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Slide 2

The Sun is a star.  This simple statement is familiar to most people today, but the skywatchers of ancient times had no idea that the bright yellow disk which provides us with heat and light in the daytime sky, and the tiny points of light which form the patterns of the constellations in the night sky, were one and the same thing.  By a few hundred years ago astronomers could chart the positions of the Sun and the stars in the sky, and thanks to the work of the English physicist Isaac Newton had begun to understand how gravity could explain their motion through space – and why they didn’t fall down from the sky! – but they had no idea what the stars were made of and how they shone.  With the birth of spectroscopy in the nineteenth century (see ‘Getting the Measure of the Universe’) came also the birth of astrophysics: astronomers no longer simply observed where the stars were, they also could deduce what chemical elements lay inside them.  It eventually became clear that the Sun was a star like all the others: a giant ball of very hot gas – mainly hydrogen – 150 million kilometres from the Earth and about 1.4 million kilometres in diameter.  By the beginning of the 20th century, however, astronomers still had no clear understanding of the process that produced energy inside stars.

Slides 3 – 4

Whatever the source of stellar energy was, astronomers certainly realised that there was an enormous amount of it inside stars.  The Sun, just like all other stars, gives off light – or electromagnetic radiation – at all wavelengths (being a good approximation to what we call a black body radiation source; see below, and ‘Light in Lumps or Ripples’).  The surface of the Sun – which has a temperature of about 6000K – gives off most of its light in the visible part of the spectrum.  Deeper inside the Sun, where the temperature is much higher, most of the Sun’s light is produced in electromagnetic radiation of shorter wavelengths, and higher energies: ultraviolet, x-rays and gamma rays.  Taking a photograph of the Sun at shorter wavelengths is a good way to see what’s going on in the Solar interior, rather like using an x-ray photograph to see the bones inside our bodies.  Such photographs reveal that the Sun is a seething ball of very hot gas, which is continually bubbling upwards towards the surface via a process known as convection – the same process that makes bubbles rise in a pan of hot water being heated on a stove.  Occasionally some of this very hot gas erupts from the surface of the Sun and shoots out into space, forming an arch hundreds of thousands of kilometres long.  We call such an event a Solar Flare.

A solar flare is the most energetic explosion in the solar system: a sudden release of energy that typically lasts about an hour.  The amount of energy released is equivalent to about 100 hydrogen bombs going off at once.  Solar flares reach out to the corona (the outermost layer of the sun's atmosphere, visible during a total solar eclipse) and take place in active regions on the Solar surface: areas where the Sun’s magnetic field is particularly strong.  Solar flares have a large effect on the Earth (perhaps not surprising when we see the size of the flare loop compared with the Earth) as they send out into the Solar System huge streams of energetic particles – known as the Solar Wind.  When these particles collide with the Earth’s atmosphere they excite it, causing the atmosphere to expand.  This can seriously disrupt radio signals and satellite communications, and can even cause satellites to change their orbits due to increased atmospheric drag.  As the solar wind particles interact with the magnetic field of the Earth we see what is known as the aurora borealis, or ‘Northern Lights’.  The particles are funnelled towards the poles, where the Earth’s magnetic field lines ‘bunch up’, and cause the atmosphere to glow, rather like a fluorescent lamp. The different colours that we see correspond to the different elements in the Earth’s atmosphere interacting with the Solar Wind particles.

So understanding ‘Solar weather’ and how it affects us here on Earth is a very important, and highly practical, aspect of astrophysics research today.  However, we would like to understand the origin and evolution of stars anyway, regardless of whether they affect us directly.  This is not an easy task, since we have come to learn that stars evolve over millions or billions of years.  It is no good waiting around for a particular star to complete its life cycle (although we are occasionally lucky enough to witness specific, very sudden, changes in that life cycle – see later).

