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      Foreword

         
            Patrick Moore has inspired generations of astronomers. He has done unparalleled service, through his handbooks, lectures and
               articles – not to mention his BBC programme The Sky at Night.
            

            Over his prolific career, Patrick has witnessed, recorded and expounded a huge enlargement of our cosmic knowledge. To see
               this, one need only compare the present book with one of its precursors: the Guinness Book of Records in Astronomy published more than 50 years ago, at the dawn of the space age.
            

            We owe this progress to sophisticated telescopes on the ground, and to a flotilla of instruments launched into space. The
               planets and moons of our Solar System are now better mapped that some parts of our Earth were before the twentieth century.
               An unsuspected population of trans-Neptunian objects has been revealed – telling us that the Solar System is more complex and extensive than thought hitherto. Even more important,
               planets have been detected around hundreds of other stars. The study of ‘extra-solar’ planets is proceeding apace: within a decade we will have discovered thousands of planetary systems, and will for the first
               time have evidence on just how unusual our Solar System is.
            

            Novel technology has not only led to more powerful optical telescopes, but also to space telescopes that observe the cosmos
               in other wavebands out to distances exceeding 10 billion light years. We inhabit a much vaster Universe than was envisaged
               50 years ago; we understand a surprising amount about how it evolved and what it contains.
            

            This latest Data Book of Astronomy conveys the fascination and vibrancy of our subject – and the wonder of the skies. All astronomers should be grateful to
               Patrick Moore, to his co-author Robin Rees and to their team of consultants, for the immense labour that went into this book:
               it is surely unique in gathering such a wide and eclectic range of information into a single volume.
            

            It will be an invaluable reference work for serious observers – but it is equally suitable for armchair browsers, and indeed
               for anyone who is curious about what lies beyond the Earth.
            

            Martin  Rees
                  Professor of Cosmology and Astrophysics

                  University of Cambridge

               

            

         

      

   
      Preface

         
            The ancestor of this book was published more than half a century ago as the Guiness Book of Records in Astronomy. It went through five editions, and was then transformed into the Astronomy Data Book published by the Institute of Physics. By this time it had ceased to be merely lists of facts and had become much more general,
               and many observatories began using it as a book of quick reference. Now, 10 years later, there has been another transformation.
               The essential basic plan has been retained, but the text has been largely rewritten with all new data, and the tables have
               been enlarged and brought up to date. I pay tribute here to Robin Rees without whom I am quite certain that this book would
               never have seen the light of day. Invaluable help has also been given by Iain Nicolson who read the entire manuscript very
               carefully – though I hasten to add that any remaining errors are entirely my own.
            

            So far as bringing the text up to date is concerned, the cut-off date is 1 December, 2010. I hope that will be acceptable.

            Patrick Moore,  Selsey

            1 December, 2010
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      Notes about units

         
            The Celsius temperature scale is due to the Swedish astronomer Anders Celsius in 1741. The Fahrenheit scale was due to the
               German physicist Daniel Fahrenheit in 1724. There are other scales, now virtually obsolete. One of these is the Réaumur, due
               to Rene Réaumur in 1730; another is the Rankine, due to the British engineer and physicist William Rankine in 1859. The Kelvin
               scale is named in honour of the great British physicist Lord Kelvin.
            

            Convenient equivalents:
               
                  [image: ]

                  
                     1 °C = 2.25 °F = 1 K

                  

               

            

            By definition the triple point of water is 273.6 K = 0.01 °C = 32.018 °F.

            Temperature conversions are as follows:
               
                  
                     to find °C from K: °C = K – 273.15;

                  

                  
                     to find K from °C: K = °C + 273.15;

                  

                  
                     to find °F from K: °F = (K × 1.8) – 459.67;

                  

                  
                     to find K from °F: K = (°F + 459.67)/1.8;

                  

                  
                     to find °F from °C: °F = (9/5)°C + 32;

                  

                  
                     to find °C from °F: °C = (5/9)(°F – 32).

                  

               

            

            The old Centigrade scale is equal to the Celsius to within a degree.The Celsius and Kelvin scales are always used in science.
               In everyday life the Fahrenheit scale is used in the United States. Efforts by the European Union to bully Britain into changing
               from Fahrenheit to Celsius for civil use have so far been mainly unsuccessful.
            

            The metric conversion table

            
               The current practice of giving lengths in metric units rather then Imperial ones has been followed. To help in avoiding confusion,
                  the following table may be found useful.
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            1 The Solar System

            The Solar System is made up of one star (the Sun), the eight planets with their satellites (Table 1.1) and various minor members such as asteroids, comets and meteoroids, plus a vast amount of thinly spread interplanetary matter.
               The Sun contains 99.86% of the total mass of the System, while Jupiter and Saturn account for 90% of what is left. Jupiter
               is the largest member of the planetary family, and is in fact more massive than all the other planets combined. Mainly because
               of Jupiter, the centre of gravity of the Solar System lies just outside the surface of the Sun.
            

            The Solar System is divided into two parts. There are four comparatively small, rocky planets (Mercury, Venus, the Earth and
               Mars), beyond which comes the zone of the Main-Belt asteroids, of which only one (Ceres) is over 900 km in diameter. Next
               come the four giants (Jupiter, Saturn, Uranus and Neptune), plus a swarm of trans-Neptunian objects, of which the largest
               known are Eris and Pluto. For many years after its discovery, in 1930, Pluto was regarded as a true planet, but in August
               2006 the International Astronomical Union, the controlling body of world astronomy, introduced a new scheme of classification,
               as follows:
            

            A planet is any body in orbit round the Sun which is massive enough to assume a spherical shape, and has cleared its immediate neighbourhood
               of all smaller objects. All these criteria are met by the eight familiar planets, from Mercury to Neptune.
            

            A dwarf planet is spherical, but has not cleared its neighbourhood. Three were listed: Eris, Pluto and Ceres.
            

            Small solar system bodies (SSSBs) are other bodies orbiting the Sun.1

            Natural satellites are objects in orbit round planets, dwarf planets or SSSBs rather than directly round the Sun itself.
            

            Distances from the Sun are conventionally given in astronomical units (a.u.). The a.u. is defined as the mean distance between the Earth and the Sun: in round numbers 149 600 000 km (93 000 000
               miles in Imperial measure). Jupiter is approximately 5.2 a.u. from the Sun; one light-year, used for interstellar distances,
               is equal to 63 240 a.u.
            

            It now seems that the distinctions between the various classes of bodies in the Solar System are much less clear-cut than
               used to be thought. For example, it may well be that some ‘near-Earth’ asteroids, which swing inward away from the main swarm,
               are ex-comets which have lost all their volatiles, and many of the small planetary satellites are certainly captured SSSBs.
            

            All planets, dwarf planets and SSSBs move round the Sun in the same sense, and (with one exception) so do the larger satellites
               orbiting their primary planets, though many of the tiny ‘asteroidal’ satellites move in the opposite (retrograde) sense. The
               orbits of the planets are not strongly eccentric, and are not greatly inclined to that of the Earth, so that to draw a plan
               of the main Solar System on a flat piece of paper is not grossly inaccurate. However, dwarf planets and SSSBs may have paths
               which are more eccentric and inclined, and comets come into a different category altogether. Those with periods of a few years
               or a few tens of years have direct motion, but brilliant comets come from the depths of space, and often travel in a retrograde
               sense. Their periods may amount to centuries, or to thousands or even millions of years.
            

            It is also notable that six of the planets rotate in the same sense as the Earth, though the axial periods are different –
               over 58 Earth days for Mercury, less than 10 hours for Jupiter. The exceptions are Venus, which has retrograde rotation, and
               Uranus, where the rotational axis is tilted to the orbital plane by 98 degrees, more than a right angle. The cause of these
               anomalies is unclear.
            

            Origin and evolution of the solar system

            
               In investigating the past history of the Solar System, we do at least have one important piece of information: the age of
                  the Earth is 4.6 thousand million years, and the Sun, in some form or other, must be older than this. We are entitled to be
                  confident about the Earth's age, because there are several reliable methods of research, and all give the same value. There
                  are no modern dissentients, apart of course from the Biblical Fundamentalists.
               

               Many theories have been proposed. Of particular note is the ‘Nebular Hypothesis’, usually associated with the name of the
                  eighteenth-century French astronomer Pierre Simon de Laplace, though he was not actually the first to describe it; the original
                  idea was put forward in 1734 by Emanuel Swedenborg, of Sweden, who carried out useful scientific work but who is best remembered
                  today for his later somewhat eccentric theories (he was on excellent terms with a number of angels, and gave graphic accounts
                  of life on all the planets!). Swedenborg's suggestion was elaborated by Thomas Wright in England and Immanuel Kant in Germany,
                  but the Nebular Hypothesis in its final form was due to Laplace, in 1796.
               

               Laplace started with a vast hydrogen gas-cloud, disc-shaped and in slow rotation; it shrank steadily and threw off rings,
                  each of which produced a planet, while the central part of the cloud – the so-called solar nebula – heated up as the atoms
                  within it began to collide with increasing frequency. Eventually, when the temperature had risen sufficiently, the Sun had
                  been born, and the planets were in orbits which were more or less in the same plane. All seemed well – until mathematical
                  analysis showed that 


                     Table 1.1 Basic data for the planetary system
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a thrown-off ring would not condense into a planet at all; it would merely disperse. There were other difficulties, too. Most
                  of the angular momentum of the system would reside in the Sun, which would be in rapid rotation; actually, most of the angular
                  momentum is due to the planets, and the Sun is a slow spinner (its axial rotation period amounts to several Earth weeks).
                  In its original form, the Nebular Hypothesis had to be given up.
               

               In 1901, T. C. Chamberlin and F. R. Moulton proposed an entirely different theory, according to which the planets were pulled
                  off the Sun by a passing star. The visitor's gravitational pull would tear out a cigar-shaped tongue of material, and this
                  would break up into planets, with the largest planets (Jupiter and Saturn) in the middle part of the system, where the thickest
                  part of the ‘cigar’ would have been. Again there were fatal mathematical objections, and a modification of the idea by A.W.
                  Bickerton (New Zealand), involving ‘partial impact,’ was no better. However, the theory in its original form remained in favour
                  for some time, particularly as it was supported by Sir James Jeans, a leading British astronomer who was also the author of
                  popular books on astronomy which were widely read (and in fact still are). Had it been valid, planetary systems would have
                  been very rare in the Galaxy, because close encounters between stars seldom occur. As we now know, this is very far from being
                  the truth. Another modification was proposed later by G. P. Kuiper, who believed that the Sun somehow acquired enough material
                  to produce a binary companion, but that this material never formed into a true star; the planets could be regarded as stellar
                  débris. This idea never met with much support.
               

               In many ways our current theories are not too unlike the old Nebular Hypothesis. We do indeed begin with a gas-and-dust cloud,
                  which began to collapse, and also to rotate, possibly because of the gravitational pull of a distant supernova. The core turned
                  into what we call a proto-star, and the solar nebula was forced into the form of a flattened disc. As the temperature rose,
                  the proto-star became a true star – the Sun – and for a while went through what is called the T Tauri stage, sending out a
                  strong ‘stellar wind’ into the cloud and driving out the lightest gases, hydrogen and helium. (The name has been given because
                  the phenomenon was first found with a distant variable star, catalogued as T Tauri.) The planets built up by accretion. The
                  inner, rocky planets lacked the gas which had been forced out by the stellar wind but, further away from the Sun, where the
                  temperature was much lower, the giant planets were able to form and accumulate huge hydrogen-rich atmospheres. Jupiter and
                  Saturn accreted first; Uranus and Neptune built up later, when much of the hydrogen had been dispersed. This is why they contain
                  less hydrogen and more icy materials than their predecessors. It is fair to say that Jupiter and Saturn are true gas-giants,
                  while Uranus and Neptune are better described as ice-giants.
               

               In the early history of the Solar System there was a great deal of ‘left-over’ material. Jupiter's powerful pull prevented
                  a planet from being formed in the zone now occupied by the Main-Belt asteroids; further out there were other asteroid-sized
                  bodies which make up the Kuiper Belt. All the planets were subjected to heavy bombardment, and this is very evident; all the
                  rocky planets are thickly cratered, and so are the satellites – including our Moon, where the bombardment went on for several
                  hundreds of millions of years. (Earth was not immune, but by now most of the terrestrial impact craters have been eroded away
                  or subducted.) It is widely believed that the gas-giants, particularly Jupiter, have acted as shields, protecting the inner
                  planets from even more devastating bombardment. See Table 1.2 for planetary and satellite feature names.
               

               In other ways, too, the young Solar System was very different from that of today. The Sun was much less luminous, so that,
                  for example, Venus may well have been no more than pleasantly tropical. It is also likely that there was an extra planet in
                  the inner part of the System, which collided with the proto-Earth and produced the Moon (though there are differing views
                  about this). The outer planets at least may not have been in their present orbits, and interactions with each other and with
                  general débris is thought to have caused ‘planetary migration’; it has even been suggested that at one stage Uranus, not Neptune,
                  was the outermost giant. We cannot pretend that we know all the details about the evolution of the Solar System, but at least
                  we can be confident that we are on the right track.
               

               How far does the Solar System extend? It is difficult to give a precise answer. The main System ends at the orbit of Neptune
                  (unless there is a still more remote giant, which is unlikely though 
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not impossible), but comets and many trans-Neptunians recede to much greater distances, and the Oort Cloud lies well over
                  a light year away. The nearest stars beyond the Sun, those of the α Centauri group, are just over four light years away. Therefore,
                  it seems fair to say that the effective border of the Solar System is of the order of two light years from us.
               

               At present the Solar System is essentially stable, but this state of affairs cannot last for ever. The Sun is becoming steadily
                  more luminous, and in no more than four thousand million years will have swelled out to become a red giant star, far more
                  powerful than it is today. Mercury and Venus will be destroyed; Earth may survive, because the Sun's loss of mass will weaken
                  its gravitational pull, and the planets will spiral outward to a limited degree. Yet even if our world does survive, it will
                  be in the form of a red-hot, seething mass. Next, the Sun will collapse to become a tiny, feeble, super-dense white dwarf
                  star, and scorching heat will be replaced by numbing cold. In the end the Sun will lose the last of its power, and will become
                  a dead black dwarf, perhaps still attended by the ghosts of its remaining planets. It is even possible that following the
                  merger between our Galaxy and the Andromeda Spiral, the Solar System, or rather, what is left of it – may end up in the outer
                  part of the Milky Way, or in the depths of intergalactic space.
               

               However, for us, all these crises lie so far ahead that we cannot predict them really accurately. We know that the Solar System
                  has a limited lifetime, but as yet it is no more than middle-aged.
               

            

            
               Endnote
               
                  1 I was a member of that IAU Commission for many years, but felt bound to retire in 2001 as I was no longer able to travel to
                     meetings. Had I been present at the 2006 meeting I would have put forward some alternative proposals, because the Resolution,
                     as passed, seems to be unclear. Of the two largest Main-Belt asteroids, why should Ceres be a dwarf planet and Pallas an SSSB?
                     Of the trans-Neptunians, a good many, such as Quaoar and Varuna, are considerably larger than Ceres. I would have retained
                     the main planets and their satellites, and lumped the rest together as ‘planetoids’. Moreover, one can hardly regard a comet
                     as a ‘small’ body; the coma of Holmes' Comet of 2007 was larger than the Sun, though admittedly its mass was negligible. I
                     suspect that the 2006 Resolution will be revised before long, but meanwhile it must be accepted.
                  

               

            

         

      

   
      
            2 The Sun

            The Sun, the controlling body of the Solar System, is the only star close enough to be studied in detail. It is 270 000 times
               closer than the nearest stars beyond the Solar System, those of the α Centauri group. Data are given in Table 2.1.
            

            Distance

            
               The first known estimate of the distance of the Sun was made by the Greek philosopher Anaxagoras (500–428 BC). He assumed
                  the Earth to be flat, and gave the Sun's distance as 6500 km (using modern units), with a diameter of over 50 km. A much better
                  estimate was made by Aristarchus of Samos, around 270 BC. His value, derived from observations of the angle between the Sun
                  and the exact half Moon, was approximately 4 800 000 km; his method was perfectly sound in theory, but the necessary measurements
                  could not be made with sufficient accuracy. (Aristarchus also held the belief that the Sun, not the Earth, is the centre of
                  the planetary system.) Ptolemy (c. AD 150) increased the distance to 8 000 000 km, but in his book published in AD 1543 Copernicus reverted to only 3 200 000
                  km. Kepler, in 1618 gave a value of 22 500 000 km.
               

