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Slide 2

Are we alone in the Universe?  This is a question that has fascinated human beings since time immemorial.  Whereas in the past answering this question has been the domain of philosophers and theologians, however, we are rapidly approaching a time when direct answers will come from astronomical observations.  We can already search for evidence of life on the planets and moons of our own Solar System, and very soon we will be able to search indirectly – using the powerful method of spectroscopy – for signatures of life on planets orbiting other stars.  Will we find life like us? Will we find life at all?

At the moment we have no idea if life is a common phenomenon in the Universe.  Our gut instincts may tell us that, with so many stars in our galaxy and so many galaxies in the Universe, it would be incredible if we were the only life to evolve anywhere.  But what do we mean by life anyway?  Could the Universe be teeming with life, but in forms so different from life on Earth that would never recognise it even if we found it?  As Dr. McCoy used to say in Star Trek, “It’s life, Jim, but not as we know it!” – if this really was the case, would we be able to tell?  Moreover, how could we communicate with another intelligent civilisation, assuming we could recognise its existence?  These are fascinating questions, as much for chemists, biologists and mathematicians as for astronomers.  We will not pursue them here, but instead we will consider the search for ‘life as we know it’: life based around carbon, oxygen and water.  It may be myopic to consider only life like us, but on the other hand it at least seems a good place to begin.  In this talk we will first explore the question of whether life might exist elsewhere in the Solar System.  We will then discuss how we can detect extra-solar planets, using spectroscopy, before going on to consider how we might search for life on these planets.

Slide 3

If we look at the Earth from space we notice immediately the prevalence of water, as this image looking down on the Pacific shows.  The photograph also highlights the fragility of the Earth’s atmosphere – a thin shield of air only about 30 kilometres thick.  Also shown is the Mir Space Station, which serves here both as a symbol of our technological achievement in managing to survive outside of the Earth’s atmosphere, and as a reminder of how difficult it was to maintain that survival in the long term.  Mir was in orbit for 15 years, and was permanently inhabited throughout that time, but its ecosystem was frequently prone to problems that placed its occupants in considerable danger.  Perhaps, on reflection, the fragile atmosphere of the Earth has done a pretty good job at sustaining life for billions of years; we can only hope that it continues to do so!

Slide 4
Where else in our Solar System should we look for life?  If we are seeking an environment similar to the Earth, where liquid water can exist, then simply by considering the strength of the Sun’s radiation at different distances we identify an ‘habitable zone’ which spans the orbit of the Earth (obviously), and lies close to the orbits of Venus and Mars.  The position and width of the habitable zone depends on the type of star:  for a massive, hot blue giant the habitable zone would extend almost to the orbit of Jupiter, while for a cool red dwarf the habitable zone would extend within the orbit of Mercury.  (There are other significant differences between blue giants and red dwarfs which are relevant to the existence of a habitable zone, related to the Main Sequence Lifetime of stars of different temperatures.  See the presentation ‘The Life and Death of Stars’ for more details).

Slide 5 – 6
The planet Venus is second in order of distance from the Sun and at its closest approach can be as little as 41 million kilometres from the Earth.  Superficially it might appear almost as a twin of the Earth: it has around the same size and mass and – as we can see from this photograph, taken by the Galileo spacecraft on its way to Jupiter  – it displays a disk of bluish-white clouds.  Unlike the Earth, however, Venus is completely shrouded in cloud, and until the late 20th century we knew almost nothing about the surface that lies beneath.  In the realms of science fiction numerous authors imagined that, beneath Venus’ clouds, was a steamy, tropical world of oceans, perhaps teeming with life.
The reality which emerged from the encounters of various space probes – beginning with the Mariner and Venera missions in the 1960s, 1970s and 1980s, but especially with the Magellan probe launched in 1989 – was very different.  Magellan spent years orbiting Venus, using a radar mapper to penetrate the clouds.  By bouncing radar signals off the surface and timing how long it took the signals to return, Magellan was able to build up a 3-D map of the topography of Venus.  These maps, together with analysis of Venus’ atmosphere, revealed an environment extremely hostile to life as we know it.  The atmosphere of Venus consists almost entirely of carbon dioxide, topped up with sulphuric acid, and no oxygen.  Moreover, the atmosphere is so thick that at the surface the pressure is 90 times that of the Earth at sea level.  Finally, the surface temperature is about 450 Celsius – hotter even than Mercury.  Thus, a human being deposited on the surface of Venus would be poisoned, dissolved, crushed and burned to a crisp!