Perhaps a good analogy is with how small infants, of say 3 years old, have to work out that the different people, of various shapes and sizes and ages, whom they see around them are basically the same as themselves – but at different stages of their life cycle.  An infant can quickly build up a picture of roughly what they are going to look like (and even what they did look like as a newborn baby, e.g. if they acquire a younger sibling – aside from being able to look at photographs or videos of their younger selves) at different stages of their lives by observing their older siblings, parents and grandparents.  We can do the same with stars.  By observing stars around us at all different stages of their life cycle, we can deduce the details of e.g. the Sun’s past and future evolution, without having to observe for billions of years to see that evolution happening directly.

Slides 5 – 17

In the second half of the 18th Century the French astronomer Charles Messier compiled a catalogue of interesting objects in the sky.  The catalogue includes a number of star clusters (e.g. the famous naked-eye Pleiades star cluster, M45, in Taurus) and galaxies (e.g. the Andromeda galaxy, M31, which at 2.2 million light years is the most distant object that is visible to the naked eye. Note, however, that Messier didn’t know that objects like M31 were galaxies – see ‘The Runaway Universe’).  A substantial number of Messier objects are nebulae (from the Greek word for cloud): vast clouds of gas, many light years across.  Examples include the Eagle Nebula, in Aquila – shown in red, in the photograph by David Malin of the Anglo Australian Observatory (upper right of slide 7) and in green, in the famous Hubble Space Telescope photograph (slides 9 – 11).  Note that the colours here are not the ‘true’ colours of the nebula, but are largely chosen by the astronomer taking the photograph to reflect different temperatures and densities of gas in different parts of the nebula; different base colours (e.g. red or green, as shown for the Eagle Nebulae here) can bring out different contrasts across the nebula.  Another example of a Messier nebula is the Great Nebula in Orion (M42), which is the ‘sword’ hanging down from the belt of Orion the Hunter.  Slides 16 and 17 show recent Hubble Telescope images of part of the Orion Nebula, revealing very fine details of the distribution and temperature of the gas in the cloud.

Nebulae such as the Eagle and Orion are fascinating not just because they provide beautiful images. They are also the birthplace of stars.

Slides 18 – 21

Making stars out of a gas nebula is all about a balance between two forces: pressure and gravity.  We start off with a huge gas cloud, perhaps a few light years across, consisting mainly of hydrogen and with a temperature of about 10K.  Something disturbs the gas cloud and it begins to collapse under its own gravity.  This collapse may be triggered by e.g. a passing star or, in a satisfying demonstration of cosmic recycling, the shock wave from an exploding star, or supernova (i.e. the death of one star helps bring about the birth of another).  Slide 21 shows the Veil Nebula: an example of an expanding shell of material from a supernova which exploded many thousands of years ago.

As the gas cloud collapses it increases in density, causing it to heat up. (Think of what happens when we pump air into e.g. a bicycle tyre).  This heat provides an outward pressure force, which tries to balance the inward pull of gravity.  At first the pressure force is insufficient to match the inward gravity and the collapse of the nebula continues.  Eventually, however, the cloud reaches a temperature of several million degrees – hot enough for the process known as nuclear fusion to begin.  The fusion process provides a huge amount of heat and light, and a high enough pressure to finally balance gravity, reaching a state of equilibrium where the cloud no longer collapses but can support its own weight.  We now have a newborn star!

Slides 22 – 23

Nuclear fusion provides the explanation of how stars like the Sun produce their heat and light.  The explanation only came in the early years of the 20th century, as rapid advances in theoretical physics began to get to grips with what goes on inside atoms, and how atoms interact with each other.  Much of the credit for these advances in our knowledge is due to the Swiss-German physicist Albert Einstein, for his work on relativity and quantum theory (see also ‘Einstein’s Universe and ‘Light in Lumps and Ripples’).  Einstein realised that there is a relationship between mass and energy, expressed in his famous equation 
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.  In the cores of stars hydrogen nuclei can fuse together to become helium nuclei.  The mass of each helium nucleus is very slightly less than the combined mass of the hydrogen nuclei from which it was formed; the extra mass is converted into energy.  In fact inside the Sun every second 600 million tons of hydrogen are turned into 596 million tons of helium, with the missing 4 million tons converted into energy – equivalent to the light of 4 million million million million 100W light bulbs!  Fortunately, there is so much hydrogen inside the Sun that this process can continue for about 10 billion years.