               The first reasonably accurate estimate of the Earth–Sun distance (the astronomical unit) was made in 1672 by Giovanni Cassini,
                  from observations of the parallax of Mars. Some later determinations are given in Table 2.2.
               

               One early method involved transits of Venus across the face of the Sun, as suggested by J. Gregory in 1663 and extended by
                  Edmond Halley in 1678; Halley rightly concluded that transits of Mercury could not give accurate results because of the smallness
                  of the planet's disc. In fact, the transit of Venus method was affected by the ‘Black Drop’ – the apparent effect of Venus
                  drawing a strip of blackness after it during ingress on to the solar disc, thus making precise timings difficult. (Captain
                  Cook's famous voyage, during which he discovered Australia, was made in order to take the astronomer C. Green to a suitable
                  site (Tahiti) in order to observe the transit of 1769.)
               

               Results from the transits of Venus in 1874 and 1882 were still unsatisfactory, and better estimates came from the parallax
                  measurements of planets and (particularly) asteroids. However, Spencer Jones’ value as derived from the close approach of
                  the asteroid Eros in 1931 was too high. The modern method – radar to Venus – was introduced in the early 1960s by astronomers
                  in the United States. The present accepted value of the astronomical unit is accurate to a tiny fraction of 1%.
               

            

            The Sun in the Galaxy

            
               The Sun lies close to the inner ring of the Milky Way Galaxy's Orion Arm. It is contained within the Local Bubble, an area
                  of rarefied high-temperature gas (caused by a supernova outburst?). The distance between our local arm and the next one out,
                  the Perseus Arm, is about 6500 light-years. The Sun's orbit is somewhat elliptical, and passes through the galactic plane
                  about 2.7 times per orbit. The Sun has so far completed from 20 to 25 orbits (20 to 25 ‘cosmic years’).
               

            

            Rotation

            
               The first comments about the Sun's rotation were made by Galileo, following his observations of sunspots from 1610. He gave
                  a value of rather less than one month.
               

               The discovery that the Sun shows differential rotation – i.e. that it does not rotate as a solid body would do – was made
                  by the English amateur Richard Carrington in 1863; the rotational period at the equator is much shorter than that at the poles.
                  Synodic rotation periods for features at various heliographic latitudes are given in Table 2.3. Spots are never seen either at the poles or exactly on the equator, but from 1871 H. C. Vogel introduced the method of measuring
                  the solar rotation by observing the Doppler shifts at opposite limbs of the Sun. 
               

            

            The solar constant

            
               The solar constant may be defined as being the amount of energy in the form of solar radiation per second which is vertically
                  incident per unit area at the top of the Earth's atmosphere: it is roughly equal to the amount of energy reaching ground level
                  on a clear day. The first measurements were made by Sir John Herschel in 1837–8, using an actinometer (basically a bowl of
                  water; the estimate was made by the rate at which the bowl was heated). He gave a value which is about half the actual figure.
                  The modern value is 1.95 cal cm−2 min−1 (1368 Wm−2).
               

            

            Solar photography

            
               The first photograph of the Sun – a Daguerreotype – seems to have been taken by Lerebours, in France, in 1842. However, the
                  first good Daguerreotype was taken by Fizeau and Foucault, also in France, on 2 April 1845, at the request of F. Arago. In
                  1854 B. Reade used a dry collodion plate to show mottling on the disc.
               

                  Table 2.1 The Sun: data

                  [image: Table 2.1]

               

               The first systematic series of solar photographs was taken from Kew (outer London) from 1858 to 1872, using equipment designed
                  by the English amateur Warren de la Rue. Nowadays the Sun is photographed daily from observatories all over the world, and
                  there are many solar telescopes designed specially for this work. Many solar telescopes are of the ‘tower’ type, but the largest
                  solar telescope now in operation, the McMath Telescope at Kitt Peak in Arizona, looks like a large, white inclined tunnel.
                  At the top is the upper mirror (the heliostat), 203 cm in diameter; it can be rotated, and sends the sunlight down the tunnel
                  in a fixed direction. At the bottom of the 183 m tunnel is a 152 cm mirror, which reflects the rays back up the tunnel on
                  to the halfway stage, where a flat mirror sends the rays down through a hole into the solar laboratory where the analyses
                  are carried out. This means that the heavy equipment in the solar laboratory does not have to be moved at all.
               

            

            Sunspots

            
               The bright surface of the Sun is known as the photosphere, composed mainly of hydrogen and helium and it is here that we see
                  the dark patches which are always called sunspots. Really large spot-groups may be visible with the naked eye, and a precisely
                  dated Chinese record from as far back as 28 BC describes a patch which was ‘a black vapour as large as a coin’. There is a
                  Chinese record of an ‘obscuration’ in the Sun, which may well have been a spot, as early as 800 BC.
               

               The first observer to publish telescope drawings of sunspots was J. Fabricius, from Holland, in 1611, and although his drawings
                  are undated he probably saw the spots toward the end of 1610. C. Scheiner, at Ingoldstädt, recorded spots in March 1611, with
                  his pupil J. Cysat. Scheiner wrote a tract which came to the notice of Galileo, who claimed to have been observing sunspots
                  since November 1610. No doubt all these observers recorded spots telescopically at about the same time (the date was close
                  to solar maximum when spot groups should have been frequent) but their interpretations differed. Galileo's explanation was
                  basically correct. Scheiner regarded the spots as dark bodies moving round the Sun close to the solar surface; Cassini, later,
                  regarded them as mountains protruding through the bright surface. Today we know that they are due to the effects of bipolar
                  magnetic field lines below the visible surface.
               

               Direct telescopic observation of the Sun through any telescope is highly dangerous, unless special filters or special equipment
                  is used. The first observer to describe the projection method of studying sunspots may have been Galileo's pupil B. Castelli.
                  Galileo himself certainly used the method, and said (correctly) that it is ‘the method that any sensible person will use’.
                  This seems to dispose of the legend that he ruined his eyesight by looking straight at the Sun through one of his primitive
                  telescopes.
               

               A major spot consists of a darker central portion (umbra) surrounded by a lighter portion (penumbra); with a complex spot
                  there may be many umbræ contained in one penumbral mass. Some ‘spots’ at least are depressions, as can be seen from what is
                  termed the Wilson effect, announced in 1774 by A. Wilson of Glasgow. He found that with a regular spot, the penumbra toward
                  the limbward side is broadened, compared with the opposite side, as the spot is carried toward the solar limb by virtue of
                  the Sun's rotation. From these observations, dating from 1769, Wilson deduced that the spots must be hollows. The Wilson effect
                  can be striking, although not all spots and spot-groups show it.
               

               Some spot-groups may grow to immense size. The largest group on record is that of April 1947; it covered an area of 18 130
                  000 000 km2, reaching its maximum on 8 April. To be visible with the naked eye, a spot-group must cover 500 millionths of the visible
                  hemisphere. (One millionth of the hemisphere is equal to 3 000 000 km2.)
               

               A large spot-group may persist for several rotations. The present record for longevity is held by a group which lasted for
                  200 days, between June and December 1943. On the other hand, very small spots, known as pores, may have lifetimes of less
                  than an hour. A pore is usually regarded as a feature no more than 2500 km in diameter.
               

               The darkest parts of spots – the umbræ – have temperatures of around 4000 °C, while the surrounding photosphere is at well
                  over 
                     Table 2.2 Selected estimates of the length of the astronomical unit
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                     Table 2.3 Synodic rotation period for features at various heliographic latitudes
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5000 °C. This means that a spot is by no means black, and if it could be seen shining on its own the surface brightness would
                  be greater than that of an arc-lamp.The accepted Zürich classification of sunspots is given in Table 2.4.
               

               Sunspots are essentially magnetic phenomena, and are linked with the solar cycle. Every 11 years or so the Sun is at its most
                  active, with many spot-groups and associated phenomena; activity then dies down to a protracted minimum, after which activity
                  builds up once more toward the next maximum. A typical group has two main spots, a leader and a follower, which are of opposite
                  magnetic polarity.
               

               The magnetic fields associated with sunspots were discovered by G. E. Hale, from the United States, in 1908. This resulted
                  from the Zeeman effect (discovered in 1896 by the Dutch physicist P. Zeeman), according to which the spectral lines of a light
                  source 
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are split into two or three components if the source is associated with a magnetic field. It was Hale who found that the leader
                  and the follower of a two-spot group are of opposite polarity – and that the conditions are the same over a complete hemisphere
                  of the Sun, although reversed in the opposite hemisphere. At the end of each cycle the whole situation is reversed, so that
                  it is fair to say that the true cycle (the ‘Hale cycle’) is 22 years in length rather than 11.
               

               The magnetic fields of spots are very strong, and may exceed 4000 G. With one group, seen in 1967, the field reached 5000
                  G. The preceding and following spots of a two-spot group are joined by loops of magnetic field lines which rise high into
                  the solar atmosphere above. The highly magnetised area in, around and above a bipolar sunspot group is known as an active region.
               

               The modern theory of sunspots is based upon pioneer work carried out by H. Babcock in 1961. The spots are produced by bipolar
                  magnetic regions (i.e. adjacent areas of opposite polarity) formed where a bunch of concentrated field lines (a ‘flux tube’)
                  emerges through the photosphere to form a region of outward-directed or positive field; the flux tube then curves round in
                  a loop, and re-enters to form a region of inward-directed or negative field. This, of course, explains why the leader and
                  the follower are of opposite polarity.
               

               Babcock's original model assumed that the solar magnetic lines of force run from one magnetic pole to the other below the
                  bright surface. An initial polar magnetic field is located just below the photosphere in the convective zone. The Sun's differential
                  rotation means that the field is ‘stretched’ more at the equator than at the poles. After many rotations, the field has become
                  concentrated as toroids to either side of the equator, and spot-groups are produced. At the end of the cycle, the toroid fields
                  have diffused poleward and formed a polar field with reversed polarity, and this explains the Hale 22-year cycle.
               

               Each spot-group has its own characteristics, but in general the average two-spot group begins as two tiny specks at the limit
                  of visibility. These develop into proper spots, growing and also separating in longitude at a rate of around 0.5 km s−1. Within two weeks the group has reached its maximum length, with a fairly regular leader together with a less regular follower.
                  There are also various minor spots and clusters; the axis of the main pair has rotated until it is roughly parallel with the
                  solar equator. After the group has reached its peak, a decline sets in; the leader is usually the last survivor. Around 75%
                  of groups fit into this pattern, but others do not conform, and single spots are also common.
               

            

            Associated phenomena

            
               Plages are bright, active regions in the Sun's atmosphere, usually seen around sunspot groups. The brightest features of this type
                  seen in integrated light are the faculæ.
               

               The discovery of faculæ was made by C. Scheiner, probably about 1611. Faculæ (Latin, ‘torches’) are clouds of incandescent
                  gases lying above the brilliant surface; they are composed largely of hydrogen, and are best seen near the limb, where the
                  photosphere is less bright than at the centre of the disc (in fact, the limb has only two-thirds the brilliance of the centre,
                  because at the centre we are looking down more directly into the hotter material). Faculæ may last for over two months, although
                  their average lifetime is about 15 days. They often appear in areas where a spot-group is about to appear, and persist after
                  the group has disappeared.
               

               Polar faculæ are different from those of the more central regions, and are much less easy to observe from Earth; they are
                  most common near the minimum of the sunspot cycle, and have latitudes higher than 65° north or south, with lifetimes ranging
                  from a few days to no more than 12 min. They may well be associated with coronal plumes.
               

               Even in non-spot zones, the solar surface is not calm. The photosphere is covered with granules, which are bright, irregular
                  polygonal structures; each is around 1000 km across, and may last from 3 to 10 min (8 min is about the average). They are
                  vast convective cells of hot gases, rising and falling at average speeds 
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of about 0.5 km s−1; the gases rise at the centre of the granule and descend at the edges, so that the general situation has been likened to
                  a boiling liquid, although the photosphere is of course entirely gaseous. They cover the whole photosphere, except at sunspots,
                  and it has been estimated that at any one moment the whole surface contains about 4 000 000 granules. At the centre of the
                  disc the average distance between granules is of the order of 1400 km. The granular structure is easy to observe; the first
                  really good pictures of it were obtained from a balloon, Stratoscope II, in 1957.
               

               Supergranulation involves large organised cells, usually polygonal, measuring around 30 000 km across; each contains several
                  hundreds of individual granules. They last from 20 h to several days, and extend up into the chromosphere (the layer of the
                  Sun's atmosphere immediately above the photosphere). Material wells up at the centre of the cell, spreading out to the edges
                  before sinking again.
               

               Spicules are needle-shaped structures rising from the photosphere, generally along the borders of the supergranules, at speeds of
                  from 10 to 30 km s−1. About half of them fade out at peak altitude, while the remainder fall back into the photosphere. Their origin is not yet
                  completely understood.
               

               Flares are violent, short-lived outbursts, usually occurring above active spot-groups. They emit charged particles as well as radiations
                  ranging from very short gamma-rays up to long-wavelength radio waves; they are most energetic in the X-ray and EUV (extreme
                  ultraviolet) regions of the electromagnetic spectrum. They produce shock waves in the corona and chromosphere, and may last
                  for around 20 min, although some have persisted for 2 h and one, on 16 August 1989, persisted for 13 h. They are most common
                  between 1 and 2 years after the peak of a sunspot cycle. They are seldom seen in visible light. The first flare to be seen
                  in ‘white’ light was observed by R. Carrington on 1 September 1859, but generally flares have to be studied with spectroscopic
                  equipment or the equivalent. Observed in hydrogen light, they are classified according to area. The classification is given
                  in Table 2.5.
               

               It seems that flares are explosive releases of energy stored in complex magnetic fields above active areas. They are powered
                  by magnetic reconnection events, when oppositely directed magnetic fields meet up and reconnect to form new magnetic structures.
                  As the field lines snap into their new shapes, the temperature rises to tens of millions of degrees in a few minutes, and
                  this can result in clouds of plasma being sent outward through the solar atmosphere into space; the situation has been likened
                  to the sudden snapping of a tightly wound elastic band. These huge ‘bubbles’ of plasma, containing thousands of millions of tonnes of material, are
                  known as Coronal Mass Ejections (CMEs). The particles emitted by the CME travel at a slower speed than flare's radiations
                  and reach Earth a day or two later, striking the ionosphere and causing ‘magnetic storms’ – one of which, on 13 March 1989,
                  caused power blackouts for over nine hours in Quebec, while on 20 January 2005 a flare caused widespread disruption of communications,
                  and scrambled detectors on space-craft. And, in October 2007, material from a CME stripped the tail off Encke's periodical
                  comet, which was then at about the distance of the orbit of Mercury.
               

               Research carried out by A.G. Kosovichev and V. V. Zharkova has shown that flares produce seismic waves in the Sun's interior.
                  They also cause shock waves in the solar chromosphere, known as Moreton waves, which propagate outwards at speeds of from
                  500 to 1000 km s–1, and have been likened to solar tsunamis! They were first described by the American astronomer G. Moreton in 1960, though
                  there had in fact been earlier observations of them by Japanese solar observers. However, nothing matches the brilliance and
                  the effects of Carrington's flare of 1859. This was exceptional in every way.
               

               A major CME is very likely to produce brilliant displays of auroræ. Cosmic rays and energetic particles sent out by CMEs are
                  dangerous to astronauts moving above the protective screen of the Earth's atmosphere and, to a much lesser extent, passengers
                  in very high-flying aircraft.
               

               Flares are, in fact, amazingly powerful and a major outburst may release as much energy as 10 000 million one-megaton nuclear
                  bombs. Some of the ejected particles are accelerated to almost half the velocity of light.
               

            

            The solar cycle

            
               The first suggestion of a solar cycle seems to have come from the Danish astronomer P. N. Horrebow in 1775–1776, but his work
                  was not published until 1859, by which time the cycle had been definitely identified. In fact the 11-year cycle was discovered
                  by H. Schwabe, a Dessau pharmacist, who began observing the Sun regularly in 1826 – mainly to see whether he could observe
                  the transit of an intra-Mercurian planet. In 1851 his findings were popularised by W. Humboldt. A connection between solar
                  activity and terrestrial phenomena was found by E. Sabine in 1852, and in 1870 E. Loomis, at Yale, established the link between
                  the solar cycle and the frequency of auroræ.
               