Slide 7

How did Venus become such a hostile environment?  Astronomers believe that the planet is a victim of the greenhouse effect – so named because it is essentially how a greenhouse works.  We are concerned about this phenomenon on Earth too; it can get out of control if the concentration of carbon dioxide in the atmosphere becomes too high.  This is because a carbon dioxide atmosphere admits radiation from the Sun over a wide range of frequencies, but the radiation heats up the surface and is then re-radiated mainly in the infrared part of the electromagnetic spectrum (see later for more on the electromagnetic spectrum).  The carbon dioxide molecules are highly efficient absorbers of the infrared radiation, so the heat cannot escape from the atmosphere but instead drives the surface temperature to very high levels.

We are concerned that excessive burning of fossil fuels could produce dangerously high levels of carbon dioxide in our atmosphere – perhaps sufficient to initiate a runaway greenhouse effect that would cause the surface temperature to spiral upwards.  The cause of the greenhouse effect on Venus is not thought to be due to motorcars, however, but to a period of extreme vulcanism about 800 million years ago which ‘resurfaced’ virtually the whole planet and released vast amounts of carbon dioxide into the atmosphere.  Indeed this volcanic episode may have been the latest in a series of resurfacing events.  One reason for this extreme behaviour is that Venus has a much thicker crust than that of the Earth, so that – instead of a steady but less violent level of volcanic activity (a gradual ‘letting off steam’) as we see on Earth – on Venus seismic stresses build up for many millions of years without release, before the planet finally ‘blows its top’.

Slides 8 – 9

Venus differs from the Earth in having no moon.  The commonly accepted explanation for the formation of the Earth’s moon – the impactor theory – proposes that the Moon formed when a Mars-sized object collided with the Earth during the first billion years or so after the Solar System formed.  It is interesting to consider that this theory might also indirectly explain Venus’ vulcanism and greenhouse effect.  The collision is believed to have ejected a large fraction of the Earth’s atmosphere (which would have consisted mainly of carbon dioxide at that time) and outer crust.  This ‘thinning’ of the atmosphere and crust very probably helped the young Earth to escape a similar fate to that of Venus.  Moreover, the presence of our Moon causes tides in the Earth’s oceans (see later).  These are thought to have been important in support the early evolution of life on land, because they regularly washed fresh supplies of nutrients from the sea onto the shoreline.  It seems, then, that the Moon – both through its existence in the first place and the likely manner of its formation – may have played an important part in the origin and evolution of life on Earth.  If Venus had acquired a moon, in a similar manner to the Earth, its fate may have been quite different.

Slides 10 – 11

What about Mars as a home for life?  Martians have always been popular in science fiction – from HG Wells to Tim Burton’s ‘Mars Attacks’.  We have been sending space probes to Mars for about 40 years and in the more recent past have embarked on a systematic and thorough survey of its surface and atmosphere – notwithstanding some unfortunate accidents that have resulted in the embarrassing loss of expensive spacecraft.  Everything we have learned about Mars, from the Viking probes of the mid-1970s to the recent Mars Express orbiter (which also carried on board the ill-fated Beagle 2 Lander) and the Spirit and Opportunity rovers, suggests that it is currently a dead world.  The situation may have been very different in the past, however.

Slides 12 – 28

In January 2004 ESA’s Mars Express orbiter surveyed the South Pole of Mars, using its onboard OMEGA spectrometer.  On slides 13 – 17 the different colours denote regions with different chemical compositions; the spectrometer is sensitive to the spectral lines that correspond to particular molecules, such as water, oxygen and carbon dioxide.  (We can see from Slide 14 that OMEGA was easily able to detect these molecules in the atmosphere of the Earth).  OMEGA provided clear evidence of both carbon dioxide and water ice at the pole, via the powerful ‘remote sensing’ technique of spectroscopy – a method that we discuss in more detail later.  The Mars Orbiter also provided stereoscopic images of the Martian surface of unprecedented detail, and revealed a number of regions where the tell-tale signs of ancient channels and alcoves – believed to have been carved into the Martian landscape by running water long ago – are still clearly visible.  Indeed the comparison between Mars Orbiter images of such topographic features and satellite images of their terrestrial counterparts are very striking.

In March 2004 NASA’s Spirit and Opportunity rovers found strong geological evidence for the existence of running water in Mars’ past, from the chemical composition (specifically, minerals crystallised out of water) and microscopic physical appearance of rocks studied. 