Why does nuclear fusion only occur at the heart of the Sun, at temperatures of many millions of degrees? The reason is that hydrogen nuclei are positively charged, and normally like charges repel each other – a force known as the Coulomb force.  To get the nuclei close enough to each other to undergo fusion, they need first of all to have enough energy to overcome their Coulomb repulsion – to break through the ‘Coloumb barrier’. The temperature of a gas is actually a measure of how much energy its atoms have.  For a gas at a temperature of 20 million degrees, there are enough hydrogen nuclei with the energy to overcome the Coulomb barrier and fuse together.  (In the late 1980s there were some experimental claims that ‘cold fusion’ could occur: that hydrogen could fuse together to become helium at room temperature, in a test tube.  If this were possible it would provide a fantastic new source of cheap, safe and virtually unlimited power, but most physicists were very sceptical of the reports.  Sure enough, the experimental claims were never substantiated and cold fusion appears to remain an impossibility).

Slide 24
As we remarked above, starlight is electromagnetic radiation, and comes in a wide variety of different forms that together make what we call the electromagnetic spectrum; the colours of the rainbow are only a very small part of this known as the visible spectrum. These different forms of light include the high-energy radiation called gamma rays and x-rays. This light is very penetrating: x-rays, for example, can penetrate the outer skin of our bodies and thus give a picture of the bones inside. At lower energies we find ultraviolet light, which is the type of radiation that gives us a suntan. Next we find the visible spectrum, with colours of light from violet to red. Our own eyes are sensitive to this type of light, and we are also sensitive to the next type of electromagnetic radiation: infrared light, which we experience as heat. Next after infrared comes microwaves and radio waves, which have energies many billions of times less than gamma rays or x-rays.

Slides 25 – 26

As we also remarked above, stars are good examples of what we term black body radiators.  A blackbody is an opaque object that absorbs all of the electromagnetic radiation that hits it.  In turn, the body will then re-emit the same amount of radiation. Thus it is a perfect absorber and emitter of radiation.  When the black body re-emits the radiation it does so over the entire electromagnetic spectrum, but the amount of radiation emitted (the intensity) is different at different wavelengths.  Therefore, if you measure the intensity that is emitted at each wavelength and plot it on a graph, then you get a continuous curve, called a blackbody curve. The German physicist Wilhelm Wien found that the peak in the blackbody curve (i.e. the wavelength at which the body is giving off most radiation) depends on the temperature of the black body: the hotter the body, the shorter the wavelength of the peak.  (At hotter temperatures the body gives off much more radiation overall – i.e. if we add up the contributions from all wavelengths).

Stars are not perfect blackbodies but they approximate their behaviour very well, and so they obey Wien’s law.  This means that the temperature of a star is related to its colour: the hotter the star, the shorter the wavelength of its peak radiation.  This is why some stars appear to have different colours in the sky; it is because they have different temperatures.  A star like the Sun, with a surface temperature of about 6000K, has its blackbody curve peak in the middle of the visible part of the spectrum, and so appears yellow.  (In fact the Sun’s peak is really in the green part of the spectrum, but the blue light from the Sun is scattered very effectively by the Earth’s atmosphere – which is essentially the reason why the sky is blue – and so the Sun actually appears orange-yellow).  A star like Betelgeuse, a supergiant in the constellation of Orion (top left star in Slide 12) has a surface temperature of only about 3000K.  Its blackbody peak lies in the infrared part of the electromagnetic spectrum, and it gives off significantly more red light than blue light – hence Betelgeuse appears red.  A star like Rigel on the other hand, also in the constellation of Orion (bottom right star in Slide 12) has a surface temperature well in excess of 12000K. Its blackbody peak lies well into the ultraviolet, and it gives off much more blue light than red light in the visible spectrum – hence Rigel appears blue.