               The cycle is by no means perfectly regular. The mean value of its length since 1715 has been 11.04 years, but there are marked
                  fluctuations; the longest interval between successive maxima has been 17.1 years (1788 to 1805) and the shortest has been
                  7.3 years (1829.9 to 1837). Since 1715, when reasonably accurate records began, the most energetic maximum has been that of
                  1957.9; the least energetic maximum was that of 1816. (See Table 2.6.) The numbered solar cycles are given in Table 2.7.
               

               There are, moreover, spells when the cycle seems to be suspended, and there are few or no spots. Four of these spells have
                  been identified with fair certainty: the Oort Minimum (1010–1050), the Wolf Minimum (1280–1340), the Spörer 
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Minimum (1420–1530) and the Maunder Minimum (1645–1715). Of these the best authenticated is the last. Attention was drawn
                  to it in 1894 by the British astronomer E. W. Maunder, based on earlier work by F. G. W. Spörer in Germany.
               

               Maunder found, from examining old records, that between 1645 and 1715 there were virtually no spots at all. It is significant
                  that this coincided with a very cold spell in Europe; during the 1680s, for example, the Thames froze every winter, and frost
                  fairs were held on it. Auroræ too were lacking; Edmond Halley recorded that he saw his first aurora only in 1716, after forty
                  years of watching.
               

               Since then there has been a cool period, with low solar activity; it lasted between about 1790 and 1820, and is known as the
                  Dalton Minimum.
               

               Records of the earlier prolonged minima are fragmentary, but some evidence comes from the science of tree rings, dendrochronology,
                  founded by an astronomer, A. E. Douglass. High-energy cosmic rays which pervade the Galaxy transmute a small amount of atmospheric
                  nitrogen to an isotope of carbon, carbon-14, which is radioactive. When trees assimilate carbon dioxide, each growth ring
                  contains a small percentage of carbon-14, which decays exponentially with a half-life of 5730 years. At sunspot maximum, the
                  magnetic field ejected by the Sun deflects some of the cosmic rays away from the Earth, and reduces the level of carbon-14
                  in the 
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atmosphere, so that the tree rings formed at sunspot maximum have a lower amount of the carbon-14 isotope. Careful studies
                  were carried out by F. Vercelli, who examined a tree which lived between 275 BC and AD 1914. Then, in 1976, J. Eddy compared
                  the carbon-14 record of solar activity with records of sunspots, auroræ and climatic data, and confirmed Maunder's suggestion
                  of a dearth of spots between 1645 and 1715. Yet strangely, although there were virtually no records of telescopic sunspots
                  during this period, naked-eye spots were recorded in China in 1647, 1650, 1655, 1656, 1665 and 1694; whether or not these
                  observations are reliable must be a matter for debate. There is strong evidence for a longer cycle superimposed on the 11-year
                  one.
               

               The law relating to the latitudes of sunspots (Spörer's law) was discovered by the German amateur Spörer in 1861. At the start
                  of a new cycle after minimum, the first spots appear at latitudes between 30° and 45° north or south. As the cycle progresses,
                  spots appear closer to the equator, until at maximum the average latitude of the groups is only about 15° north or south.
                  The spots of the old cycle then die out (before reaching the equator), but even before they have completely disappeared the
                  first spots of the new cycle are seen at the higher latitudes. This was demonstrated by the famous ‘Butterfly Diagram’, first
                  drawn by Maunder in 1904.
               

               The Wolf or Zürich sunspot number for any given day, indicating the state of the Sun at that time, was worked out by R. Wolf
                  of Zürich in 1852. The formula is R =k(10g + f), where R is the Zürich number, g is the number of groups seen, f is the total number of individual spots seen and k is a constant depending on the equipment and site of the observer (k is usually not far from unity). The Zürich number may range from zero for a clear disc up to over 200. A spot less than about
                  2500 km in diameter is officially classed as a pore.
               

               Rather surprisingly, the Sun is actually brightest at spot maximum. The greater numbers of sunspots do not compensate for
                  the greater numbers of brilliant plages.
               

            

            Spectrum and composition of the sun

            
               The first intentional solar spectrum was obtained by Isaac Newton in 1666, but he never took these investigations much further,
                  although he did of course demonstrate the complex nature of sunlight. The sunlight entered the prism by way of a hole in the
                  screen, rather than a slit.
               

               In 1802 W. H. Wollaston, in England, used a slit to obtain a spectrum and discovered the dark lines, but he merely took them
                  to be the boundaries between different colours of the rainbow spectrum. The first really systematic studies of the dark lines
                  were carried out in Germany by J. von Fraunhofer, from 1814. Fraunhofer realised that the lines were permanent; he recorded
                  5740 of them and mapped 324. They are still often referred to as the Fraunhofer lines.
               

               The explanation was found by G. Kirchhoff, in 1859 (initially working with R. Bunsen). Kirchhoff found that the photosphere
                  yields a rainbow or continuous spectrum; the overlying gases produce a line spectrum, but since these lines are seen against
                  the rainbow background they are reversed, and appear dark instead of bright. Since their positions and intensities are not
                  affected, each line may be tracked down to a particular element or group of elements. In 1861–1862 Kirchhoff produced the
                  first detailed map of the solar spectrum. (His eyesight was affected, and the work was actually finished by his assistant,
                  K. Hofmann.) In 1869 Anders Ångström, of Sweden, studied the solar spectrum by using a grating instead of a prism, and in
                  1889 H. Rowland produced a detailed photographic map of the solar spectrum. The most prominent Fraunhofer lines in the visible
                  spectrum are given in Table 2.8.
               

               By now many of the known chemical elements have been identified in the Sun. The list of elements which have now been identified
                  is given in Table 2.9. The fact that the remaining elements have not been detected does not necessarily mean that they are completely absent; they
                  may be present, although no doubt in very small amounts. 
               

               So far as relative mass is concerned, the most abundant element by far is hydrogen (71%). Next comes helium (27%). All the
                  other elements combined make up only 2%. The numbers of atoms in the Sun relative to one million atoms of hydrogen are given
                  in Table 2.10.
               

                  Table 2.8 The most prominent Fraunhofer lines in the visible spectrum of the Sun
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               Helium was identified in the Sun (by Norman Lockyer, in 1868) before being found on Earth. Lockyer named it after the Greek
                  ηλι[image: ][image: ], the Sun. It was detected on Earth in 1894 by Sir William Ramsay, as a gas occluded in cleveite.
               

               For a time it was believed that the corona contained another element unknown on Earth, and it was even given a name – coronium
                  – but the lines, described initially by Harkness and Young at the eclipse of 1869, proved to be due to elements already known.
                  In 1940 B. Edlén, of Sweden, showed that the coronium lines were produced by highly ionised iron and calcium.
               

            

            Solar energy

            
               Most of the radiation emitted by the Sun comes from the photosphere, which is no more than about 500 km deep. It is easy to
                  see that the disc is at its brightest near the centre; there is appreciable limb darkening – because when we look at the centre
                  of the disc we are seeing into deeper and hotter layers. It is rather curious to recall that there were once suggestions that
                  the interior of the Sun might be cool. This was the view of Sir William Herschel, who believed that below the bright surface
                  there was a temperature region which might well be inhabited – and he never changed his view (he died in 1822). Few of his
                  contemporaries agreed with him, but at least his reputation ensured that the idea of a habitable Sun would be taken seriously.
                  And as recently as 1869 William Herschel's son, Sir John, was still maintaining that a sunspot was produced when the luminous
                  clouds rolled back, bringing the dark, solid body of the Sun itself into view1.
               

               Spectroscopic work eventually put paid to theories of this kind. The spectroheliograph, enabling the Sun to be photographed
                  in the light of one element only, was invented by G. E. Hale in 1892; its visual equivalent, the spectrohelioscope, was invented
                  in 1923, also by Hale. In 1933 B. Lyot, in France, developed the Lyot filter, which is less versatile but more convenient,
                  and also allows the Sun to be studied in the light of one element only.
               

               But how did the Sun produce its energy? One theory, proposed by J. Waterson and, in 1848, by J. R. Mayer, involved meteoritic
                  infall. Mayer found that a globe of hot gas the size of the Sun would cool down in 5000 years or so if there were no other
                  energy source, while a Sun made up of coal, and burning furiously enough to produce as much heat as the real Sun actually
                  does, would be turned into ashes after a mere 4600 years. Mayer therefore assumed that the energy was produced by meteorites
                  striking the Sun's surface.
               

               Rather better was the contraction theory, proposed in 1854 by H. von Helmholtz. He calculated that if the Sun contracted by
                  60 m per year, the energy produced would suffice to maintain the output for 15 000 000 years. This theory was supported later
                  by the great British physicist Lord Kelvin. However, it had to be abandoned when it was shown that the Earth itself is around
                  4600 million years old – and the Sun could hardly be younger than that. In 1920 Sir Arthur Eddington stated that atomic energy
                  was necessary, adding ‘Only the inertia of tradition keeps the contraction hypothesis alive – or, rather, not alive, but an
                  unburied corpse.’
               

               The nuclear transformation theory was worked out by H. Bethe in 1938, during a train journey from Washington to Cornell University.
                  Hydrogen is being converted into helium, so that energy is released and mass is lost; the decrease in mass amounts to 4 000
                  000 tonnes per second. Bethe assumed that carbon and nitrogen were used as catalysts, but C. Critchfield, also in America,
                  subsequently showed that in solar-type stars the proton–proton reaction is dominant.
               

               Slight variations in output occur, and it is often claimed that it is these minor changes which have led to the ice ages which
                  have affected the Earth now and then throughout its history, but for the moment at least the Sun is a stable, well-behaved
                  Main Sequence star.
               

               The core temperature is believed to be around 15 000 000 °C, and the density about 10 times as dense as solid lead. The core
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extends one-quarter of the way from the centre of the globe to the outer surface; about 37% of the original hydrogen has been
                  converted to helium. Outside the core comes the radiative zone, extending out from 25% to 70% of the solar radius between
                  the centre and the surface; here, energy is transported by radiative diffusion. In the outer layers it is convection which
                  is the transporting agency.
               

               It takes radiation about 170 000 years to work its way from the core to the bottom of the convective zone, which starts at
                  about 70% of the solar radius and extends to just below the surface, where the temperature is over 2 000 000 °C.
               

               One problem which baffled solar astronomers for a very long time concerned neutrinos. These are particles with virtually no
                  rest mass and no electrical charge, so that they are extremely difficult to detect. Theoretical considerations indicate that
                  the Sun should emit vast quantities of them, and in 1966 efforts to detect them were begun by a team from the Brookhaven National
                  Laboratory in the USA, led by R. Davis. The ‘telescope’ is located in the Homestake Gold Mine in South Dakota, inside a deep
                  mineshaft, and consists of a tank of 454 600 litres of cleaning fluid (tetrachloroethylene). Only neutrinos can penetrate
                  so far below ground level (cosmic rays which would otherwise confuse the experiment, cannot do so). The cleaning fluid is
                  rich in chlorine, and if a chlorine atom is struck by a neutrino it will be changed into a form of radioactive argon – which
                  can be detected. The number of ‘strikes’ would therefore provide a key to the numbers of solar neutrinos.
               

               
                  Table 2.10 Relative frequency of numbers of atoms in the Sun
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               In fact, the observed flux was much smaller than had been expected, and the detector recorded only about one-third the anticipated
                  numbers of neutrinos. The same result was obtained by a team in Russia, using 100 tonnes of liquid scintillator and 144 photodetectors
                  in a mine in the Donetsk Basin. Further confirmation came from Kamiokande in Japan, using light-sensitive detectors on the
                  walls of a tank holding 3000 tonnes of water. When a neutrino hits an electron it produces a spark of light, and the direction
                  of this, as the electron moves, tells the direction from which the neutrino has come – something which the Homestake detector
                  cannot do. Another sort of detector, in Russia, uses gallium-71; if hit by a neutrino, this gallium will be converted to germanium-71.
                  Another gallium experiment was set up in Gran Sasso, deep in the Apennines, and yet another detector equally deep in the Caucasus
                  Mountains.
               

               At Hid, in Japan, neutrino-hunters have set up their equipment 1000 metres underground in the Kamioke Mining Company's tunnels.
                  The detector here is ultra-pure water – 50 000 tonnes of it contained in a stainless steel superstucture 41 metres high and
                  39 metres in diameter. When a neutrino interacts with an electron in water it produces a charged particle that moves faster
                  than the speed of light in water. This in turn creates a cone of light known as [image: ]erenkov radiation (the optical equivalent
                  of a sonic boom) which can be identified by a detector at the inner wall of the container. The Japenese neutrino detector
                  SuperKAMIOKANDE was active by the late 1980s, but the numbers of solar neutrinos detected remained much fewer than predicted.
               

               The problem was finally solved by researchers at the Sudbury Neutrino Observatory (SNO) at the Ceighton mine in Ontario, Canada.
                  The detector consists of 1000 tonnes of ‘heavy water’ (D2O) held in a 121-metre acrylic container, 2 km below the Earth's surface. There are 10 000 light-sensitive phototubes, which
                  produce flashes of [image: ]erenkov radiation when neutrinos interact with the water.
               

               The neutrinos produced in the Sun are of the type known as ‘electron-neutrinos’; it transpired that during the journey from
                  Sun to Earth some of the electron-neutrinos changed into other types – muon-neutrinos and tau-neutrinos – which could not
                  be recorded before SNO was ready. When the new information was taken into account, all was well, and the total number of solar
                  neutrinos was after all in agreement with the theoretical predictions.
               

               Predictably, the Sun emits radiation over the whole range of the electromagnetic spectrum. Infrared radiation was detected
                  in 1800 by William Herschel during an examination of the solar spectrum; he noted that there were effects beyond the limits
                  of red light. In 1801 J. Ritter detected ultraviolet radiation by using a prism to produce a solar spectrum and noting that
                  paper soaked in NaCl was darkened if held in a region beyond the violet end of the visible spectrum. Cosmic rays from the
                  Sun were identified by S. Forbush in 1942, and in 1954 he established that cosmic-ray intensity decreases when solar activity
                  increases (Forbush effect).
               

               The discovery of radio emission from the Sun was made by J. S. Hey and his team, on 27–28 February 1942. Initially, the effect
                  was thought to be due to German jamming of radar transmitters. The first radar contact with the Sun was made in 1959, by V.
                  Eshleman and his colleagues at the Stanford Research Institute in the United States.
               

               Solar X-rays are blocked by the Earth's atmosphere, so that all work in this field has to be undertaken by space research
                  methods. The first X-ray observations of the Sun were made in 1949 by investigators at the United States Naval Research Laboratory.
               

            

            Solar probes

            
               The first attempt at carrying out solar observations from high altitude was made in 1914 by Charles Abbott, using an automated
                  pyrheliometer launched from Omaha by hydrogen-filled rubber balloons. The altitude reached was 24.4 km, and in 1935 a balloon,
                  Explorer II, took a two-man crew to the same height. The initial attempt at solar research using a modern-type rocket was
                  made in 1946, when a captured and converted German V.2 was launched from White Sands, New Mexico; it reached 55 km and recorded
                  the solar spectrum down to 2400 Å. The first X-ray solar flares were recorded in 1956, from balloon-launched rockets, although
                  solar X-rays had been identified as early as 1948.
               

               Many solar probes have now been launched. (In 1976 one of them, the German-built Helios 2, approached the Sun to within 45
                  000 000 km.) The first vehicle devoted entirely to studies of the Sun was OSO 1 (Orbiting Solar Observatory 1) of 1962: it
                  carried 13 experiments, obtaining data at ultraviolet, X-ray and gamma-ray wavelengths.
               

               Extensive solar observations were made by the three successive crews of the first US space-station, Skylab, in 1973–1974.
                  The equipment was able to monitor the Sun at wavelengths from visible light through to X-rays. The last of the crews left
                  Skylab on 8 February 1974, although the station itself did not decay in the atmosphere until 1979. Solar work was also undertaken
                  by many of the astronauts on the Russian space-station Mir, from 1986, until the end of the mission.
               

