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Slide 2

Astronomy is a very old science. Since the dawn of civilisation, humanity has studied the heavens and tried to understand the patterns that appear there: the Sun and Moon, the stars and planets. More than 4000 years ago, when the ancient peoples of Orkney built the megalithic observatory at the Ring of Brodgar, astronomers had a detailed knowledge of how the position of the Sun and Moon changed over the course of the year. This information was very important to them, as part of their job was to regulate the seasons and the calendar, in order to know, for example, when to begin planting crops for the new growing season. 4000 years later, the role of astronomy has changed a great deal. We no longer need to look to the skies to tell the time or the date, but can study the heavens for their own sake - to try to understand the nature of the objects which we see there. A crucial difference between the astronomy of ancient times and today is the kind of information that we can obtain about the heavens.  No longer do we observe only the position of the stars and planets on the sky; now we can measure their distance, and thanks to the modern branch of astrophysics known as spectroscopy we can even work out what chemical elements they contain. Indeed with the powerful telescopes available today, such as the Hubble Space Telescope, we can learn about the most distant galaxies and the origin of the Universe itself.

The journey from the Ring of Brodgar to the Hubble Space Telescope is a long one, and involves many famous names and many important discoveries. This talk will describe part of that journey, and help us to understand how we get the measure of the Universe.

Slide 3

The Greek astronomer Ptolemy lived during the first and second centuries AD. He was one of the most famous astronomers of his time, and popularised a theory that explained how the Universe worked. In Ptolemy's Universe, the Earth was at the centre and the Sun, Moon and planets moved around the Earth on a series of concentric glass spheres, like crystal balls. Beyond all of these was the outer sphere on which were fixed the stars.  Ptolemy's theory was the accepted model of how the Universe worked for more than a thousand years. And yet if today we were to ask the question "Does the Sun go round the Earth or the Earth go round the Sun?" the vast majority of people would of course say the latter – i.e. that Ptolemy's theory is incorrect (although there are no doubt still some  people who believe that the Sun goes round the Earth – just as there is still a Flat Earth society!)  How and why have we come to reject Ptolemy's theory? The process of science is all about developing theories and then comparing their predictions with what we observe.  Often there might be two theories that seem to fit the observations and we must decide which theory fits better.

Slide 4

The first person to popularise widely an alternative to Ptolemy's theory was the Polish astronomer Nicolaus Copernicus. He proposed a theory where the Sun was at the centre of things, and the Earth, Moon and other planets moved on circular orbits around the Sun. Of course many people objected to Copernicus' model, not least because it implied that the Earth was hurtling through space on its year long journey around the Sun. This seemed to contradict common sense - after all, if the Earth is flying through space then why don't we fall off? Again, if we were to ask this question today, anyone with even the most elementary knowledge of science would answer that "gravity stops us from falling off", but in Copernicus' day even the best astronomers and physicists in the world had no real idea what gravity was, and thus no answer to the question of why the inhabitants of a moving Earth don't fall off. 

Slides 5 – 9

Why did Copernicus suggest a radical idea like the Earth going round the Sun? Since long before the time of Ptolemy astronomers had recognized that the planets were somehow different from the stars. They looked more or less like stars – although often could be much brighter than even the brightest stars in the night sky – but whereas the stars maintained their positions relative to each other from month to month and year to year (forming patterns and groups which we call constellations) the planets tended to "wander" among the stars, changing their positions over the course of only a few nights. In fact "planet" comes from the Greek word for "wanderer". Not only would the planets move from night to night, sometimes their motion would appear to be backwards, or "retrograde" (as shown in the animations – the second of which shows the planet Mars over a period of few months in the autumn of 2003, during which time the red planet approached closer to the Earth than it has been for about 50000 years) against the background stars, before resuming their course across the sky.

Slide 10

Ptolemy explained the retrograde motion of a planet such as Mars by supposing that the planet moved along a small circle (shown in red) superimposed on the main circular orbit (shown in yellow). This secondary circle Ptolemy called an epicycle. As we can see from the animation, this would indeed sometimes result in an apparent retrograde motion of the planet against the background stars. The introduction of the epicycles made Ptolemy's theory a little complicated, however, and in order to make his theory accurately match his observations of where the planets appeared on the sky Ptolemy had to add extra epicycles – circles on circles on circles – making it even more complex.