Slides 27 – 29

If we know a star’s distance (e.g. using parallax – see ‘Getting the Measure of the Universe’) we can determine its intrinsic brightness, or luminosity, from how bright it appears to be.  Remember, a star that appears to us as faint could be either dim but nearby, or highly luminous but very distant.  And, as we have seen, the colour of a star tells us its temperature.  (In fact, we can determine the temperature of a star more accurately using its spectrum, by studying the pattern and strength of its spectral lines. This leads to the definition of what we call spectral type – a rather more complicated concept which we need not discuss here, although the basic idea is the same as with Wien’s law and its dependence of colour on temperature. For more details on spectral lines, see ‘Getting the Measure of the Universe’ and ‘Light in Lumps or Ripples’.

We can plot the luminosity and temperature of a star on a diagram; we call this a Hertzsprung-Russell diagram, named after the first astronomers to suggest its use.  We find that stars are not scattered uniformly across the Hertzsprung-Russell diagram, but are found in well-defined regions.  More than 90% of stars are found in a narrow band which stretches from the top left to bottom right of the diagram.  This is known as the Main Sequence, and it is where a star spends most of its life, from the time when it first begins the process of hydrogen fusion.  Stars continue to burn hydrogen, converting it into helium, throughout their time on the Main Sequence.  Indeed, the reason why we find so many stars on the Main Sequence is because they spend such a large fraction of their lifetimes there.  If we take a snapshot at some point of a star’s life, we are very likely to find it at a location where it spends most of its time. Stars don’t move along the Main Sequence while they are burning their hydrogen; different positions along the Main Sequence instead correspond to different initial stellar masses. Stars at the very top of the Main Sequence have much larger masses – as much as 50 times that of the Sun. These stars are also many times hotter and thousands of times more luminous than the Sun.  Conversely, stars at the bottom end of the Main Sequence have much lower masses, surface temperatures and luminosities than the Sun.

Groups of stars are also found in regions above and below the main sequence; these are known as the giant, supergiant and white dwarf branches, and are regions into which stars may move after they have left the Main Sequence.  (The positions on the Hertzsprung-Russell diagram of some well-known stars are indicated on Slide 29).

Slides 29 – 30

A star like the Sun undergoes hydrogen fusion following a process known as the P-P chain. Here the P stands for ‘proton’, since a hydrogen nucleus consists of a proton.  There are several steps in the P-P chain:

· Two protons fuse together, but in so doing one of the protons is converted into a neutron, producing in addition a positron (which is a positively charged version of an electron) and a neutrino (a ghost-like particle with negligible mass which interacts very weakly with other matter, but does carry off some momentum from the reaction).  Thus, we now have a nucleus containing one proton and one neutron; this is an isotope of hydrogen known as deuterium (also sometimes referred to as ‘heavy hydrogen’).

· It typically takes about a billion years for the initial fusion of the two hydrogen nuclei to take place. (In many ways this is just as well; if the reaction could happen more easily then the Sun would use up its hydrogen much faster, which means that it might have exhausted its nuclear fuel before there was time for life to evolve on Earth).  However, once the first two protons have finally fused, another proton immediately wants to get in on the act!  Typically within a second, the short-lived deuterium nucleus has fused with the third proton to produce Helium-3, which is a rarer form of helium than the more common Helium-4 isotope, with two protons and two neutrons.  Radiation is also given off at this stage: energy directly converted from the mass difference between the Helium-3 nucleus and the constituents from which it formed, using Einstein’s famous formula.

· After typically another million years, the Helium-3 nucleus will find a ‘twin’ and fuse with it to form Helium-4, releasing two protons in the process. These protons are then free to go off and repeat the whole process; thus we have a chain reaction.