               One vehicle of special note was the Solar Maximum Mission, launched on 14 February 1980 into a circular, 574 km orbit. It
                  was designed to study the Sun through the peak of a cycle. Following a breakdown, the vehicle was repaired in April 1984 by
                  a crew from the Space Shuttle, and functioned until 2 December 1999. The robotic space probe Ulysses, sent up from Cape Canaveral
                  on 6 October 1990, concentrated on the poles of the Sun, which can never be seen from Earth because our view is always more
                  or less broadside-on. The only way to obtain a good view of the solar poles was to send a probe out of the ecliptic, which
                  is not so easy as might be thought. Ulysses was first sent out to Jupiter, and on 8 February 1992 flew past the Giant Planet,
                  which used its strong gravitational pull to put Ulysses into the required orbit. It flew over the Sun's south pole on 26 June
                  1994, and over the north pole on 31 July 1995. Some of its discoveries were unexpected; in particular the south magnetic pole
                  was found to be very dynamic and without any fixed clear location. The south magnetic pole exists, of course, but it is more
                  diffuse than its northern counterpart.
               

               Ulysses is still in solar orbit, but it will never fly close to the Sun, and in fact it will always stay outside the orbit
                  of the Earth. Its own orbital period is 6 years. It has now been switched off.
               

               The Japanese space-craft Yohkoh, sent up from the Kagoshima Space Centre (South Japan) on 30 August 1991,was designed to study
                  flares and kindred phenomena at X-ray and gamma-ray wavelengths; it worked well, and lasted until 16 December 2001 – by now
                  the Japanese were very much to the fore in space research. Then, on 2 December 1995, came NASA's Solar and Heliospheric Observatory
                  – SOHO – which as been an outstanding success.
               

               The observatory SOHO was put into an unusual orbit. It remains 1 500 000 km from the Earth, exactly on a line joining the
                  Earth to the Sun; it lies at a stable point, known as a Lagrangian point, so that from Earth it is effectively motionless,
                  and is in sunlight all the time. There was an alarm on 25 June 1996, when contact was lost and it was feared that the mission
                  had come to a premature end, but SOHO was reactivated on 27 July, and was still operating well over 10 years later.
               

               This observatory has been immensely informative. For example, it has detected vast solar tornadoes whipping across the Sun's
                  surface, with gusts up to 500 000 km h–1. There are jet streams below the visible surface, and definite ‘belts’ in which material moves more quickly than the gases
                  to either side. There has been a major surprise, too, with regard to the Sun's general rotation. On the surface, the rotation
                  period is 25 days at the equator, rising to 25.7 days at latitudes of 40 degrees north or south and as much as 34 days at
                  the poles. This differential rotation persists to the base of the convection zone, but here the whole situation changes: the
                  equatorial rotation slows down and the higher-latitude rotation speeds up. The two rates become equal at a distance about
                  half-way between the surface and the centre of the globe; deeper down the Sun rotates in the same way as a solid body. As
                  yet we have to admit that we do not know the reason for this bizarre behaviour.
               

               Using data from SOHO it has also been found that the entire outer layer of the Sun, down to about 24 000 km, is slowly but
                  steadily flowing from the equator to the poles. The polar flow rate is no more than 80 km h–1, but this is enough to transport an object from the equator to the pole in little over a year.
               
The Genesis mission was launched on 8 August 2001, and made for the first Lagrangian point between the Earth and the Sun.
                  It stayed there, and between 3 December 2001 and 1 April 2004 it used exposed collector arrays to pick up particles of the
                  solar wind. It then came home, and a capsule bringing the precious samples re-entered the atmosphere on 8 September 2004.
                  As it parachuted down it should have been caught by a waiting helicopter but, owing to a constructional error this did not
                  happen, and the capsule crash-landed in the Utah desert. Fortunately many of the particles were retrieved. The ‘bus’ is still
                  orbiting the Sun.
               

               The Hinode satellite – Japanese for ‘Sunrise’ – was sent up on 22 September 2006. It carries optical and X-ray telescopes,
                  and equipment to carry out studies in the extreme ultraviolet range. The images sent back are probably the best obtained up
                  to the present time. Another recent mission is STEREO (Solar TErrestrial RElations Observatory), which consists of two space-craft
                  and was launched by NASA on 25 October 2006 to study the Sun and solar wind in three dimensions.
               

               The Solar Dynamics Observatory (SDO) was launched on 11 February 2010. It was put into a geosynchronous orbit, and carries
                  a variety of instruments. It is a three-axis stabilised spacecraft, with two solar arrays and two high-gain antennæ. The Helioseismic
                  and Magnetic Imager (HMI) studies solar variability and the various aspects of magnetic variability, while the Extreme Ultraviolet
                  Variability Experiment (EVE) measures the Sun's extreme ultraviolet irradiance with improved special resolution. This is of
                  special importance, because the Sun's output of energetic extreme ultraviolet photons is mainly responsible for heating the
                  Earth's upper atmosphere and creating the ionosphere. The output varies with the 11-year cycle, and this affects atmospheric
                  heating, satellite drag, and interference with communications systems. Testing and assembly were carried out at NASA's Goddard
                  Space Flight Center in Greenbelt, Maryland.
               

               A selected list of solar probes is given in Table 2.11.
               

            

            Helioseismology

            
               The first indications of solar oscillation were detected as long ago as 1960; the period was found to be 5 min, and it was
                  thought that the effects were due to a surface ‘ripple’ in the outer 10 000 km of the Sun's globe. More detailed results were
                  obtained in 1973 by R. H. Dicke, who was attempting to make measurements of the polar and equatorial diameters of the Sun
                  to see whether there was any appreciable polar flattening. Dicke found that the Sun was ‘quivering like a jelly’, so that
                  the equator bulges as the poles are flattened, but the maximum amplitude is only 5 km, and the velocities do not exceed 10
                  m s−1.
               

               This was the real start of the science of helioseismology. Seismology involves studies of earthquake waves in the terrestrial
                  globe, and it is these methods which have told us most of what we know about the Earth's interior. Helioseismology is based
                  on the same principle. Pressure waves – in effect, sound waves – echo and resonate through the Sun's interior. Any such wave
                  moving inside the Sun is bent or refracted up to the surface, because of the increase in the speed of sound with increased
                  depth. When the wave reaches the surface it will rebound back downward and this makes the photosphere move up and down. The
                  amplitude is a mere 25 m, with a temperature change of 0.005 °C, but these tiny differences can be measured by the familiar
                  Doppler principle involving tiny shifts in the positions of well-defined spectral lines. Waves of different frequencies descend
                  to different depths before being refracted up toward the surface – and the solar sound waves are very low-pitched; the loudest
                  lies about 12 ½ octaves below the lowest note audible to human beings. There are, of course, a great many frequencies involved,
                  so that the whole situation is very complex indeed.
               

               Various ground-based programmes are in use – such as GONG, the Global Oscillation Network Group, made up of six stations spread
                  out round the Earth so that at least one of them can always be in sunlight. However, more spectacular results have come from
                  solar space-craft, such as SOHO.
               

            

            The solar atmosphere

            
               With the naked eye, the outer surroundings of the Sun – the solar atmosphere – can be seen only during a total solar eclipse.
                  With modern-type equipment, or from space, they can however be studied at any time, although the outer corona is more or less
                  inaccessible except by using space research methods. The structure of the Sun is summarised in Table 2.12.
               

               Above the photosphere, rising to 5000 km, is the chromosphere (‘colour-sphere’), so named because its hydrogen content gives
                  it a strong red colour as seen during a total eclipse. The temperature rises quickly with altitude (remembering that the scientific
                  definition of temperature depends upon the speeds at which the atomic particles move around, and is by no means the same as
                  the ordinary definition of ‘heat’; the chromosphere is so rarefied that it certainly is not ‘hot’). In the chromosphere we
                  find spicules (long, thin ‘fingers’ of luminous gas which rise to the top of the layer and sink back down again over a period of about
                  10 minutes, and fibrils, horizontal wisps of gas; in extent, they are similar to spicules, but last for considerably longer (up to about 20 min).
                  The dark Fraunhofer lines in the solar spectrum are produced in the chromosphere.
               

               Rising from the chromosphere are the prominences, structures with chromospheric temperatures embedded in the corona. They were first described in detail by the Swedish observer
                  Vassenius at the total eclipse of 1733, although he believed them to belong to the Moon rather than to the Sun. (They may
                  have been recorded earlier, in 1706, by Stannyan at Berne.) It was only after the eclipse of 1842 that astronomers became
                  certain that they are solar rather than lunar.
               

               Prominences (once, misleadingly, known as Red Flames) are composed of hydrogen. Quiescent prominences may persist for weeks
                  or even months, but eruptive prominences show violent motions, and may attain heights of several hundreds of thousands of
                  kilometres. Following the eclipse of 19 August 1868, J. Janssen (France) and Norman Lockyer (England) developed the method
                  of observing them spectroscopically at any time. By observing at hydrogen wavelengths, prominences may be seen against the
                  bright 
                     Table 2.11 Solar missions
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                        In addition, some satellites (such as the SPARTAN probes) have been released from the space shuttles and retrieved a few days
                           later.
                        

                     

                  

                  


                     Table 2.12 Structure of the Sun
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disc of the Sun as dark filaments, sometimes termed flocculi. (Bright flocculi are due to calcium.)
               

               Above the chromosphere, and the thin transition region, comes the corona, the ‘pearly mist’, which extends outward from the Sun in all directions. It has no definite boundary; it simply thins out
                  until its density is no greater than that of the interplanetary medium. The density is in fact very low – less than one million
                  millionth of that of the Earth's air at sea level, so that its ‘heat’ is negligible even though the temperature reaches around
                  2 000 000 °C. Because of its high temperature, it is brilliant at X-ray wavelengths.
               
Seen during a total eclipse, the corona is truly magnificent. The first mention of it may have been due to the Roman writer
                  Plutarch, who lived from about AD 46 to 120. Plutarch's book On the Face in the Orb of the Moon contains a reference to ‘a certain splendour’ around the eclipsed Sun, which could well have been the corona. The corona
                  was definitely recorded from Corfu during the eclipse of 22 December 968. The astronomer Clavius saw it at the eclipse of
                  9 April 1567, but regarded it as merely the uncovered edge of the Sun; Kepler showed that this could not be so, and attributed
                  it to a lunar atmosphere. After observing the eclipse of 16 June 1806 from Kindehook, New York, the Spanish astronomer Don
                  José Joaquin de Ferrer pointed out that if the corona were due to a lunar atmosphere, then the height of this atmosphere would
                  have to be 50 times greater than that of the Earth, which was clearly unreasonable. However, it was only after careful studies
                  of the eclipses of 1842 and 1851 that the corona and the prominences were shown unmistakably to belong to the Sun rather than
                  to the Moon.
               

               The shape and extent of the corona varies according to the amount of activity on the Sun; at eclipses seen during the Maunder
                  Minimum (1645–1715) it was apparently very inconspicuous. Certainly the shape at spot-maximum is more symmetrical than at
                  spot-minimum, when there are streamers and ‘wings’ – as was first recognised after studies of the eclipses of 1871 and 1872.
               

               The high temperature of the corona was for many years a puzzle. It now seems that the cause is to be found in what is termed
                  ‘magnetic reconnection’. This occurs when magnetic fields interact to produce what may be termed short circuits; the fields
                  ‘snap’ to a new, lower-energy state, rather reminiscent of the snapping of a twisted rubber band. Vast amounts of energy are
                  released, which can produce flares and other violent phenomena as well as causing the unexpectedly high coronal temperature.
                  A reconnection event was actually recorded, on 8 May 1998, from a space-craft, TRACE (the Transition Region and Coronal Explorer),
                  which had been launched on 1 April 1998 specifically to study the Sun at a time when solar activity was starting to rise toward
                  the peak of a new cycle.
               

               In 2009, Sheffield and Belfast astronomers used the Swedish Solar Telescope, in La Palma, to detect Alfvén waves in the Sun's
                  lower atmosphere. It is very probable that these elusive waves play a major role in raising the temperature of the corona
                  to over a million degrees, though of course this does not correspond to the everyday meaning of “heat’.
               

               Coronal loops form the basic structure of the lower corona; they are highly structured, because of the twisted lines of magnetic force
                  inside the Sun. A loop is a magnetic phenomenon, fixed at both ends, threading its way through the Sun's globe and protruding
                  into the atmosphere. They appear in both active and quiet regions of the surface.
               

               A coronal mass ejection is, as the name indicates, an outburst in the corona which results in the violent ejection of material.
                  A CME is usually observed with a white-light coronagraph. The first CME was identified on 14 December 1971 by R. Tusey, from
                  data supplied by the Orbiting Solar Observatory OSO-7. Ejecta reaching the Earth may disrupt the magnetosphere, and cause
                  displays of auroræ; together with flares, they cause power surges and interfere with radio transmissions, as well as damaging
                  satellite equipment. And as we have noted, an outburst in October 2007 ripped off the tail of Encke's Comet – though the comet
                  soon recovered.
               

            

            The solar wind

            
               The corona is the source of what is termed the solar wind – a stream of particles being sent out from the Sun all the time. The first suggestion of such a phenomenon was made in the
                  early 1950s, when it was realised that the Sun's gravitational pull is not strong enough to retain the very high-temperature
                  coronal gas, so that presumably the corona was expanding and was being replenished from below. L. Biermann also drew attention
                  to the fact that the tails of comets always point away from the Sun, and he concluded that the ion or gas tails are being
                  ‘pushed outward’ by particles from the Sun. In this he was correct. (The dust tails are repelled by the slight but definite
                  pressure of solar radiation.) In 1958 E. N. Parker developed the theory of the expanding corona, and his conclusions were
                  subsequently verified by results from space-craft. One of these was Mariner 2, sent to Venus in 1962. En route, Mariner not
                  only detected a continuously flowing solar wind, but also observed fast and slow streams which repeated at 27 day intervals,
                  suggesting that the source of the wind rotated with the Sun.
               

               The solar wind consists of roughly equal numbers of protons and electrons, with a few heavier ions. It leads to a loss of
                  mass of about 1012 tons per year (which may sound a great deal, but this is negligible by solar standards). As the wind flows past the Earth
                  its density is of the order of 5 atoms cm−3; the speed usually ranges between 200 and 700 km s−1, with an average value of 400 km s−1, although the initial speed as it leaves the Sun may be as high as 900 km s−1.
               

               The slow component of the solar wind comes from low solar latitudes. The fast component, which has an average velocity of
                  around 800 km s−1, comes from coronal holes, where the density is below average; coronal holes are often found near the poles, and here the
                  magnetic field lines are open, making it easier for wind particles to escape. The wind is ‘gusty’, and when at its most violent
                  the particles bombard the Earth's magnetosphere, producing magnetic storms and displays of auroræ.
               

               The solar wind blows a ‘bubble’ in the interstellar medium, which is known as the heliosphere. Out to a distance of about 15 000 million kilometres from the Sun, the wind travels at several million kilometres per hour.
                  As it starts to collide with the rarefied hydrogen and helium of the interstellar medium it slows down, becoming subsonic
                  at the ‘termination shock’ and finally ceases altogether; this point – where the solar wind become inappreciable – is the
                  heliopause; the solar wind turns back and flows down the tail of the heliosphere. As the heliopause moves through interstellar space
                  it produces a bow shock. By 2005 the two Voyager probes, launched 1977 and still transmitting, had reached this outer part of the Solar System.
               

            

            IBEX

            
               NASA's Interstellar Boundary Explorer (IBEX), launched in October 2008, has mapped the invisible interactions occurring at
                  the edge of the Solar System, finding them to be surprisingly structured and intense. For example, IBEX data show the pile-up
                  of the solar wind in the magnetopause.
               

               Pressure causes the wind to form a comet-like tail behind the Sun; this is termed the heliosheath. It marks the boundary of the heliosphere, and may even be said to form the boundary of the true Solar System. Its distance
                  from the Sun has been given as 150 astronomical units, though it is difficult to give a definite value.
               

            

            Eclipses of the sun

            
               A solar eclipse occurs when the Moon passes in front of the Sun; strictly speaking, the phenomenon is an occultation of the
                  Sun by the Moon. Eclipses may be total (when the whole of the photosphere is hidden), partial or annular (when the Moon's
                  apparent diameter is less than that of the Sun, so that a ring of the photosphere is left showing round the lunar disc: Latin
                  annulus, a ring). Recent and future solar eclipses are listed in Tables 2.13, 2.14, 2.15 and 2.16. On 24 October 2098 the obscuration amounts to no more than 0.004%.
               

               The solar corona can be well seen from Earth only during a total eclipse. In 1930 B. Lyot built and tested a coronograph,
                  located at the Pic du Midi Observatory (altitude, 2870 m); this instrument produces an ‘artificial eclipse’ inside the telescope.
                  With it Lyot was able to examine the inner corona and its spectrum, but the outer corona remained inaccessible.
               