Slides 11 – 12

For Copernicus it was easier to explain why planets sometimes moved backwards across the sky. A planet such as Mars, in his theory, orbited further from the Sun than did the Earth, and moved more slowly along its orbit. This meant that sometimes the Earth would "overtake" Mars on the inside, so that Mars would fall behind and for a time appear to follow a retrograde path - a little like how we might see a car in the outside lane of a roundabout as we overtake it on the inside.  Not only did Copernicus’ theory provide a better explanation of retrograde motion, it also allowed the relative distances of the planets from the Sun to be deduced – using nothing more than a little simple trigonometry: the mathematics of triangles, which had been studied since the time of the Greek mathematician Pythagoras about 1500 years earlier.

Let’s consider the example of Venus and Mercury.  If we watch the animation on Slide 12 we notice that, looking from the Earth, the planets Venus and Mercury always appear close to the Sun in the sky. This is because their orbits lie inside that of the Earth; it would never be possible to see Venus and Mercury on the opposite side of the sky from the Sun. In fact the planet Venus is known as the "Morning star" or "Evening star"; although we know of course that it isn't a star, these names reflect the fact that Venus is always seen in the same part of the sky as the Sun, so that it will be visible shortly before sunrise or shortly after sunset.

Slides 13 – 15

If we look down on the orbits of e.g. Earth and Venus from above, after a little thought we can see that when Venus appears to be at its furthest angle away from the Sun, the triangle made up of the positions of Earth, Sun and Venus will be a right-angled triangle. We can then relate the distances between the Earth and the Sun, the Earth and Venus and Venus and the Sun, using Pythagoras' theorem for a right-angled triangle. Another way to express this relation is to say that the sine of the angle between Venus and the Sun, when the planet appears furthest from the Sun on the sky, is equal to the distance between Venus and the Sun, divided by the distance between the Earth and the Sun. In other words we can work out the distance between Venus and the Sun in units of the Earth-Sun distance.

Slides 16  – 20

We call the distance between the Earth and the Sun an astronomical unit, which is equal to 150 million kilometres. How do we know the distance between the Earth and the Sun? In ancient times astronomers tried to estimate this distance by following a rather clever chain of reasoning:

· First one can measure the size (i.e. the radius) of the Earth by comparing the angle at which the shadow of the Sun falls at two different locations on the Earth's surface – provided one knows the distance between the two locations.

· One can then work out the relative size of the Earth and the Moon by (among other methods) studying the curved shadow of the Earth as it creeps across the Moon's disk at the time of a lunar eclipse.  A lunar eclipse occurs when the Sun, Moon, and Earth line up such that the Earth is directly between the Sun and the Moon, and the Moon passes through the shadow of the Earth.  During a total lunar eclipse the Moon will turn a deep blood-red colour.  This is because the Moon is only reflecting the light that has already passed through the atmosphere of the Earth, which scatters more of the blue light from the Sun out of our line of sight – this is essentially the same reason why the sky is blue.  (During ancient times, people were extremely afraid of lunar eclipses because they did not understand what had caused them.  In fact, the Greek word for eclipse means ‘abandonment’).

· The next step is to work out the distance from the Earth to the Moon by comparing the measured size of the Moon with its apparent size on the sky. (We use this procedure for measuring distance every day without thinking: we judge how far away are pedestrians, cars, buildings, even natural landmarks such as mountains, by how big they appear to be – but at the same time having an idea of how big they really are).

· Finally we can work out how many times further away the Sun is than the Moon, from studying the duration and path of a total solar eclipse.  In fact, in more recent times another – somewhat more reliable – approach was used to determine this final step in the chain: observations of a transit of Venus, when the planet crosses the Sun’s disk.  Transits of Venus are extremely rare, happening only every century or so. However, if they can be observed from two different locations on the Earth, and the exact time of transit carefully measured and compared, then applying similar triangles allows the Earth-Sun distance to be estimated. (This approach uses the idea of parallax, which can in principle also be used to measure distances to nearby stars – see below). Indeed an important scientific goal of one of Captain Cook’s voyages to the Southern Hemisphere was the observation of a transit of Venus, in 1769, to more precisely determine the Earth-Sun distance.  Another transit of Venus occurred on June 8th 2004, as the animation shows.

Nowadays we have much more reliable methods to measure the distance from the Earth to the Sun. For example, we can bounce radar off the surface of Venus or Mercury, and time how long it takes the echo to return – using the simple relation that distance equals speed times time.  Of course this approach requires us to know the speed of light first, a question which we return to later.