There is also certainly plenty of oxygen on Mars, but it is locked up inside the Martian rocks as the iron oxide – or rust – that gives the planet its red colour.  The Martian atmosphere contains hardly any oxygen today – the planet’s gravity is too weak to have held on to this gas – but billions of years ago there may have been oxygen levels in the atmosphere comparable to those of the Earth today.

Slide 29

Over the past decade some of the tentative evidence for Martian life existing in the distant past has come not from the red planet at all but from a rock discovered in Antarctica in 1984 – which found its way there, landing as a meteorite, after being ejected from the Mars by a cometary or asteroid impact about 16 million years ago.  In 1996 NASA scientists announced tentative evidence that this meteorite contained fossilised micro-organisms – about a thousandth of the width of a human hair – estimated to be around 3.6 billion years old.  Although the evidence was far from conclusive, and more than six years later remains controversial, the possibility that the meteorite does indeed contain the fossilised remains of ancient Martian life – from a time when the red planet was much warmer and wetter – has not yet been ruled out.  More information about this, and other Mars meteorites can be found at:

http://www.jpl.nasa.gov/snc/
Slides 30 – 38

Recently astronomers have realised that one of Jupiter’s moons – Europa – might be our best bet for finding life elsewhere in the Solar System.  Europa is one of the four moons discovered by the Italian astronomer Galileo Galilei with his new telescope in 1610.  The Galilean moons are large bodies: three are larger than our moon and the largest, Ganymede, is larger than Mercury.

The reason why Europa might harbour life is to do with the tides.  Tides occur because of gravity, the fundamental force that the British scientist Isaac Newton described by his universal law more than 300 years ago.  According to Newton the gravitational force between two masses decreases with the square of the distance between them – what physicists call an inverse square law.  The main gravitational force on the Earth comes from the Sun; although the Moon is very much closer to the Earth, its mass is so small that the gravity of the Sun still dominates.  The Earth is not a point mass, however, and the gravitational pull of the Moon on the part of the Earth directly beneath it is slightly greater than on the rest of the planet.  It is this differential gravitational pull that causes the tides – and in fact the Moon produces a stronger tidal effect than the Sun does because the tidal force falls off more rapidly with distance than an inverse square law.

Of course the Earth also exerts a tide on the Moon.  Because the Moon has no oceans, however, the effect of the Earth’s tides is less obvious.  The tidal forces cause stresses in the Moon’s interior that generate heat energy and can cause ‘moonquakes’.  The Galilean moons also experience tidal stresses from Jupiter, and these are considerably greater than those felt by our Moon because of the much greater mass of Jupiter compared with the Earth.  In the case of Io, the innermost Galilean moon, internal heating from tidal stress causes a great deal of volcanic activity – as first discovered by the Voyager spacecraft in the 1970s and studied in greater detail by the Galileo spacecraft in the 1990s.  The case of Europa is somewhat different.  Europa is really a giant, dirty snowball: a mixture of water ice and rock.  The effects of tidal heating produce cracks in the ice coating of Europa, beneath which there could well be a liquid ocean.  US astronomers are proposing a very ambitious plan to send a space probe to land on Europa, drill through the ice and explore the ocean beneath the surface.  This mission may take 20 years to come to fruition, but when it does who knows what it might find in Europa’s oceans?

Slides 39 – 43
What are the prospects for detecting life beyond the Solar System?  Because the distance to even the very nearest stars is so great, it may be many centuries – if ever – before we can send even automated space probes to explore them in situ.  In the past decade, however, we have already begun to detect the existence of planets orbiting nearby stars, using only telescopes here on Earth.  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.  We can detect this change in velocity by analysing the spectrum of light from the star.

Starlight comes in a wide variety of different forms that together make what we call the electromagnetic spectrum.  These different forms of light include the high-energy, very short wavelength, 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, and longer wavelengths, 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 come microwaves and radio waves, which have energies many billions of times less, and wavelengths many billions of times greater, than gamma rays or x-rays.

As the star and its unseen planet orbit their centre of mass, the Doppler effect will change the wavelength of the star’s light as it comes towards us and then moves away from us along its orbit.  We experience this Doppler shift 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.

Slides 44 – 48

The Doppler shift caused by a planet is very small, and if we could observe only the continuous spectrum of light from a star we would never be able to detect it.  Stellar spectra contain lines at very precisely defined wavelengths, however, and these permit very accurate measurements of stellar velocities of only a few tens of metres per second – typical orbital velocities of nearby stars.  To understand why spectral lines occur we need to consider first some ideas about the structure of the atom.  (See also ‘Light in Lumps or Ripples’)

A simple model of the atom was developed 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 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 photons 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 an absorption line.  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, a bright emission line 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, which can be seen from the Earth during a total solar eclipse, when the Moon shields the much brighter radiation from the main atmosphere, or photosphere, of the Sun.