               The greatest number of eclipses possible in one year is seven; thus in 1935 there were five solar and two lunar eclipses,
                  and in 1982 there were four solar and three lunar. The least number possible in one year is two, both of which must be solar,
                  as in 1984.
               

               The length of the Moon's shadow varies between 381 000 km and 365 000 km, with a mean of 372 000 km. As the mean distance
                  of the Moon from the Earth is 384 000 km, the shadow is on average too short to reach the Earth's surface, so that annular
                  eclipses are more frequent than total eclipses in the ratio of five to four. On average there are 238 total eclipses per century.
                  During the twenty-first century there will be 224 solar eclipses: 68 total, 72 annular, seven annular/total (that is to say,
                  annular along most of the track) and 77 partial.2

               The track of totality across the Earth's surface can never be more than 272 km wide, and in most cases the width is much less
                  than this. A partial eclipse is seen to either side of the track of totality, although some partial eclipses are not total
                  or annular anywhere on Earth.
               

               The longest possible duration of totality is 7 min 31 s. This has never been observed, but at the eclipse of 20 June 1955
                  totality over the Philippines lasted for 7 min 8 s.
               

               The longest totality during the twenty-first century was on 22 July 2009 (6 min 30 s). The shortest possible duration of totality
                  can be less than 1 s. This happened at the eclipse of 3 October 1986, which was annular along most of the central track, but
                  total for about 1/10 s over a restricted area in the North Atlantic Ocean. (So far as I know, totality was not observed.)
                  The shortest total eclipse of the twenty-first century will be that of 6 December 2067: a mere 8 s.
               

               


                  Table 2.13 Solar eclipses 1923–1999. T = total, P = partial, A = annular
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Annularity can last for longer; the maximum is as much as 12 min 24 s. The annular eclipse of 15 January 2010 lasted for 11
                  min 8 s – that of 16 December 2085 will last for only 19 s. The largest partial eclipse of the twenty-first century will be
                  that of 11 April 2051, when the Sun will be 98.5% obscured.
               

               The longest totality ever observed was during the eclipse of 30 June 1973. A Concorde aircraft, specially equipped for the
                  purpose, flew underneath the Moon's shadow, keeping pace with it so that the scientists on board (including the British astronomer
                  John Beckman) saw a totality lasting for 72 min. They were carrying out observations at millimetre wavelengths, and at their
                  height of 55 000 feet were above most of the water vapour in our atmosphere which normally hampers such observations. They
                  were also able to see definite changes in the corona and prominences during their flight. The Moon's shadow moves over the
                  Earth at up to 3000 km h−1, so that only Concorde could easily match it.
               

               The first recorded solar eclipse seems to have been that of 2136 BC, seen in China during the reign of the Emperor Chung K'ang.
                  A famous story is attached to it. The Chinese believed that during an eclipse the Sun was being attacked by a hungry dragon,
                  and the only remedy was to beat drums, bang gongs, shout and wail, and in general make as much noise as possible in order
                  to scare the dragon away. Not surprisingly this procedure always worked. It was the duty of the court astronomers to give
                  warning of a forthcoming eclipse, and it has been said that on this occasion the astronomers, who rejoiced in the names of
                  Hsi and Ho, forgot – with the result that they were executed for negligence. Alas, there can be no doubt that this story is
                  apocryphal. The next eclipse which may be dated with any certainty is that of 1375 BC, described on a clay tablet found at
                  Ugarit in Syria.
               

               Predictions were originally made by studies of the Saros period. This is the period after which the Sun, Moon and node (intersection
                  of the planes of the orbits) arrive back at almost the same relative positions. It amounts to 6 585 321 solar days, or approximately
                  18 years 11 days. Therefore, an eclipse tends to be followed by another eclipse in the same Saros series 18 years 11 days
                  later, although conditions are not identical, and the Saros is at best a reasonable guide. (For example, the eclipse of June
                  1927 was total over parts of England, but the ‘return’, in July 1945, was not.) One Saros series lasts for 1150 years; it
                  includes 64 eclipses, of which 43 or 44 are total, while the rest are partial eclipses seen from the polar zones of the Earth.
               

               The first known predictions about which we have reasonably reliable information were made by the Greeks. There does seem good
                  evidence that the eclipse of 25 May 585 BC was predicted by Thales of Miletus, the first of the great Greek philosophers.
                  It occurred near sunset in the Mediterranean area, and is said to have put an end to a battle between the forces of King Alyattes
                  of the Lydians and King Cyraxes of the Medes; the combatants were so alarmed by the sudden darkness that they concluded a
                  hasty peace.
               

               Eclipse stories and legends are plentiful. Apparently the Emperor Louis of Bavaria was so frightened by the eclipse of 840
                  that he collapsed and died, after which his three sons engaged in a ruinous war over the succession. There was also the curious
                  case of General William Harrison (later President of the United States) when he was Governor of Indiana Territory, and was
                  having trouble with the Shawnee prophet Tenskwatawa. He decided to ridicule him by claiming that he could make the Sun stand
                  still and the Moon ‘alter its course’. Unluckily for him, the prophet knew more astronomy than the General, and he was aware
                  that an eclipse was due on 16 July 1806. He therefore said that he would demonstrate his own power by blotting out the Sun.
                  A crowd gathered at the camp, and the prophet timed his announcement at just the right moment, so that Harrison was nonplussed
                  (although in 1811 he did destroy the Shawnee forces at the Battle of Tippecanoe).
               

               The first total solar eclipse recorded in the United States was that of 24 June 1778, when the track passed from Lower California
                  to New England. Two years later, on 21 October 1780, a party went to Penobscot, Maine, to observe an eclipse; it was led by
                  S. Williams of Harvard and had been given ‘free passage’ by the British forces. Unfortunately, a mistake in the calculations
                  meant that the astronomers went to the wrong place, and remained outside the track of totality. The first American expedition
                  to Europe was more successful: on 28 July 1851 G. P. Bond took a party to Scandinavia, and obtained good results.
               

               Astronomers have always been ready to run personal risk to study eclipses, and one man who demonstrated this in 1870 was Jules
                  Janssen, a leading French expert concerning all matters relating to the Sun. The eclipse was due on 22 December; Janssen was
                  in Paris, but the city was surrounded by German forces, and there was no obvious escape. Janssen's solution was to fly out
                  in a hot-air balloon. He arrived safely at Oran, only to be met with overcast skies.
               

                  Table 2.16 British total eclipses, 1–2200a
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                           a Calculations by Sheridan Williams, whom I thank for allowing me to quote them.
                           

                        

                     

                  

               

               


                     Table 2.14 Solar eclipses 2000–2020. T = total, P = partial, A = annular

                     [image: Table 2.14]

                     
                        There will be total eclipses on 2021 Dec 4, 2023 Apr 20, 2024 Apr 8, 2026 Aug 12, 2027 Aug 2, 2028 July 22, 2030 Nov 25, 2031
                           Nov 14, 2033 Mar 30, 2034 Mar 20, 2035 Sept 2, 2037 July 13, 2038 Dec 26 and 2039 Dec 15.
                        

                     

                  




                     Table 2.15 British annular eclipses, 1800–2200

                     [image: Table 2.15]

                  

In Britain, eclipse records go back a long way. The first account comes from the Anglo-Saxon Chronicle; the eclipse took place on 15 February 538, four years after the death of Cerdic, the first King of the West Saxons. The
                  Sun was two-thirds eclipsed from London.
               

               The celebrated chronicler William of Malmesbury gave a graphic description of the eclipse of 1133: the Sun ‘shrouded his glorious
                  face, as the poets say, in hideous darkness, agitating the hearts of men by an eclipse and on the sixth day of the week there
                  was so great an earthquake that the ground appeared to sink down; a horrid noise being first heard beneath the surface’. In
                  fact there can be no connection between an eclipse and a ground tremor, but William was again busy at the eclipse of 1140:
                  ‘It was feared that Chaos had come again . . . it was thought and said by many, not untruly, that the King [Stephen] would
                  not continue a year in the government.’ (In fact, Stephen reigned until 1154.) Several Scottish eclipses were given nicknames;
                  Black Hour (1433), Black Saturday (1598), Mirk Monday (1652).
               

               The eclipse of 1715 was well observed over much of England. Edmond Halley saw it, and gave a vivid description of the corona:
                  ‘A luminous ring of a pale whiteness, or rather pearl colour, a little tinged with the colours of the Iris, and concentric
                  with the Moon’. He was also the first to see Baily's Beads – brilliant spots caused by the Sun's rays shining through valleys
                  on the lunar limb immediately before and immediately after totality. They can sometimes be seen during an annular eclipse (as by Maclauin, from Edinburgh, on 1 March 1737) but the first really detailed description
                  of them was given in 1836, at the annular eclipse of 15 May, by Francis Baily, after whom they are named. (They were first
                  photographed at the eclipse of August 1869 by C. F. Hines and members of the Philadelphia Photographic Corps, observing from
                  Ottuma in Iowa.)
               

               The last British mainland totality before 1927 was that of 1724. Unfortunately the weather was poor and the only good report
                  came from a Dr Stukeley, from Haraden Hill near Salisbury. The spectacle, he wrote, ‘was beyond all that he had ever seen
                  or could picture to his imagination that most solemn’. The eclipse was much better seen from France.
               

               In 1927, the track crossed parts of Wales and northern England, but there was a great deal of cloud and the best results came
                  from Giggleswick, where the Royal Astronomical Society party was stationed. Totality was brief – only 24 s – but the clouds
                  cleared away at the vital moment, and useful photographs were obtained. On 30 June 1954 the track brushed the tip of Unst,
                  northernmost of the Shetland Islands, but most observers went to Norway or Sweden. On 11 August 1999 the track crossed Devon
                  and Cornwall, but most of the area was cloudy, though the partial phase was well seen from most of the rest of Britain. Turkey
                  and Iran had good views; the prominences were particularly striking – not at all surprising as the Sun was rising to the peak
                  of its 11-year cycle.
               

               The maximum theoretical length of a British total eclipse is 5.5 min. That of 15 June 885 lasted for almost 5 min, and so
                  will the Scottish total eclipse of 20 July 2381.
               

               Another phenomenon seen at a total eclipse is that of shadow bands, wavy lines crossing the landscape just before and just
                  after totality; they are, of course, produced in the Earth's atmosphere. They were first described by H. Goldschmidt at the
                  eclipse of 1820.
               

               The first attempt to photograph a total solar eclipse has made by the Austrian astronomer G. A. Majocci on 8 July 1842. He
                  failed to record totality, although he did manage to photograph the partial phase. The first real success, showing the corona
                  and prominences, was due to M. Berkowski on 28 July 1851, using the 6.25 Königsberg heliometer with an exposure time of 24
                  s. The flash spectrum was first photographed by the American astronomer C. Young, on 22 December 1870. (The flash spectrum
                  is the sudden change in the Fraunhofer lines from dark to bright, when the Moon blots out the photosphere in the background
                  and the chromosphere is left shining ‘on its own’.) The flash spectrum was first observed during an annular eclipse by N.
                  R. Pogson, in 1872.
               

               Nowadays, of course, total eclipses are shown regularly on television. The first attempt to show totality on television from
                  several stations spread out along the track was made by the BBC at the eclipse of 15 February 1961. All went well, and totality
                  was shown successively from France, Italy and what was then Jugoslavia. There was, however, one bizarre incident. I was stationed
                  atop Mount Jastreba[image: ], in Jugoslavia, and with our party were several oxen used to haul the equipment up to the summit. It
                  is quite true that animals tend to go to sleep as darkness falls, and, unknown to me, the Jugoslav director decided to show
                  this as soon as totality began – so he trained the cameras on to the oxen and to make sure that the viewers were treated to
                  a good view, he switched on floodlights! I made a gesture which could not possibly be misinterpreted even in Serbo Croat,
                  and the floodlights were promptly switched off.
               

               The last total eclipse will probably occur in about 700 million years from now. By then the Moon will have receded to about
                  29 000 km further away from the Earth, and the disc will no longer appear large enough to cover the Sun.
               

            

            Evolution of the sun

            
               The Sun is a normal Main Sequence star. It is in orbit round the centre of the Galaxy; the period is of the order of 225 000
                  000 years – sometimes known as the ‘cosmic year’. One cosmic year ago, the most advanced creatures on Earth were amphibians;
                  even the dinosaurs had yet to make their entry. (It is interesting to speculate as to conditions here one cosmic year hence!)
                  The apex of the Sun's way – i.e. the point in the sky toward which it is moving – is RA 18h, declination +34°, in Hercules;
                  the antapex is at RA 6h, declination –34°, in Columba.
               

               The age of the Earth is about 4600 million years, and the Sun is certainly older than this, so that perhaps 4800 million years
                  to around 5000 million years is a reasonable estimate. The Sun was born inside a giant gas cloud, perhaps 50 light-years in
                  diameter, which broke up into globules, one of which produced the Sun. The first stage was that of a proto-star, surrounded
                  by a cocoon of gas and dust which may be termed a solar nebula (an idea first proposed by Immanuel Kant as long ago as the
                  year 1755). Contraction led to increased heat; there was a time when the fledgling star varied irregularly, and sent out an
                  energetic ‘wind’ (the so-called T Tauri stage), but eventually the cocoon was dispersed, and the Sun became a true star. When
                  the core temperature reached around 10 000 000 °C, nuclear reactions began. Initially the Sun was only 70% as luminous as
                  it is now but eventually it settled on to the Main Sequence, and began a long period of comparatively steady existence.
               

               The supply of available hydrogen ‘fuel’ is limited, and as it ages the Sun is bound to change. Over the next thousand million
                  years there will be a slow but inexorable increase in luminosity, and the Earth will become intolerably hot from our point
                  of view. Worse is to come. Four thousand million years from now the Sun's luminosity will have increased threefold, so that
                  the surface temperature of the Earth will soar to 100 °C and the oceans will be evaporated. Another thousand million years,
                  and the Sun will leave the Main Sequence to become a giant star, with different nuclear reactions in the core. There will
                  be a period of instability, with swelling and shrinking (the ‘asymptotic giant’ stage) but eventually the Sun's diameter will
                  grow to 50 times its present size; the surface temperature will drop, but the overall luminosity will increase by a factor
                  of at least 300, with disastrous results for the inner planets. The temperature at the solar core will once again reach 100
                  000 000 °C, and helium will react to produce carbon and oxygen. A violent solar wind will lead to the loss of the outer layers, so that
                  for a relatively brief period on the cosmical scale the Sun will become a planetary nebula. Finally, all that is left will
                  be a very small, dense core made up of degenerate matter; the Sun will have become a white dwarf, with all nuclear reactions
                  at an end. After an immensely long period – perhaps several tens of thousands of millions of years – all light and heat will
                  depart, and the end product will be a cold, dead black dwarf, perhaps still circled by the ghosts of the remaining planets.
               

               It does not sound an inviting prospect, but at least it need not alarm us. The Sun is no more than halfway though its career
                  on the Main Sequence; it is no more than middle-aged.
               

            

            
               Endnotes
               
                  1 It may be worth recalling that in 1952 a German lawyer, Godfried Büren, stated that the Sun had a vegetation-covered inner
                     globe, and offered a prize of 25 000 Marks to anyone who could prove him wrong. The leading German astronomical society took
                     up the challenge, and won a court case, although whether the prize was actually paid does not seem to be on record! So far
                     as I know, the last serious protagonist of theories of this sort was an English clergyman, the Reverend P. H. Francis, who
                     held a degree in mathematics from Cambridge University. His 1970 book, The Temperate Sun, is indeed a remarkable work.
                  

               

               
                  2 The calculations were made by Fred Espenak of NASA. I thank him for allowing me to quote them.
                  

               

            

         

      

   
      
            3 The Moon

            The Moon is officially ranked as the Earth's satellite. Relative to its primary, it is however extremely large and massive,
               and it might well be more appropriate to regard the Earth–Moon system as a double planet. Data are given in Table 3.1.
            

            The synodic period (i.e. the interval between successive new moons or successive full moons) is 29d 12h 44m, so that generally there is one
               full moon every month. However, it sometimes happens that there are two full moons in a calendar month and one month (February)
               may have none. Thus in 1999 there were two full moons in January (on the 2nd and the 31st), none in February and two again
               in March (on the 2nd and the 31st as with January). By tradition a second full moon in a month is known as a blue moon, but this has nothing whatsoever to with a change in colour. (This is not an old tradition. It comes from the misinterpretation
               of comments made in an American periodical, the Maine Farmers’ Almanac, in 1937.) Yet the Moon can occasionally look blue, due to conditions in the Earth's atmosphere. For example, this happened
               on 26 September 1950, because of dust in the upper air raised by vast forest fires in Canada. A blue moon was seen on 27 August
               1883 caused by material sent up by the volcanic outburst at Krakatoa, and green moons were seen in Sweden in 1884 – at Kalmar,
               on 14 February, for 8 min, and at Stockholm on 12 January, also for 3 min.
            