Slide 21

We return now to the question of the Copernican versus Ptolemaic model of the Solar System.  Despite the elegance of Copernicus’ model, it was a long time before the idea of a Sun-centred Universe became widely accepted – not least because of the philosophical and theological objections to displacing the Earth from the centre of things.  One of the astronomers whose observations began to shift opinion, however, was Tycho Brahe. He was a Danish astronomer and naturalist who was famous for having a false nose made of gold, having lost his nose in a duel.  Brahe firmly believed that the key to learning more about astronomy was to make accurate observations, so he built the first modern European observatory, with help from the King, and named it Uraniborg, which translates to ‘Sky Castle’.  Brahe made all of his observations with his eyes, and never used a telescope!  He catalogued all of the planet and star positions over many years, from 1576 to 1596.  The instrument shown in the slide, called a sextant, is one of the many that he designed, built and calibrated for nightly observing. Brahe observed many different phenomena in the sky, and with his incredible cataloguing system he was able to reach conclusions that were important to the historical development of astronomy.  He concluded that the Moon was closer to the Earth than the stars were because the Moon displayed an effect called parallax and the stars did not.  (In fact the stars also display parallax – see below – but the effect was far too small for Brahe to measure).  He also noticed errors in the predicted planetary positions made by Ptolemy’s model, and he observed two remote objects: an exploding star, or supernova, and a comet.  The observation of these two objects was important because it showed that there were things changing in the sky, and therefore there was not simply a series of fixed spheres on which everything was contained.  Also, the planets could not be fixed on glass spheres, as the comet would have had to crash through one of them!  Because of these observations, Brahe was torn between the Ptolemaic and the Copernican model of the universe.  He was unable to leave the Ptolemaic model because he could not convince himself that the Earth was moving, and also because he would then have to abandon the understood physics of his time.  However, he did see the advantages of the Copernican model, and came up with a compromise.  He devised a model where the Earth was fixed and the Sun orbited the Earth so that the physics could remain the same, but the rest of the planets (which he placed in the correct order) orbited the Sun.

Slide 22

The next development in the story of planetary motion came with the work of Johannes Kepler. Over the course of many years Kepler studied the positions of the planets in the sky very carefully (making use of observations which had been carried out by Tycho Brahe) and tried to decide whether the Ptolemaic or Copernican model was correct, and what this business of the crystal spheres was all about!  In fact, Kepler's first idea was to explain the positions of the planets in terms of the geometrical properties of the 5 regular (or "Platonic") solids which had been known since the time of Greek mathematicians like Pythagoras. Kepler had related these geometrical shapes to the frequencies of musical notes, and had hoped to show that the circular orbits of the planets were linked to the properties of musical harmony – a study that gave rise to the phrase "Music of the Spheres". In the end Kepler had to abandon this theory, however, as he simply could not make it fit his observations. He realised, instead, that each planet moved not on a circular orbit, but on an ellipse – or flattened circle. Suppose we think of taking a slice through a cone, like an ice cream cone. If we take a slice parallel to the base of the cone this gives us a circle; if the slice is at an angle to the base it gives an ellipse. Kepler proposed that the Sun was at one of the focus points of each ellipse. He also said that planets moved more slowly when they were far away from the Sun and faster when they were close to the Sun, as we can see in the animation shown here, and he found a relationship between the mean distance of a planet from the Sun and how long it takes to complete one orbit.

Kepler's laws thus went a long way to describing the position and motion of the planets, and certainly seemed to signal the end for Ptolemy's view of an Earth-centred model. They still did not explain, however, why the planets moved in elliptical orbits, and how they managed to remain hanging in space without falling down out of the sky. Indeed, since the Earth too was moving on an elliptical orbit around the Sun, Kepler's laws still didn't explain why we didn't fall off!

