way. Finally, nucleosynthesis can occur at
          the end of a star's life during a supernova explosion. In this process, many nuclei more massive than iron are formed and
          thrown violently out into the Universe, where they can be incorporated into future generations of stars and planets.
        

        (b) (i) Most of the helium nuclei were formed during the primordial nucleosynthesis, soon after the Big Bang.

        (ii) Most of the oxygen nuclei were formed in the heart of stars.

        (iii) All the uranium nuclei were formed as a result of supernova explosions.
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        Question 5

        Answer

        Perhaps the simplest way to decide in which order a sequence of events occurred is to think about the energy required for
          each process. If the processes are then arranged in descending order of energy, they will automatically be in a time-ordered
          sequence.
        

        Clearly, the formation of the fundamental constituents of matter, quarks and leptons, require the most energy of these processes.
          This event must have occurred first. Next, as the energy dropped, quarks and antiquarks would have mutually annihilated, leaving
          behind the relatively few residual matter particles from which to construct the material content of the Universe. Protons
          and neutrons form next, from the residual quarks. When neutrinos cease to interact with matter, the equilibrium conversion
          between protons and neutrons effectively stops. After this, the electrons and positrons mutually annihilate, leaving relatively
          few electrons to balance the charge of the protons. From this point on, light nuclei are able to form from the protons and
          neutrons available. Atoms form next from the nuclei and electrons that now constitute the matter content of the Universe.
          Finally, background photons interact for the last time with matter when the Universe is about 300 000 years old.
        

        The sequence of the processes listed in the question is therefore:

        
          	   
            formation of quarks and leptons
   
          

          	   
            annihilation of quarks and antiquarks
   
          

          	   
            formation of protons and neutrons
   
          

          	   
            neutrinos cease to interact with matter or radiation
   
          

          	   
            annihilation of electrons and positrons
   
          

          	   
            formation of light nuclei
   
          

          	   
            formation of atoms
   
          

          	   
            background photons cease to interact with matter
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        Question 6

        Answer

        A summary of the contents of the Universe at the times indicated is shown in Table 1.
        

        
          Table 1 The contents of the Universe at various times.

          
            
              
                	Section
                	Time/s
                	Contents of the Universe
              

              
                	2 The very early Universe
                	10 −36
                	Six flavours of quark, six flavours of lepton, X bosons, photons (and presumably gluons, gravitons, W and Z bosons too).
              

              
                	3 Inflation
                	10 −32
                	The same as above, except that X bosons had largely disappeared.
              

              
                	4 The quark-lepton era
                	10 −5
                	Up and down quarks, electrons, positrons, neutrinos and antineutrinos, photons.
              

              
                	5 The hadron era
                	100
                	protons, neutrons, electrons, neutrinos and antineutrinos, photons.
              

              
                	6 Primordial nucleosynthesis
                	1000
                	Mainly hydrogen and helium-4 nuclei; traces of deuterium, helium-3, and lithium-7; electrons, neutrinos and antineutrinos,
                  photons.
                
              

              
                	7 Structure in the Universe
                	today
                	Galaxies, stars, gas and dust (all of which are made of atoms, the vast majority of which are hydrogen and helium); photons
                  (cosmic microwave background) fill all space; neutrinos and antineutrinos still present but almost undetectable.
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        Question 7

        Answer

        The three key pieces of observational evidence for the hot big bang are:

        
          	   
            the Hubble relationship linking the speed and distance of distant galaxies;
   
          

          	   
            the cosmic microwave background radiation;
   
          

          	   
            the relative abundances of helium, lithium and other light elements.
   
          

        

        The first galaxies formed when the Universe was at least a few hundred thousand years old, and possibly much later. So, in
          theory, observations of distant galaxies only allow cosmologists to reach back this far in time.
        

        The cosmic background radiation last interacted with matter when the Universe was about 300 000 years old. So observations
          of it only let cosmologists investigate conditions at that epoch.
        

        It is the relative abundances of the light elements that allow cosmologists to reach back the furthest. These elements were
          formed when the Universe was between 100 and 1000 seconds old, and the reactions that created them were sensitive to things
          like the ratio of neutrons to protons, which were determined even earlier.
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