            Other full moons have nicknames (Table 3.2), but of these only two are in common use. In the northern hemisphere, the full moon closest to the autumnal equinox, which
               falls around 22 September, is called Harvest Moon. This is because the ecliptic then makes its shallowest angle with the horizon,
               and then the time lapse – that is to say, the interval between moonrise on successive nights – is at its minimum; maybe no
               more than 15 min, although for most of the year this amounts to at least 30 min. It was held that this was useful to farmers
               gathering in their crops. Harvest Moon looks the same as any other full moon – and it is worth noting that the full moon is
               no larger when low down than when high in the sky. Certainly it does give this impression, but the ‘Moon Illusion’ is an illusion and nothing more.
            

            In Islam, the calendar follows a purely lunar cycle, so that over a period of about 33 years the months slowly regress through
               the seasons. Each month begins with the first sighting of the crescent Moon, and this is important in Islamic religion. An
               early sighting was made on 15 March 1972 by R. Moran of California, who used 10 × 50 binoculars and glimpsed the Moon 14h
               53m past conjunction; on 21 January 1996 P. Schwann, from Arizona, used 25 × 60 binoculars to glimpse the Moon only 12h 30m
               after conjunction.
            

            (As an aside: in 1992 a British political party, the Newcastle Green Party, announced that it would meet at new moon to discuss
               ideas and at full moon to act upon them. It has not, so far, won any seats in Parliament!)
            

            There is no conclusive evidence of any link between the lunar phases and weather on Earth, or of any effect upon living things
               – apart from aquatic creatures, since the Moon is the main agent in controlling the ocean tides.
            

            During the crescent stage the ‘night’ part of the Moon can usually be seen shining faintly. This is known as the Earthshine and is due solely to light reflected on to the Moon by the Earth – as was first realised by Leonardo da Vinci [1452–1519].
            

            Moon legends and moon worship

            
               Every country has its own Moon legends – and who has not heard of the Man in the Moon? According to a German tale, the Old
                  Man was a villager caught stealing cabbages, and was placed in the Moon as a warning to others: he was also a thief in Polynesian
                  lore. Frogs and toads have also found their way there, and stories about the hare in the Moon are widespread. From China comes
                  another delightful story. A herd of elephants made a habit of drinking at the Moon Lake and trampled down the local hare population.
                  The chief hare then had an excellent idea; he told the elephant that by disturbing the waters they were angering the Moon
                  goddess, by destroying her reflection. The elephants agreed that this was most unwise, and made a hasty departure.
               

               There is another Chinese story – that of the ‘Moon Maiden’ Chang- [image: ]. It is connected with the Sun legend of the ten suns which
                  moved round the world and were ordered to shine one at a time. Eventually they decided to shine together, with the result
                  that the Earth was scorched, and nine of the suns were shot down by the archer Hou Yi. One day Yi was given the elixir of
                  immortality, and asked his wife Chang-[image: ] to guard it for him. Alas, when Yi was out hunting, Chang-[image: ] was threatened by the
                  evil archer Peng Meng, and rather then give him the elixir she swallowed it. Instantly she began to float to the Moon – and
                  landed safely, accompanied by a jade rabbit; as a Moon goddess she can still be seen there. Yi was sad at the loss of his
                  beautiful wife, but at least he can worship her, particularly on the 15th day of the 8th lunar month each year, when the Moon
                  is particularly brilliant. This is one of the most popular of all Chinese legends – and when the first Chinese lunar space-probes
                  were launched, on 24 October 2007, it was named Chang-[image: ] 1.
               

               To the people of Van, in Turkey, the Moon was a young bachelor who was engaged to the Sun. Originally the Moon had shone in
                  the daytime and the Sun at night, but the Sun, being feminine, was afraid of the dark – and so they changed places. 
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In many mythologies the Sun is female and the Moon male, although this is not always the case. For example, in Greenland it
                  is said that the Sun and Moon were brother and sister, Anninga and Malina. When Malina smeared her brother's face with soot,
                  she fled to avoid his anger: reaching the sky, she became the Sun. Anninga followed and became the Moon, but he cannot fly
                  equally high, and so he flies round the Sun hoping to surprise her. When he becomes tired at the time of lunar First Quarter,
                  he leaves his house on a sled towed by four dogs, and hunts seals until he is ready to resume the chase.
               

               From the Maori of New Zealand comes the legend of Rona, daughter of the sea-god Tangaroa. One evening she took a bucket and
                  walked along to a brook, where she filled the bucket with fresh water to take back to her children. Then, without warning,
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the Moon dipped behind a cloud, and in the sudden darkness Rona stumbled and fell, dropping the bucket and spilling the water.
                  Instinctively she made some very unkind remarks about the Moon – and the Moon, hearing them, grabbed both her and the bucket,
                  swinging them up into the sky. Rona can still be seen in the Moon; every time she tips her bucket, rain falls.
               

               Of course there were many lunar deities, such as Isis (Egypt), Tsuki-yomi-nokami (Japan) and Diana (Rome). In early Greek
                  mythology the Moon goddess Selene is the sister of the Sun god Helios. When Helios completes his daily journey across the
                  sky, Selene, freshly washed in the great Ocean, which surrounds the world, takes his place and starts her own journey, to
                  provide light during the hours of night.
               

               Moon worship continued until a surprisingly late stage, at least in Britain; from the Confessional of Ecgbert, Archbishop
                  of York, we learn that in the eighth century AD homage was still being paid to the Moon as well as to the Sun.
               

            

            Rotation of the moon

            
               The Moon's rotation is synchronous (captured), i.e. the axial rotation period is the same as the orbital period. This means
                  that the same area of the Moon is turned Earthward all the time, although the eccentricity of the lunar orbit leads to libration
                  zones which are brought alternately in and out of view. From Earth, 59% of the Moon's surface can be studied at one time or
                  another; only 41% is permanently out of view. There is no mystery about this behaviour; tidal forces over the ages have been
                  responsible. Most other planetary satellites also have synchronous rotation with respect to their primaries.
               

               The barycentre, or centre of gravity of the Earth–Moon system, lies 1707 km beneath the Earth's surface, so that the statement
                  that ‘the Moon moves round the Earth’ is not really misleading.
               

               The fact that the Moon has synchronous rotation was noted by Cassini in 1693; Galileo may also have realised it. The libration
                  zones are so foreshortened that from Earth they are difficult to map, and good maps were not possible until the advent of
                  space-craft. The first images of the averted 41% were obtained in 1959 by the Russian vehicle Luna (or Lunik) 3.
               
Because of tidal effects, the Moon is receding from the Earth at a rate of 3.83 cm year−1; also, the Earth's rotation period is lengthening, on average, by 0.000 000 2 s day−1, although motions of material inside the Earth mean that there are slight irregularities superimposed on the tidal increase
                  in period.
               

               Ancient eclipse records are helpful here. We know when these eclipses should have occurred, assuming that the Earth's rotation
                  is constant; but there are discrepancies, and old records are quite clear. It is true that we now have atomic clocks which
                  are better timekeepers than the Earth itself, and we know that the rotation period sometimes changes very slightly, but on
                  average each day is 0.000 000 02 of a second longer than its predecessor. Let us see how this ‘secular acceleration of the
                  Moon’ shows up.
               

               As each day is 0.000 000 2 of a second longer than the previous day, then a century (36 525 days) ago the length of the day
                  was shorter by 0.00073 of a second. Taking the average between then and now, the length of the day was half of this value,
                  or 0.00036 of a second shorter than at present. But since 36 525 days have passed by, the total error is 36 525 × 0.00036
                  = 13 seconds. Therefore the position of the Moon, when calculated back, will be in error; it will seem to have moved too far,
                  i.e. too fast. It follows that eclipses of many centuries ago will not occur at the moments they would have done if there
                  were no secular acceleration.
               

            

            Origin of the moon

            
               Various theories have been put forward to describe the origin of the Moon. At least we have one definite fact to help us –
                  the Earth and the Moon are of the same age, 4.6 thousand million years, as we know from analyses of the rocks brought back
                  by the Apollo astronauts and the Russian unmanned probes. We also know that the overall density of the Moon's globe is appreciably
                  lower than that of the Earth.
               

               The first theory to gain widespread acceptance was that of G. H. Darwin, proposed in 1878 and extended by O. Fisher four years
                  later. The Earth and Moon were originally combined and rotated quickly – so quickly, in fact, that part of the globe broke
                  away, and became the Moon. Fisher believed that the basin now filled by the Pacific Ocean was left by the departing Moon.
                  All this sounds plausible enough, but mathematical analysis shows that there are fatal objections. A thrown-off mass would
                  not form a lunar-sizd globe, the high angular momentum of the Earth–Moon system cannot be explained, and there are other problems
                  too. The Moon's diameter is roughly one-third that of the Earth, but the depth of the Pacific basin is absolutely negligible
                  compared with the diameter of the Earth itself.
               

               H. C. Urey proposed the ‘capture’ theory: the Moon was formed from the solar nebula in the same way as the Earth, and was
                  originally an independent planet, but after a while the two became gravitationally linked. However, this would require a set
                  of very special circumstances, and the theory cannot easily explain why the Moon is so obviously less dense than the Earth.
                  These problems remained even if the Earth and the Moon had formed close together, and at the same time. At one stage Urey
                  commented that since all theories of the Moon's origin were so unsatisfactory, science had proved that the Moon does not exist!
               

               Then, in 1974, came the Giant Impact theory, proposed by W. Hartmann and D. R. Davies. This involved a collision about 4000
                  million years ago between the proto-Earth and a body about the size of Mars – in fact, an extra member of the inner group
                  of planets. The cores of the two bodies merged, and the mantle debris was spread round, subsequently accreting to form the
                  Moon. At the time of the collision so much energy was liberated that the outer part of the fledgling Moon was melted to form
                  a deep global magma ocean. Over the next 100 million years this ocean crystallised and differentiated; iron silicates such
                  as olivine and pyroxene sank, while the less dense feldspar rose up and floated. When the process was completed, the Moon
                  was left with a crust and a mantle. The stage was set for the Heavy Bombardment.
               

               The Hartmann–Davies theory avoids most of the difficulties faced by older hypotheses, and most astronomers now accept it,
                  but we cannot pretend that we know all the details, and some people still believe that the Moon was originally independent.
               

            

            Minor satellites

            
               No minor Earth satellites of natural origin seem to exist. Careful searches have been made for them, notably in 1957 by Clyde
                  Tombaugh (discoverer of the dwarf planet Pluto), but without result. A small satellite reported in 1846 by F. Pettit, Director
                  of the Toulouse Observatory in France, was undoubtedly an error in observation – although Jules Verne found it very useful
                  in his great novel From the Earth to the Moon and its sequel Round the Moon (1865) – and very faint clouds of loose material at the Lagrangian points L4 and L5 were reported visually in 1956 by the
                  Polish astronomer K. Kordylewski; in 1961 he obtained decidedly inconclusive photographs. Little is known about them; their
                  very existence has been questioned, and it is fair to say that any true satellite more than a few metres in diameter would
                  certainly have been discovered by now.
               

               Several small asteroids have been referred to as minor Earth satellites, but they are nothing of the kind; they are moving
                  round the Sun, though they are strongly influenced by the gravitational pull of the Earth. The best-known asteroid of these
                  ‘quasi-satellites’ is 3753 Cruithne, which was discovered in 1986 by D. Waldron. Its mean distance from the Sun is 149 260
                  million kilometres (0.998 a.u.) and its orbital period is 364.02 days, but its orbit is more eccentric (e = 0.515) than ours and there is no danger of collision; it cannot come within 12.5 million kilometres of Earth (the next
                  ‘close’ approach will be in the year 2292). Relative to the Earth, it has been said that the shape of its path resembles that
                  of a kidney bean! Several other quasi-satellites are known, but they will not keep company with us indefinitely.
               

            

            Mapping the moon

            
               The first known map of the Moon is prehistoric. It was identified in 1999 by Dr Philip Stooke, of the University of Western
                  Ontario, carved into a rock at one of Ireland's most famous Neolithic tombs, Knowth, in County Meath, and is thought to be about 5000 years old. Stooke commented: ‘I was amazed when I saw it. Place the
                  markings over a picture of the full moon, and you will see that they line up . . . You can see the overall pattern of the
                  lunar features, from the Mare Humorum through to the Mare Crisium. The people who carved this Moon map knew a great deal about
                  the movements of the Moon; they were not primitive at all.’ The Knowth site consists of a large mound containing two passages
                  in an east–west line. At certain times of the year the Moon's light shines down the eastern passage, and falls upon the Neolithic
                  map.
               

               The first suggestion that the Moon is mountainous was made by the Greek philosopher Democritus (460–370 BC). Earlier, Xenophanes
                  (c. 450 BC) had supposed that there were many suns and moons according to the regions, divisions and zones of the Earth! Certainly
                  the main maria and some other features can be seen with the naked eye, and the first historic map which has come down to us
                  was that of W. Gilbert, drawn in 1600, although it was not published until 1651 (Gilbert died in 1603).
               

               Telescopes became available in the first decade of the seventeenth century. The first known telescopic map was produced in
                  July 1609 by Thomas Harriot, one-time tutor to Sir Walter Raleigh. It shows a number of identifiable features, and was more
                  accurate than Galileo's map of 1610. Another very early telescopic observer of the Moon was Sir William Lower, an eccentric
                  Welsh baronet. His drawings, made in or about 1611, have not survived, but he compared the appearance of the Moon with a tart
                  that his cook had made – ‘Here some bright stuffe, there some darke, and so confused lie all over.’
               

               Galileo did at least try to measure the heights of some of the lunar mountains, from 1611, by the lengths of their shadows.
                  He concentrated on the lunar Apennines, and although he overestimated their altitudes his results were of the right order.
                  Much better results were obtained by J. H. Schröter, from 1778.
               

               The first systems of nomenclature were introduced in 1645 by van Langren (Langrenus) and in 1647 by Hevelius, but few of their
                  names have survived; for example, the crater we now call Plato was named by Hevelius ‘the Greater Black Lake’. At that time,
                  of course, it was widely although not universally believed that the bright areas were lands, and the dark areas were watery.
                  The modern-type system was introduced in 1651 by the Jesuit astronomer G. Riccioli, who named the features in honour of scientists
                  – plus a few others. He was not impartial; for instance, he allotted a major formation to himself and another to his pupil
                  Grimaldi, and he did not believe in the Copernican theory that the Earth moves round the Sun – so he ‘flung Copernicus into
                  the Ocean of Storms’. Riccioli's principle has been followed since, although clearly all the major craters were used up quickly
                  and later distinguished scientists had to be given formations of lesser importance, at least until it became possible to map
                  the Moon's far side by using space research methods.
               

               Other maps followed, some of which are listed in Table 3.3. Tobias Mayer in 1775 was the first to introduce a system of lunar coordinates, although the first accurate measurements
                  with a heliometer were not made until 1839, by the German astronomer F. W. Bessel.
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                           a Revised and re-issued to one-third scale in 1959.
                           

                        
                     

                  

               

               Undoubtedly the first really great lunar observer was J. H. Schröter, whose astronomical career extended from 1778, when he
                  set up his private observatory at his home in Lilienthal, near Bremen in Germany, until 1813, when his observatory was destroyed
                  by invading French troops (the soldiers even plundered his telescopes, which were brass-tubed and were taken to be made of
                  gold). Schröter made many drawings of lunar features and was also the first to give a detailed description of the rills,1 although some of these had been seen earlier by the Dutch observer Christiaan Huygens.
               

               In 1837–8 came the first really good map of the Moon, drawn by W. Beer and J. H. Mädler from Berlin. Although they used a
                  small telescope (Beer's 3.75 inch or 9.50 cm refractor) their map was a masterpiece of careful, accurate work and it remained
                  the standard for several decades. They also published a book, Der Mond, which was a detailed description of the whole of the visible surface. A larger map completed in 1878 by Julius Schmidt was
                  based on that of Beer and Mädler, so too was the 1876 map and book written by E. Neison (real name, Nevill). Other useful
                  atlases were those of Elger (1895) and Goodacre (1910, revised 1930); in 1930 the Welsh observer H. Percy Wilkins published
                  a vast map, 300 inches (over 500 cm) in diameter; it was re-issued, to one-third the scale, in l946.
               