Slides 23 – 24

So who was right? Ptolemy or Copernicus? The astronomer who did most to settle the issue was the Italian Galileo Galilei, who is generally regarded as the first astronomer to use a telescope to look at the night sky. Although his telescope was very primitive compared with even the cheapest telescopes available today, he was still able to observe things in the sky that no one had ever seen before, and which seriously challenged the Earth-centred view of Ptolemy. In 1610 Galileo turned his telescope on the planet Jupiter and made some amazing discoveries.  He saw that Jupiter appeared as a small disk, with different coloured bands. He also noticed four small "stars" (which we now know to be moons, similar in size to our own Earth's Moon) that hung in the sky close to Jupiter. Remarkably, however, these moons changed their positions from night to night, and clearly were moving around Jupiter – in a similar manner to Copernicus' theory that the Earth was moving around the Sun.  Galileo's detection of these moons of Jupiter was a big problem for Ptolemy's idea that the planets moved on crystal spheres around the Earth: if this was the case, then how could the moons of Jupiter get through the glass?!  Galileo also observed with his telescope that the planet Venus showed phases, just like the Moon.  Sometimes the planet would be almost completely illuminated and other times only a thin crescent would be lit up by the Sun.  This observation was easy to explain in Copernicus’ model, but almost impossible to explain in Ptolemy’s model.  Despite this clear demonstration that Copernicus’ model was correct, Galileo landed himself in very hot water with the church authorities – largely due to the way in which he went about presenting his results to them.

Slide 25

If the observations of Tycho Brahe, Johannes Kepler and Galileo Galilei between them established that the planets – including the Earth – orbit the Sun on elliptical paths, a theoretical explanation for this planetary motion had to wait until the late 17th Century with the amazing work of Isaac Newton. Newton was an astronomer, physicist and mathematician rolled in to one, and is probably the greatest scientist ever to have lived. The famous story that most people know about Newton is that he was sleeping under a tree in his garden when an apple fell and hit him on the head, which gave him the idea of gravity as the explanation of why the apple fell. In reality, the development of Newton's theory of gravity must have taken much longer, and much more hard work. The basic point about the apple is a good one, however: the real genius of Newton was that he worked out that the force which made the apple fall from the tree was the same force which kept the Moon in orbit around the Earth and the Earth in orbit around the Sun – and there wasn't a crystal ball in sight!  Newton called this force gravity. His theory of gravitation said that all matter in the Universe attracts all other matter, with a force that gets smaller as the distance between the matter increases. In fact, it gets smaller with the square of the distance; if the distance between the masses is doubled the force of gravity between them is four times weaker. The mass of the Earth exerts a gravitational pull on the apple and Moon alike.  The elliptical path of the Moon comes about because there is a balance between two forces: the force or gravity attracting the Earth and the Moon, and the circular, or centripetal force pushing the Moon away from the Earth. (Anyone who has ever played on a roundabout, and felt a force pushing them outwards as the roundabout spins very fast, has experienced this circular force; see also ‘Rocket Science’).  Newton's contribution to getting the measure of the Universe was immense: in the more than 300 years since he formulated his theory of gravity, it has been applied successfully not only to the motion of the planets, but also to stars, galaxies.

Slides 26 – 30

Let us return now to the question of measuring the speed of light.  We remarked above that, if the speed of light is known, we can bounce a radar signal off one of the planets and use the relation ‘distance equals speed multiplied by time’ to measure accurately its distance.  Turning this idea around the other way, if we know the distance to one of the planets, we can measure the speed of light.  In fact the Danish astronomer Olaus Roemer hit upon this very idea in 1676, after making careful observations of Jupiter’s moons. He noticed that sometimes the moons would disappear into Jupiter’s shadow earlier or later than the time predicted from calculating their orbits around the giant planet. Roemer’s great insight was to realise why this was happening: depending on whether the Earth was on the same side of the Sun as Jupiter, or the opposite side, this would change by up to 2 astronomical units the distance which the light from the moons had to travel to reach us.  It was this change in the light path that changed the timing of the moons’ eclipses.  Roemer used his observations, together with an estimate of the distance to Jupiter, to estimate the speed of light.  His answer wasn’t very good by today’s standards, but it was a remarkably clever piece of scientific detective work for its day.

Slide 31

In fact light 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 know 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. (See ‘Light in Lumps or Ripples’ for more on the electromagnetic spectrum).

Slides 32 – 35

Since the time of Roemer many different experiments have been devised to measure the speed of light.  One of the most unusual (although certainly not the most reliable!) is one that you can carry out at home.  All you need is a microwave oven and some marshmallows!  Normally microwave ovens contain a rotating plate on which we place the food that we want to cook; this is very useful as it helps ensure that the food is cooked evenly.  However, for our purpose, it is better if the rotating plate is removed.  The microwaves produced by the oven will now reflect off the walls, and give a reasonable approximation to a standing wave: a wave pattern which remains fixed, because the reflected waves are essentially a copy of themselves – you can produce a similar effect using e.g. a slinky, if you and another person hold each end and vibrate the slinky with just the right frequency.  In the case of a microwave oven, the frequency of the electromagnetic radiation is usually written on the back casing – a typical value is 2450 MHz, or 2450 million waves per second.  The speed of the microwaves is then given by the frequency times the wavelength.  This is where the marshmallows come in!