Slides 31 – 32

The P-P chain is the dominant mechanism for fusing hydrogen into helium for stars with masses less than about 1.1 times that of the Sun.  For more massive (and thus also hotter) stars, a different chain of nuclear reactions called the CNO Cycle is used.  Here is the CNO stands for ‘carbon, nitrogen and oxygen’; these elements are used as catalysts to help the fusion of hydrogen into helium along.  As a result, the CNO cycle reactions proceed much faster than the P-P chain, which means that a hotter star uses up its hydrogen much faster than the Sun (see later).  A good question to ask is: if stars are mainly balls of hydrogen gas, where does the carbon, nitrogen and oxygen come from to participate in the CNO Cycle? These heavier elements are not made in the star itself, but were produced by earlier generations of stars after they left the Main Sequence (as we are about to discuss) and were dispersed into interstellar space, to form part of the nebula from which the new star formed, when these earlier generations of stars reached the end of their life.

A good example of CNO-burning blue stars is the Pleiades star cluster (Slide 32).  This group of stars formed only about 65 million years ago, and is therefore so young that it would not have appeared in the sky when the dinosaurs roamed the Earth.

Slides 33 – 37

So our picture of the interior of a Solar-type star, while it is on the Main Sequence, is rather simple: in the core hydrogen is being fused into helium – via the slow process of the P-P chain – while the rest of the star (about 80% of its total mass) outside the core consists of mainly hydrogen which is, in a sense, just ‘sitting there’.  Once all of the hydrogen in the core has been converted into helium, the star leaves the Main Sequence and begins to undergo some dramatic changes.  The core contracts, since the balance between pressure and gravity has temporarily been tipped in gravity’s favour as the source of pressure from P-P reactions in the core has stopped.  As the core contracts, however, its temperature rises even higher, soon becoming hot enough for helium fusion to occur – i.e. the star begins to manufacture elements heavier than helium. At the same time, a shell of hydrogen around the core is now hot enough to begin hydrogen fusion – just as the hydrogen in the core did while the star was on the Main Sequence.  To balance the contraction and heating of the core, the outer part of the star expands and cools; the star has become a red giant.

This is the fate that is thought to await the Sun at the end of its Main Sequence lifetime. It will spell very bad news for life on Earth since the expansion of the Sun may well be sufficient to engulf our planet (and even if it isn’t, the surface of the red giant Sun would be so close to the Earth that our planet would still be burned to a crisp).  We shouldn’t get too alarmed, however, as the Sun’s red giant phase is not going to happen for several billion years!

Meanwhile, in the core of the red giant, the process of helium burning will continue until all the core helium has been converted into lithium.  This will signal a further contraction and heating, until the core becomes hot enough to begin lithium burning, while at the same time helium burning will begin in a shell around the core.  This process will continue through a few more elements, but will generally not get beyond carbon, nitrogen and oxygen: the core of the star is not hot enough to allow the fusion of heavier elements.  Meanwhile the cool outer envelope will go through a series of further expansions, and in fact will become so large and diffuse that it simply drifts off into space – producing a rather beautiful shell of gas known as a planetary nebula (so called because in a small telescope they show a disk and might be mistaken for a planet).  Left behind is the hot, dense core of the star, which has become a white dwarf.  These objects are about the mass of the Sun, but compressed into a volume the size of the Earth – with a density about a million times that of ‘normal’ stars. In fact it is this incredible density that provides a new form of pressure (known as electron degeneracy pressure, and arising from the weird rules of quantum physics) to support the white dwarf against further collapse under its own gravity.  Although there are essentially no further nuclear reactions going on in the white dwarf, it may take many billions of years to cool down, as it begins life – after the outer shell of the red giant has drifted off – with a surface temperature of millions of degrees.