               The first good photographic atlas was published in 1899 by the Paris astronomers Loewy and Puiseux, but the first actual photographs date back much further; a Daguerreotype was taken on 23 March 1840 by J. W. Draper, using a 12.0 cm reflector,
                  but the image was less than 3 cm across and required an exposure time of 20 min.
               

               Nowadays, of course, there are photographic atlases of the entire surface, obtained by space-craft, and it is fair to say
                  that the Moon is better charted than some regions of the Earth.
               

               A useful lunar atlas in the 1960s was the Photographic Lunar Atlas edited by G. P. Kuiper in Chicago (1960). It was based on selected plates from the great observatories of the world, and
                  showed most areas of the Moon in morning, highlight and evening illuminations.
               

               However, special mention should be made of an Earth-based photographic atlas produced by H. R. Hatfield, using his 32 cm reflector.
                  It was re-issued in 1999, and is ideal for use by the amateur observer, as it shows all areas of the Moon under different
                  conditions of illumination. A more detailed map of immense value is that of the Czech observer Antonín Rükl updated and published
                  by Cambridge University Press in 2004.
               

               There were, of course, some oddities. No less a person than the great Sir William Herschel, who died in 1822, never wavered
                  in his belief that the Moon must be inhabited, and in 1822 the German astronomer F. von Paula Gruithuisen described a structure
                  with ‘dark gigantic ramparts’, which he was convinced was a true city built by the local populace whereas in fact the area
                  shows nothing but low, haphazard ridges. There was also the famous Lunar Hoax of 1835. A daily paper, the New York Sun, published some quite fictitious reports of discoveries made by Sir John Herschel in the Cape of Good Hope. The reports were
                  written by a reporter, R. A. Locke, and included descriptions of batmen and quartz mountains. The first article appeared in
                  August, and was widely regarded as authentic; only in September did the Sun confess to a hoax. One religious group in New York City even started to make plans to send missionaries to the Moon in an
                  attempt to convert the batmen to Christianity.
               

               This sounds very strange, but as late as the 1930s one eminent astronomer, W. H. Pickering, was maintaining that certain dark
                  patches on the Moon might be due to the swarms of insects or even small animals. Only since dawn of the Space Age have we
                  been sure that the Moon is, and always has been, totally sterile.
               

            

            Surface features

            
               The most prominent features are of course the maria (seas). Although they have never contained water (as one eminent authority, H. C. Urey, believed as recently as 1966) they
                  are undoubtedly old lava-plains, and the Moon was once the scene of violent volcanic activity. Some, such as Mare Crisium
                  and Mare Humorum, are more or less regular in outline, and their basins were due originally to impacts; others, such as Mare
                  Frigoris and Oceanus Procellarum, are very irregular. Details of the maria are given at the end of the chapter in Table 3.13, and selected craters on the far and near side of the Moon are given in Tables 3.14 and 3.15, respectively.
               

               The largest of the regular ‘seas’ is Mare Imbrium, 1300 km across; it is also the largest to be associated with an impact
                  basin. It is bounded in part by the Apennines, Alps and Carpathians; its area is about the same as that of Pakistan, and surrounding
                  the basin is a region blanketed by ejecta from the impact. Its age is thought to be about 3850 million years – and its formation
                  had marked effects over the entire lunar surface. At its antipodal region there is an area of chaotic terrain thought to have
                  been produced when seismic waves from the Imbrian impact were focused there after passing around the Moon's outer layers.
               

               Oceanus Procellarum is considerably larger, 2500 km across its north–south axis and covering an area of 4 million square kilometres
                  – greater than that of our Mediterranean. However, it is not associated with a definite impact basin; it was formed by basaltic
                  flooding, covering the region in solidified lava. It is separated from Imbrium by the Carpathian Mountains.
               

               Most of the main seas make up a connected system; the main exception is Mare Crisium. Though it looks elongated in a north–south
                  direction, this is an effect of foreshortening; the east–west diameter is actually greater (590 km, against 490 km). In general
                  the regular maria are the more depressed; the Mare Crisium lies about 4 km below the mean sphere, whereas the depth of the
                  Oceanus Procellarum is on average no more than about 1 km.
               

               The most striking feature on the Moon's far side is the Mare Orientale (Eastern Sea), a vast, multi-ringed impact structure
                  probably the youngest on the Moon – younger even than the Mare Imbrium. The main central area is about 300 km across, but
                  the outer rings extend to over 900 km. Only a very small part of it can be seen from Earth, and even then only under favourable
                  conditions of libration; on classical maps these outer rings are named the Rook and Cordillera Mountains. The central area
                  is covered with a layer of mare basalt, which may be no more than 1 km thick, but much of Orientale is unflooded. There are
                  no other comparable seas on the far side; those named, such as Mare Moscoviense and Mare Ingenii, are relatively minor. Moscoviense
                  is 277 km across, but this is much smaller than some of the far-side impact craters, such as Hertzsprung (591 km).
               

               The largest lunar basin by far is the South Pole-Aitken Basin. It is 2400 km across, and over 8 km deep. The impact punched
                  into layers of the lunar crust, scattering material across the Moon and into space. Near its edge is the 537-km Apollo Basin.
                  The effect may be likened to going into a hollow and digging a deeper hole. The central part of the Apollo Basin is probably
                  one of a very few places where we can see an exposed portion of the Moon's deep lower crust, elsewhere covered by volcanic
                  material. It is barely visible from Earth, but the peaks on its outer rim show up as a chain of peaks along the southern limb
                  of the Moon, and were once known as the Leibnitz Mountains. The crust below the basin is thought to be no more than about
                  15 km deep, because of the enormous amount of material excavated at the time of the impact.
               

               A selected list of crater depths is given in Table 3.4. They are of many types; very often ‘walled plains’ would be a better term. In profile, a lunar crater is more like a shallow
                  saucer than a mine-shaft; the walls rise to only a modest height above the outer surface, while the floors are depressed.
                  Central mountains or mountain groups are very common, but never attain the height of the outer ramparts. The depths of some
                  craters are given in Table 3.4, but it 


                     Table 3.4 Crater depths. Depth values for lunar craters may carry large standard errors, and the figures given here are no more than
                           approximate. The following are some typical mean values of the ramparts above the floor. Formations whose walls are particularly
                           irregular in height are marked *. Depths are in metres
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must be remembered that these are at best no more than approximate. Some craters near the poles are so deep that their floors
                  are always in shadow and therefore remain bitterly cold; one of these craters, Newton, has a depth of over 6.1 km below the
                  crest of the wall.
               

               Some craters, such as Grimaldi and Plato, have dark floors, which make them identifiable under any conditions of illumination.
                  There are also some very bright craters; the most brilliant of these is Aristarchus, which often appears prominent even when
                  lit only by Earthshine. It has terraced walls and a prominent central peak. Some craters are the centres of systems of bright
                  rays which stretch for long distances over the surface; the most prominent of these ray systems are associated with Copernicus,
                  in the Mare Nubium, and Tycho in the southern uplands. Other important ray centres include Kepler, Olbers, Anaxagoras and
                  Thales. The rays are not visible under low illumination, but near the time of full moon they dominate the entire scene.
               

               One remarkable crater, Wargentin, is lava-filled, so that it is a large plateau. There are other plateaux here and there,
                  but none even remotely comparable with Wargentin.
               

               The most conspicuous rills (Table 3.5) on the Moon are those on the Mare Vaporum area (Hyginus, Ariadæus) and the Hadley Rill in the Apennine area, visited by
                  the Apollo 15 astronauts. The Hadley Rill is 80 km long, 1–2 km wide and 370 m deep. Other famous rills are associated with
                  Sirsalis, Bürg, Hesiodus, Triesnecker, Ramsden and Hippalus. Extending from the crater Herodotus, near Aristarchus, is the
                  imposing valley known as Schröter's Valley in honour of its discoverer; in a way this is misleading, since the crater named
                  after Schröter is in a completely different area. It is worth noting that some rills are, in part, crater chains; the Hyginus
                  Rill is an example of this, as it consists of a chain of small confluent craters. A much larger crater valley is to be found
                  near Rheita, in the southeast quadrant of the Moon.
               

               Domes, up to 80 km in diameter, are found in various parts of the Moon – for instance near the crater Arago in the Mare Tranquillitatis,
                  in the Aristarchus area, and on the floor of Capuanus. Many domes have symmetrical summit pits; their slopes are gentle.
               

               Mountain ranges are merely the ramparts of the large maria: the Apennines, bordering the Mare Imbrium, are particularly impressive.
                  Isolated peaks and clumps of peaks are to be found all over the surface (Table 3.6).
               

            

            Lobate scarps

            
               Lobate scarps are thrust faults found mainly in the highlands. They were imaged in the last three Apollo missions, but many more were shown
                  in the LRO pictures in 2010. They seem to be globally distributed, not clustered near the equator. They are small – no more
                  than 100 metres high and a few kilometres long – and cut through very small craters; they are young, formed less than 1000
                  million years ago and perhaps only 100 million years ago. As the lunar interior contracted and cooled over recent geologic
                  time, the entire Moon shrank by about 100 metres; its brittle crust ruptured and thrust (compression) faults produced lobate
                  scarps. Slow, slight shrinking may continue even now.
               

               Lobate scarps are common on Mercury, and are much larger than those of the Moon.

               In 1945 the American geologist and selenographer J. E. Spurr drew attention to the ‘lunar grid’ system, made up of families
                  of linear features aligned in definite directions. It is also obvious that the distribution of the craters is not random;
                  they form groups, 
                     Table 3.5 (b) rills (rimæ)
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                     Table 3.5 (c) rill systems (rimæ) (* = within crater)
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                     Table 3.5 Rills and valleys (a) Valleys (valles)
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chains and pairs, and when one crater intrudes into another it is almost always the smaller feature which breaks into the
                  larger.
               

            

            Origin of the lunar formations

            
               This is a problem which has caused considerable controversy. Eccentric theories have not been lacking; for example P. Fauth,
                  who died in 1943, supported the idea that the Moon is covered with ice. J. Weisberger, who died in 1952, denied the existence
                  of any mountains or craters, and attributed the effects to storms and cyclones in a dense lunar atmosphere. The Spanish engineer
                  Sixto Ocampo claimed, in 1951, that the craters were the result of an atomic war between two races of Moon men (the fact that
                  some craters have central peaks while others have not proves, of course, that the two sides used different types of bombs;
                  the last detonations on the Moon fired the lunar seas, which fell back to Earth and caused the Biblical Flood). However, in
                  modern times the only serious question has been as to whether the craters were produced by internal action – that is to say,
                  vulcanism – or whether they were due to impact. By now all authorities support the impact theory, which was proposed by Franz
                  von Paula Gruithuisen in 1824, revived by G. K. Gilbert in 1892 and put into its present-day form by Ralph Baldwin in 1949.
               

               According to this scenario, the sequence of events may have been more or less as follows (Table 3.7). The Moon was formed at about the same time as the Earth (4600 million years ago). The heat generated 


                     Table 3.6 Mountain ranges (Montes)
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during the formation made the outer layers melt down to a depth of several hundred kilometres; less dense materials then separated
                  out to the surface and in the course of time produced a crust. Then, between 4400 million and about 4000 million years ago,
                  came the Great Bombardment, when meteorites rained down to produce the oldest basins such as the Mare Tranquillitatis and
                  Mare Fœcunditatis. The Imbrium basin dates back perhaps 3850 million years, and as the Great Bombardment ceased there was
                  widespread vulcanism, with magma pouring out from below the crust and flooding the basins to produce structures such as the
                  Mare Orientale and ringed formations of the Schrödinger type. Craters with dark floors, such as Plato, were also flooded at
                  this time. The lava flows ended rather suddenly, by cosmical standards, and for the last few thousand million years the Moon
                  has seen little activity, apart from the occasional formation of impact craters such as Copernicus and Tycho. It has been
                  claimed that Copernicus is no more than a thousand million years old, and Tycho even younger. The ray systems are certainly
                  late-comers, since the rays cross all other formations.
               

               The Moon has experienced synchronous rotation since early times, and there are marked differences between the Earth-turned
                  and the averted hemispheres. The crust is thicker on the far side, and some of the basins are unflooded, which is why they
                  are not classed as maria palimpsests. The prominent feature Tsiolkovskii seems to be between a rare-type structure and a crater: it has a flooded, mare-type floor,
                  but high walls and a central peak. It adjoins a formation of similar size, Fermi, which is unflooded.
               

               One thing is certain; the Moon is today essentially inert. On 4 May 1783, and again on 19 and 20 April 1787, Sir William Herschel
                  reported seeing active volcanoes, but there is no doubt that he observed nothing more significant than bright areas (such
                  as Aristarchus) shining by Earthlight. In modern times, transient lunar phenomena (TLP) have been reported on many occasions;
                  they take the form of localised obscurations and glows. On 3 November 1958, N. A. Kozyrev, at the Crimean Astrophysical Observatory,
                  obtained a spectrum of an event inside the crater Alphonsus, and on 30 October 1963 a red event in the Aristarchus area was
                  recorded from the Lowell Observatory by J. Greenacre and J. Barr. In 1967, NASA published a comprehensive catalogue of the
                  many TLP reports, compiled by Barbara Middlehurst and myself; I issued a subsequent supplement (Barbara, sadly, has died).
                  Over 700 TLP events were listed, and although no doubt many of these are due to observational error it seems that others are
                  genuine, presumably due to gaseous emissions from below the crust. They occur mainly round the peripheries of the regular
                  maria and in areas rich in rills, and are most common near lunar perigee, when the Moon's crust is under maximum strain.
               

               Until recently, the reality of TLP was questioned, perhaps because so many of the reports (though by no means all) came from
                  amateur observers. However, full professional confirmation has now been obtained. Using the 83 cm telescope at the Observatory
                  of Meudon, Audouin Dollfus has detected activity in the large crater Langrenus. He wrote: ‘Illuminations have been photographed
                  on the surface of the Moon. They appeared unexpectedly on the floor of Langrenus. Their shape and brightness was considerably
                  modified in the following days, and they were simultaneously recorded in polarised light. They are apparently due to dust
                  grain levitation above the lunar surface, under the effect of degassing from the interior. The Langrenus observations indicate
                  that the Moon is not a completely ‘dead body’. Degassing occasionally occurs in areas that are particularly fractured or fissured.
                  Clouds of dust are lifted off the ground by the gas pressure.
               

               The brilliant crater Aristarchus has long been known to be particularly subject to TLP phenomena, and images from the Clementine
                  space-craft in the 1990s have shown that there have been recent colour changes in the area; patches of ground have darkened
                  and reddened. Winifred Cameron of the Lowell Observatory in Arizona, who has made a long study of TLP, considers that these
                  changes are due to gaseous outbreaks stirring up the ground material, and it is indeed difficult to think of any other explanation.
                  By terrestrial standards the lunar outbreaks are of course very mild indeed, but there is no longer any serious doubt that
                  they do occur.
               

               It has also been suggested that TLP may be due to dust-storms; this was proposed in 2005 by G. Olhoeft (Colorado), who examined
                  records from an experiment carried out on Apollo 17: LEAM (Lunar Ejecta And Meteorites). When the Sun rises over the lunar
                  surface, dust begins to stir, and the dust storm extends along the terminator. The LEAM experiment recorded a large number
                  of particles every lunar morning, coming mainly from east to west and moving more slowly than would be expected from lunar
                  ejecta. The storm swirls across the surface, following the shifting of the terminator. Apollo crews also sketched ‘bands’
                  or ‘twilight rays’, where sunlight was apparently filtering through dust above the Moon's surface, and the earlier Surveyor
                  craft photographed twilight glows over the lunar horizon, which persisted after the Sun had set there, leading to the suggestion that the Moon may have ‘a tenuous atmosphere of moving dust particles’.
               

               The most recent claim concerning the formation of a large impact crater related to a report dating from July 1178, by Gervase
                  of Canterbury. ‘The crescent Moon was seen to split in two . . . a flaming torch sprung spewing out over a considerable distance
                  fire, hot coals and sparks. Meanwhile, the body of the Moon which was below, writhed . . . and throbbed like a wounded snake.’
                  This indicates a terrestrial cloud phenomenon, if anything; nevertheless, it has been seriously suggested that the phenomenon
                  was the result of an impact on the far side which led to the formation of the ray-crater Giordano Bruno. In fact this is absurd,
                  and in any case the altitude of the Moon at the time of the observation, as seen from Canterbury, was less than 5°. Therefore
                  there is no doubt that the claim must dismissed as merely a ‘Canterbury tale’.
               