Slides 49 - 52

By comparing the wavelengths of lines observed in the stellar spectrum with their position in a laboratory spectrum (which is, of course, stationary) we can measure the amount of Doppler shift and thus determine the velocity of the star.  Making such measurements at regular intervals allows us to plot a graph of how the stellar velocity changes with time; such a graph is shown in Slide 49 for the star 51 Peg, which was the first to show a definite signature of an orbiting planet, in 1995.  Since then, well over 100 planets have been discovered and the number is growing all the time.  Interestingly, many of these planets are considerably more massive than Jupiter and yet orbit very close to their parent star – closer even than Mercury in some cases.  On the other hand, since these massive ‘hot Jupiters’ produce a very strong wobble it is perhaps not surprising that a number of such planets should have been discovered.  As the sensitivity of Doppler measurements improves, however, we should expect to discover smaller mass planets orbiting farther from their star.

Slides 53 – 56
As we begin to discover Earth-mass planets the real challenge will be to determine if they also have Earth-type atmospheres.  Within the next twenty years or so, spectroscopy may allow us to answer this question.  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. Astronomers are beginning to plan missions, to be launched within the next 20 years, which will use powerful space telescopes to detect Earth-like planets around nearby stars and measure their spectra, following the same physical principles as with measurements of the Sun’s spectrum.  One such mission is NASA’s Terrestrial Planet Finder and another is the European Space Agency’s Darwin project.
Slides 57 – 63

What kind of features would TPF and Darwin look for?  The satellites are planned to have infrared telescopes; this is because planets re-radiate much of the light which they absorb from their parent star in the infrared.  Consequently, any earth-like planets will be less strongly ‘drowned out’ by starlight in the infrared compared with the visible part of the spectrum.

Remember that we are searching for life as we know it.  Detecting absorption lines of carbon dioxide would tell us that the planets have an atmosphere – but then as Slide 42 shows Venus and Mars would also reveal such lines.  (The plots shown in Slide 62 are essentially a measure of the strength of absorption lines; the deeper the trough, the darker the line – which in turn means the greater the abundance of the atom or molecule, since more light from the star is absorbed by the planet’s atmosphere).  The most important signatures of life would be molecular absorption lines of water and oxygen – the latter in the form of ozone since it has suitable absorption lines in the infrared part of the spectrum.  Notice the strong oxygen and water absorption lines in the Earth’s spectrum, which are completely absent from those of Venus and Mars.

Oxygen will be the most important signature because it is a highly reactive element.  It would be highly unlikely to find molecular oxygen present in significant quantities unless it had been recently produced; otherwise it would have already reacted and combined with other elements in the atmosphere. The best way we know of to produce lots of oxygen is plant life!

The detectable amount of detail, or resolution, of planetary spectra obtained by TPF or Darwin will be very much lower than even current stellar spectra.  This is quite simply because the amount of light the telescopes will collect from any planets which they find will be very small.  An ‘Earth’ observed at a distance of 30 light years will be very close to the limit of detectability, but as the simulated data of Slide 63 shows, if such a planet exists and bears life like us then the tell-tale signatures of carbon dioxide, water and oxygen will be detectable.

Slides 64 – 65

What will we find?  Of course no one knows, but there are around 1000 stars within a radius of 30 light years so there are clearly plenty of places to search.  Will we find any intelligent life?  The chances of this seem very small; after all for almost all of the time that there has been life on Earth, alien astronomers studying us from afar would have detected no sign of intelligence – some might say that they still wouldn’t!  Since the advent of radio and television, however, whether we like it or not we have been broadcasting into space all of our favourite programmes.  For several decades NASA has been listening for signals just like this from other nearby stars, through the SETI (Search for Extra-Terrestrial Intelligence) Programme.  

In face you can play your part in the SETI programme from the comfort of your own home. You can download a screensaver program that will analyse SETI radio signals while your computer is connected to the Internet, but not doing anything else, searching for patterns in the signals.  The program can be found at:

http://www.setiathome.ssl.berkeley.edu/

Who knows – you could be the one to decode a message from ET.  The chances might be incredibly slim, but there’s no harm in trying.  Is there anybody out there?  If there isn’t, it seems a terrible waste of space!
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