Slides 38 – 50

The fate of a very massive star (perhaps 8 – 20 times the mass of the Sun) is much more dramatic.  A very hot, blue, star near the top of the Main Sequence, which we can see slide 39 is hundreds of times larger in volume than the Sun, burns its hydrogen so fast that it leaves the Main Sequence after only a few tens of millions of years.  Thereafter it undergoes a series of core contractions as described above, producing progressively heavier elements, arranged in a series of concentric shells, all the way to iron at the centre.  Once the core consists entirely of iron atoms, however, further contraction and heating does not help re-ignite the process of nuclear fusion to produce even heavier elements.  This is because the nuclear reactions that make elements beyond iron are endothermic: they take in more energy than they give out, and therefore don’t help by providing a source of thermal pressure, through heat energy, to maintain the balance with gravity. Thus gravity wins a final victory! There is nothing to stop the mass of the outer part of the star ‘free falling’ under its own gravity onto the core.  This catastrophic collapse happens in a matter of minutes, creating incredible densities at the heart of the star, many trillions of times higher than the Sun, so that the entire core of the star has a density comparable to that of an atomic nucleus.  A process known as inverse beta decay converts the core material into a solid lump of neutrons – even a thimbleful of which would have a mass of billions of tons. When the infalling outer atmosphere of the star hits this neutron core it rebounds with a tremendous shock wave: the star blows itself apart in a supernova explosion.

Slides 51 – 55

Supernovae are quite rare events – which is perhaps as well for us, since they give off such large amounts of high energy radiation that if one were to go off within even a few hundred light years it could have potentially lethal consequences for life on Earth. Indeed some astronomers have suggested that supernovae could explain at least some of the mass extinction events which have occurred throughout the Earth’s history, although asteroid impact remains the favoured explanation of the Cretaceous–Tertiary extinction event 65 million years ago which spelt doom for the dinosaurs.  Nevertheless, they are so energetic that a supernova explosion thousands of light years away would be bright enough to be visible in the daytime sky.  This was the case e.g. for the Crab Nebula – a supernova which exploded in the year 1054, and was observed by Chinese astronomers.  The average rate of supernovae in a galaxy like ours is about one every century.  In 1987 a supernova was observed in our satellite galaxy, the Large Magellanic Cloud (see also ‘The Runaway Universe’); slide 52 shows the ‘before’ and ‘after’ photograph, taken one day apart, of SN1987A.

Supernovae are fascinating for many reasons.  The neutron core left behind after the supernova explosion may form a neutron star – about the same mass as the Sun yet only about 10 kilometres in diameter.  These objects are supported not by the pressure of nuclear fusion reactions, but by neutron degeneracy pressure – another bizarre consequence of quantum physics.

If the neutron star is spinning (as they generally will be, since the rotational energy of the massive star before it collapsed will be transferred to the tiny neutron star remnant, speeding up its rotation enormously – think of what happens when a spinning ice skater pulls their arms close in to their bodies) its intense magnetic field will produce beams of high energy radiation, which cause a pulsing signal every time the beams cross our line of sight.  These ‘pulsars’ were first detected in 1965 by the British astronomer Jocelyn Bell (shown in Slide 53), and gave such a regular, rapid radio signal that at first they were thought to be a message from little green men!  Observations of a binary pulsar system have provided an excellent way to test Einstein’s General Theory of Relativity, and may well be the origin of the first detected gravitational waves – ‘ripples’ in the fabric of spacetime itself.  If a supernova remnant is massive enough (between 3 and 5 times the mass of the Sun) then even neutron degeneracy pressure is insufficient to halt its collapse.  According to Einstein’s relativity, it will form a black hole – an object with gravity so intense that even light cannot escape from its clutches – which is therefore effectively cut off from the rest of the Universe.  (See ‘Einstein’s Universe’ for more on these bizarre phenomena).

In the context of the life and death of stars, however, perhaps the most interesting aspect to supernovae is their role in providing the building blocks of the next generations of stars.  The supernova explosion that blows apart a massive star will scatter throughout the surrounding space the various shells of heavy elements contained within it.  Indeed, apart from the very lightest elements – hydrogen, helium and lithium – all the chemical elements were manufactured inside stars, and then spread throughout space by supernovae.  In this very real sense, then, we are all children of the stars; all the atoms in our bodies came from the gas nebula that formed the Solar System, and that nebula in turn was formed from the remnants of supernovae – the shock waves from which may have begun the process of the Sun forming in the first place.  

So the iron in Irn Bru – the famous Scottish soft drink – wasn’t made in Scotland after all, but in supernovae!
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