If we arrange the marshmallows in a row inside the microwave and switch it on for a few seconds, the standing wave will have the following effect: the marshmallows at the ‘nodes’ of the standing wave (where the amplitude of the standing wave is zero) will be cooked much less rapidly than those at the ‘anti-nodes’ (where the amplitude of the standing wave is maximum) because the latter marshmallows are being ‘jiggled’ much more vigorously.  All one has to do, therefore, is measure the distance between the marshmallows which have already begun to cook – even after a few seconds – and this provides an estimate of half the wavelength of the microwaves.  Try this experiment for yourselves and see what value you obtain for the speed of light!

Slides 36 – 39

We now know (with or without the aid of marshmallows) that the speed of light is about 300,000 kilometres per second, which means that light travels one astronomical unit in about 8 minutes.  (So when we look at the Sun in the sky we are seeing it as it was 8 minutes ago!).  Light travels about 10 million million (that’s a one followed by 13 zeros!) kilometres every year – we call this distance a light year.  Light years are convenient units for astronomers to use because even the nearest star is more than four light years away. To write down stellar distances in kilometres would use up a lot of paper.  How can we hope to measure the distances to the stars, given that they are so vast compared with the scale of the Solar System?  At least for relatively nearby stars trigonometry comes to the rescue again, through the technique known as parallax.

The principle behind parallax can be demonstrated by holding up your thumb in front of your face and closing one eye at a time.  The thumb appears to move relative to the background because it is being seen from two different points (one eye and then the other).  The position of a nearby star relative to more distant background stars can also be measured from two different points:  the first point is when the Earth is on one side of the Sun and the second is six months later when it is on the opposite side.  The nearby star will appear to shift its position, relative to more distant stars, because we are viewing it along two slightly different lines of sight.  Measuring the angle between the two lines of sight (the dotted lines on the slide) allows calculation of the distance to the star using the properties of right-angled triangles.  Although this is straightforward in principle, in practice the great distance of even the nearest stars means that their parallax angles are tiny.  This is why parallax shifts were never observed in ancient times, or by astronomers such as Tycho Brahe and Galileo. (If they had been able to detect a parallax shift, they would have deduced much sooner that the Earth goes round the Sun).  The first parallax measurement wasn’t made until 1838.  Modern-day satellite missions such as HIPPARCOS have extended the range of our parallax measurements to many hundreds, or even thousands, of light years and the planned SIM and GAIA missions will be sensitive enough to detect parallax shifts for even more distant stars.

Slide 40

Getting the measure of the Universe is about much more than just determining the distances to stars, however. Thanks to the modern branch of astrophysics known as spectroscopy we can even work out what chemical elements stars contain.  We should probably credit Isaac Newton as the first astronomer to recognise the potential of spectroscopy.  Around the same time as he was developing his laws of motion and theory of gravity, he was also conducting experiments with light, and realised that if sunlight is passed through a triangular piece of glass known as a prism it can be split into the colours of the rainbow.  Nowadays astronomers use prisms or diffraction gratings to produce spectra of starlight. The key to why these spectra are so useful for astrophysics is the presence of lines in the spectra.  To understand why these lines occur, we need to consider the structure of the atom.

Slides 41 – 43

A simple model of the atom was proposed by the Danish physicist Niels Bohr, in 1913. The Bohr atom is almost like a mini Solar System: at the centre is the nucleus, consisting of positively charged protons and electrically neutral neutrons, and around the nucleus orbit negatively charged electrons.  Associated with each electron orbit is a particular energy; orbits further from the nucleus have a higher energy.  Normally, electrons orbit the nucleus in a low energy ‘ground state’.

It is at this point that the Solar System analogy begins to break down, however, because of the bizarre rules of quantum physics.  Whereas a planet could, in principle, be found orbiting the Sun at any distance, electrons can only be found orbiting at particular discrete energy levels. They can make a ‘quantum leap’ from one distinct energy level to another, but they can’t be found anywhere in between. (A more useful analogy is to think of climbing a staircase: one can decide to stop on the second or third or fourth step, and so on, but one cannot decide to ‘hang’ in mid-air between two steps on the staircase).  The energy required to make an electron leap to a higher level can come from electromagnetic radiation, which in this context it is best to think of as particles of light energy called photons.  Each photon has a specific associated energy, proportional to its frequency (a relationship developed by the German physicist Max Planck).   Very low frequency radiation such as radio waves has much less energy than very high frequency photons such as x-rays.  Therefore only electromagnetic radiation of just the right frequency will provide the required energy (a fixed value for each orbit) for an electron to absorb in order to jump to a higher orbit.  This energy can then later be re-emitted if the electron jumps back down to a lower orbit – with again only a photon of a precise frequency being emitted, corresponding exactly to the difference in energy between the two levels.

In the visible part of the electromagnetic spectrum, photons of different frequencies correspond to different colours of light.  Thus, if photon of a particular frequency are absorbed by atoms – causing their electrons to make a quantum leap to a particular higher energy level – the corresponding colour will be missing from the continuous spectrum of starlight: we say that the spectrum contains absorption lines.  Conversely, if photons of a particular frequency – and hence colour – are emitted by atoms, as their electrons make a quantum leap to a lower energy level, bright emission lines will appear at the colour in the spectrum.

Absorption spectra are seen when some matter is blocking the light from a source that emits a continuous spectrum – e.g. when a cool, dense, gas cloud, or a planet’s atmosphere, lies between us and a hot star.  Emission spectra are produced by light from a hot, tenuous, gas – such as the corona, or outer atmosphere, of the Sun.

Slide 44

Shown here is a part of the Sun’s spectrum, containing hundreds of absorption lines.  Each set of lines is a unique fingerprint of the chemical element which produced it, because different atoms have different sets of allowed quantum leaps for their electrons, all with unique energies and frequencies.  The spectrum acts like a cosmic ‘barcode’, identifying the chemical composition of the Sun’s atmosphere – although the process of working out precisely how much of each element is present is far from straightforward.   

Slides 45 – 49

Within the past decade studying spectra from nearby stars has also allowed us to detect the existence of extra-solar planets: planets orbiting stars other than the Sun.  Although we can’t see these planets yet directly (they are too faint since they only reflect light from their parent star, which is much brighter – try spotting even the brightest stars on a clear night when you are standing directly underneath a bright streetlamp) we can ‘see’ the effect that their gravitational pull has on their parent star, causing the star’s orbit to ‘wobble’.  This wobble is still too small to be detected via the change in position of the parent star, but can be detected because of its change in velocity – as the star and planet orbit their common centre of mass.  This is because of the Doppler effect – the change in frequency of the light from the star as it comes towards us and then moves away from us along its orbit.  This Doppler shift is readily observed in our everyday lives as the change in pitch of sound waves, from e.g. car engines, police sirens or train horns, as they travel towards us or away from us.  Approaching waves are ‘squashed’ together, causing an increase in frequency and (in the case of light) a shift towards bluer colours; receding waves are ‘stretched’ apart, causing a decrease in frequency and a shift towards redder colours.

By studying carefully the pattern of spectral lines in the light from nearby stars, and comparing the positions of the lines with laboratory spectra, astronomers have been able to deduce the unseen presence of more than a hundred extra-solar planets, with hundreds more expected to be found within the next few years.

Slides 50 - 51

Of course the possibilities of spectroscopy don’t stop at merely detecting extra-solar planets; if we can measure their spectra carefully enough we can even deduce what gases are present in their atmosphere. Within the next twenty years astronomers expect to be able to search for the presence of oxygen, carbon dioxide and even water in the atmospheres of planets that we find within a radius of about 50 light years.  If these gases were found, they would provide a very strong indication that life like us exists elsewhere in the Universe.  It is an exciting time to be a stellar spectroscopist!  One such mission, to search for Earth-like planets is NASA’s Terrestrial Planet Finder – more information about which can be found at:-

http://tpf.jpl.nasa.gov/

We have discussed in this talk how we have come to understand the true nature and scale of the Solar System.  We then considered how – despite the great distances to even the nearest stars – with spectroscopy we can deduce what those stars are made of.

In terms of getting the measure of the Universe, our story so far has barely begun, however.  In the early decades of the 20th century, the observations of the American astronomer Edwin Hubble revealed that the Universe was vastly greater than had previously been thought, since our Milky Way galaxy was just one of countless millions of galaxies, stretching out for billions of light years all around us.  Moreover, Hubble also learned that our Universe is expanding.  The extraordinary story, from Hubble’s work to recent discoveries about the evolution and eventual fate of our expanding Universe, is told in ‘The Runaway Universe’.
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