               Major structural changes do not now occur. There have been two cases which have caused widespread discussion. But neither
                  stands up to close examination. In the Mare Fœcunditatis there are two small craters. Messier and Messier A, which were said
                  by W. B. Beer and J. H. von Mädler, in 1837, to be exactly alike, with a curious comet-like ray extending from them to the
                  west; in fact A is the larger of the two and is differently shaped, but changes in solar illumination mean that they can often
                  appear identical. In 1866 J. Schmidt, at the Athens Observatory, reported that a small, deep crater in the Mare Serenitatis,
                  Linné, had been transformed into a white patch. Many contemporary astronomers, including Sir John Herschel, believed that
                  a moonquake had caused the crater walls to collapse. Today, Linné is a small impact crater standing on a white nimbus, and
                  there seems no possibility of any real change having occurred – particularly as Mädler observed it in the 1830s and again
                  after 1866, and reported that it looked exactly the same as it had always done.
               

               Presumably there is a certain amount of exfoliation, because the temperature range is very great. Surface temperatures were
                  first measured with reasonable accuracy by the fourth Earl of Rosse, from Birr Castle in Ireland. His papers from 1869 indicated
                  that near noon the temperature rose to about 100 °C, although S. P. Langley later erroneously concluded that the temperature
                  never rose above 0 °C. It is now known that the noon equatorial temperature is about 101 °C, falling to –184 °C at night;
                  the poles remain fairly constant at –96 °C.
               

               There are some meteorites which are believed to have been blasted away from the Moon; by the end of 2007, fifty of these had
                  been listed. The evidence for lunar origin is very strong indeed. Most have been found in Antarctica, Northern Africa and
                  the Sultanate of Oman; the first to be identified as such was ALH.89001, found in 1981 in the Allan Hills region of Antarctica.
                  Lunar origin is established by comparing the mineralogy, chemical composition and other characteristics with samples brought
                  back from the Moon by the Apollo astronauts and the Russian robots.
               

            

            Missions to the moon

            
               The idea of reaching the Moon is very old; as long ago as the second century AD, a Greek satirist, Lucian of Samosata, wrote
                  a story about a lunar voyage (his travellers were propelled on to the Moon by the force of a powerful waterspout!). The first
                  serious idea was due to Jules Verne, in his novel From the Earth to the Moon (1865); he planned to use a space-gun, but neglected the effects of friction against the atmosphere, quite apart from the
                  shock of starting at a speed enough to break free from Earth (escape velocity: 11.2 km s−1). Before the end of the ninth century the Russian theoretical rocket pioneer, K. E. Tsiolkovskii, realised that the only
                  way to achieve space travel is by using the power of the rocket.
               

               The Space Age began on 4 October 1957, with the launch of Russia's first artificial satellite, Sputnik 1. Less than a year
                  later the Americans made their first attempt to send a rocket vehicle to the Moon. It failed, as did others in the succeeding
                  months, and the Russians took the lead; on 4 January 1959 their probe Luna 1 flew past the Moon at less than 6000 km and sent
                  back useful information (such as the fact that the Moon has no detectable overall magnetic field). The first lander, again
                  Russian (Luna 2), came down on the Moon on 13 September 1959, and in the following month the Soviet scientists achieved a
                  notable triumph by sending Luna 3 round the Moon, obtaining the first pictures of the areas which are always turned away from
                  Earth.
               

               In the period from 1961 to 1965, the Americans launched their Ranger probes, which impacted the Moon and sent back valuable
                  data before crash-landing. These were followed by the Surveyors (1966–8), which sent back a great deal of information as well
                  as images. However, the first controlled landing was made by Russia's Luna 9, on 31 January 1966, which came down in the Oceanus
                  Procellarum and finally disposed of T. Gold's curious theory that the maria, at least, would be covered by deep layers of
                  soft, treacherous dust.
               

               Both the USA and the then USSR were making efforts to achieve manned lunar landings. The Russian plans had to be abandoned
                  when it became painfully obvious that their rockets were not sufficiently reliable, but the American Apollo programme went
                  ahead, and culminated in July 1969 when Neil Armstrong and Buzz Aldrin stepped out on to the bleak rocks of the Mare Tranquillitatis.
                  By the end of the Apollo programme, in December 1972, our knowledge of the Moon had been increased beyond all recognition.
                  Meanwhile the Russians had used unmanned sample-and-return probes and had also dispatched two movable vehicles, the Lunokhods,
                  which could crawl around the lunar surface under guidance from their controllers on Earth.
               

               There followed a long hiatus in the programme of lunar exploration, but new probes were sent to the Moon during the 1990s,
                  including one Japanese vehicle (Hagomoro, carrying the small satellite Hiten). The American Clementine (1994) and Prospector
                  (1998) provided maps of the entire surface which were superior to any previously obtained, as well as making some surprising
                  claims; such as the possibility of locating ice inside the deep polar craters whose floors are always in shadow.
               

               The European Space Agency probe SMART-1, designed and constructed in Sweden, was launched from Kourou, in French Guiana, on
                  27 September 2003. It was one metre across, with a total launch weight of 367 kg. This is not much by conventional standards,
                  but Smart was certainly not conventional; instead of using a rocket to send it on its way, it used a solar-powered Hall-effect thruster, using xenon as propellant. (This is
                  a type of thruster in which the propellant is accelerated by an electric field. Though its initial thrust is modest, it has
                  many clear advantages over conventional rocket power.)
               

               The SMART probe was in no hurry. It spiralled its way outward, and not until November 2004 did it pass into the area dominated
                  by the Moon's gravitational pull rather than that of the Earth. It then spiralled moonward, and on 26 January 2005 sent back
                  its first close-range images of the lunar surface. It entered its final orbit round the Moon on 27 February 2006, and began
                  its main programme, using mainly X-ray and infrared instruments. Its aims included a search for ice inside polar craters –
                  which, predictably, proved to be unsuccessful – and studies of the ‘Mountains of Eternal Light’, summits of high polar peaks
                  which are always in sunlight.
               

               The mission came to its end at 05.12 hours on 3 September 2006, when SMART was deliberately de-orbited and hit the surface
                  at a speed of 2000 m s−1. It had done all that had been expected of it, and above all it had shown that ion propulsion really is effective.
               

               The next important launch was Japanese, the Kaguya probe. Launched from the Tageshima Space Centre on 14 September 2007 by
                  JAXA (Japan Aerospace and Exploration Agency), the Japanese equivalent of NASA. The probe's official name was Selene (Selenological
                  and Engineering Explorer); the nickname Kaguya was chosen by members of the public. The name honours a lunar princess in Japanese
                  folklore. The space-craft carried two small sub-satellites, which were called Okina and Ouma after the princess's foster-parents.
               

               Kaguya was launched in the conventional way, and by 3 October had entered a polar orbit round the Moon. By 19 October it was
                  moving in an approximately circular path 100 km above the lunar surface. Its shape was that of a rectangular box measuring
                  4.2 × 2.1 m, with a launch weight of 2914 kg. Okina and Ouma were 1 m octagonal prisms, each with a weight of 53 kg. They
                  were detached on 9 and 12 October respectively, and put into elliptical orbits, Okina ranging from 100 to 2400 km and Ouna
                  from 100 to 800 km. (As they were higher up than Kaguya, it was said that the two parents were keeping careful watch upon
                  their daughter!) Their main rôle was to measure the Moon's gravity field, to investigate the distribution of mass in the interior
                  of the lunar globe; each used a mere 70 watts of power, just enough to power an ordinary household electric light bulb. Kaguya
                  itself was packed with instruments of all kinds, and was soon starting to send back very valuable information. By now Japan
                  was well and truly a senior participant in the exploration of space, and predictably China was quick to follow; the first
                  Chinese lunar mission, the Chang-[image: ] 1 orbiter, was sent up from the Xichang Satellite Launch Centre in Sichuan Province, atop
                  a Long March 3A rocket, on 24 October 2007.
               

               A list of lunar missions is given in Table 3.8.
               

               Chang-[image: ] 1, named after a Chinese mythological figure, was launched and began with three orbits around the Earth. A series
                  of burns put it on course for the Moon on 31 October 2007; further burns placed it in its final polar orbit round the Moon,
                  at a distance of 200 km from the surface; the orbit was virtually circular. Instruments carried included a stereo camera,
                  an imaging spectrometer, a gamma- and X-ray spectrometer, a microwave radiometer high-energy particle detector, and two solar
                  wind detectors. Studies of all kinds were planned, notably improved mapping of the Moon's polar regions, and valuable data
                  were collected concerning the space-environment between 40 000 and 400 000 km from the Earth, the recording of the primitive
                  solar wind and the study of the effects of solar activity on both the Earth and Moon. The satellite weighed 2350 kg, with
                  130 kg of payload.
               

               All went well. The first picture of the Moon was relayed on 26 November 2007, and by November 2008 Chang-[image: ] 1 had produced
                  a map of the entire lunar surface. Beijing was well satisfied.
               

               Not to be outdone, ISRO – the Indian Space Research Organisation – launched its first satellite, Chandrayaan-1, on 22 October
                  2008 from the Satish Dhawan Space Centre at Sriharikota, around 80 km north of Chennai. The mass at launch was 523 kg, of
                  which the payload accounted for 90 kg; the satellite was cuboid in shape, approximately 1.5 m. Power was provided by a solar
                  array. Instruments included a mapping camera and spectrometers of various kinds. Some non-Indian instruments were carried,
                  notably a Moon Mineralogy Mapper from the Brown University and the Jet Propulsion Laboratory in America, funded by NASA, and
                  instruments from the European Space Agency and the Bulgarian Space Agency.
               

               The final orbit round the Moon, achieved on 11 November, was polar and almost circular, 100 km above the lunar surface, with
                  a period of 2h 9m. There were no problems, and data transmission began at once.
               

               One important feature was that Chandrayaan-1 carried a small impact probe (MIP), which was separated on 14 November and crash-landed
                  in or close to Shackleton Crater. Data were sent back all through its headlong plunge; after free fall for 30 min, rocket
                  braking was used to soften the impact. Shackleton was chosen as the landing site because of NASA's continued obsession – shared
                  by other space agencies – that water ice might exist on the floors of polar craters. Predictably, the MIP impact showed no
                  trace of anything of the kind.
               

               A list of man-made objects on the Moon is given in Table 3.9.
               

            

            Structure of the moon

            
               The results from the Apollo missions and the various unmanned probes have led to a change in many of our ideas about the Moon.
                  Moreover, one professional geologist has been there – Dr Harrison (‘Jack’) Schmitt, with Apollo 17 – and his expertise was
                  naturally invaluable.
               

               The upper surface is termed the regolith. This is a loose layer or débris blanket, continually churned by the impacts of micrometeoroids.
                  (It is often referred to as ‘soil’, but this is misleading, because there is nothing organic about it.) It is made up chiefly
                  of very small particles (‘dust’), but with larger rocks, a few metres across, here and there; it contains many different ingredients.
                  In the maria it is around 2–8 m deep, but it is thicker over the highlands, and may in places go down to 10 m or even more.
               

                  Table 3.8 Missions to the Moon
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                     On 18 August 1999 the US Saturn probe Cassini flew past the Earth-Moon system, and imaged the Moon from a range of 377 000
                        km.
                     

                  

               

               The highland crust averages 61 km in depth, but ranges from an average of 55 km on the near or Earth-turned side of the Moon
                  to up to 67 km on the far side. The maria are of course volcanic: they cover 17% of the surface, mainly on the near side (they
                  are much less common on the far side, because of the greater thickness of the crust), and they are in general no more than
                  1–2 km deep, except near the centres of the large basins. At a fairly shallow level there are areas of denser material, which
                  have been located because an orbiting space-craft will speed up when affected by them: these are known as mascons (mass concentrations). They lie under the large basins, such as Imbrium and Orientale.
               

                     Table 3.9 Selected list of man-made objects on the Moon
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                              * Descent stage.
                              

                           

                        

                        Apollo 13, of course, did not land (1970); the only jettisoned part (13454 kg) landed at lat. 2.75 °S, long. 27.86 °W. To
                           date, the total known mass of man-made material on the Moon is 180 000 kg.
                        

                        (It is reported that some lunar artefacts have been offered for sale and, according to the London Times in December 1993, a buyer paid 678 000 US dollars for Luna 17 and Lunokhod 1. Presumably, buyer collects!)
                        

                     

                  

                  


                     Table 3.10 Materials in the lunar crust
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On the highlands, the rock fragments are chiefly anorthosites, with minerals such as plagioclase, pyroxene and ilmenite. Details
                  of these materials are given in Table 3.10.
               

               Much of our knowledge about the lunar interior comes from seismic investigations – in fact, moonquakes – just as we depend
                  upon earthquakes for information about the interior of our own world. Of course, moonquakes are very mild by terrestrial standards,
                  and never exceed class 3 on the Richter scale, and they are of two main types. Most originate from a zone 800–1000 km below
                  the surface, and are common enough; there is a definite correlation between moonquake frequency and lunar perigee. Shallow
                  moonquakes, at depths of 50–100 km, also occur; although they are much less frequent, it is worth noting that the epicentres
                  of moonquakes seem to be linked with areas particularly subject to TLP – mainly although not entirely around the peripheries
                  of the regular maria.
               

               There have also been man-made moonquakes, caused by the impacts of discarded lunar modules. These show that the outer few
                  kilometres of the Moon are made up of cracked and shattered rock, so that signals can echo to and fro; it was even said that
                  after the impact of an Apollo module the Moon ‘rang like a bell’!
               

               Below the crust comes the mantle, the structure of which seems to be relatively uniform. A one tonne meteorite which hit the
                  Moon in July 1972 indicated, from its seismic effects, that there is a region 1000–1200 km below the surface where the rocks
                  are hot enough to be molten (Apollo measurements disposed of an earlier theory that the Moon's globe could be cold and solid
                  all the way through). Finally, there may be a metallic core, although its existence has not been confirmed, and it cannot
                  be much more than 1000 km in diameter. Results from the Lunar Prospector mission of 1998/9 have led to an estimate of an iron-rich
                  core between 440 and 900 km in diameter. Certainly the Moon's core is much smaller than that of the Earth, both relatively
                  and absolutely. It is significant that there is no overall magnetic field now, although the remnant magnetism of some rocks
                  indicates that between 3.6 and 3.9 thousand million years ago a definite field existed – which was not evident either before
                  or after that period. There are, however, locally magnetised areas, notably the curious Reiner Gamma, a ‘swirl’ in the near
                  side, and the crater Van de Graaff on the far side.
               

               All the rocks brought home for analysis are igneous, or breccias produced by impact processes; the Apollo missions recovered
                  2196 samples, with a total weight of 381.69 kg, now divided into 35 600 samples. The youngest basalt (No 12022) was given
                  an age of 3.08 thousand million years, while the oldest (No 10003) dated back 3.85 thousand million years. There were no water-laid
                  sedimentary rocks. The famous ‘orange soil’, found by the Apollo 17 astronauts and at first thought to indicate recent vulcanism,
                  proved to be small glassy orange beads, sprayed out some 3.7 thousand million years ago in erupting fountains of basaltic
                  materials.
               

               In the lavas, basalts are dominant. They contain more titanium than terrestrial lavas: over 10% in the Apollo 11 samples,
                  for example, as against 1–3% in terrestrial basalts. Small amounts of metallic iron were found. Many lunar rocks have much
                  less sodium and potassium than do terrestrial rocks. A new mineral – an opaque oxide of iron, titanium and magnesium, not
                  unlike ilmenite – has been named armalcolite, in honour of Armstrong, Aldrin and Collins. There is also a different type of basalt, KREEP; this name comes from the fact that it is rich in potassium (chemical
                  symbol K), rare earth elements and phosphorus. The average age of the highland rocks is from 4 to 4.2 thousand million years; over
                  99% of the surface dates go back for over 3 thousand million years and 90% go back for more than 4 thousand million years.
                  One interesting anorthosite rock, 4 thousand million years old, was collected by the Apollo 15 astronauts; it is white and
                  was at once nicknamed the Genesis Rock.
               

               Apollo 12 sample 12013 (collected by Conrad from the Oceanus Procellarum) is unique. It is about the size of a lemon, and
                  contains 61% of SiO2, whereas the associated lavas have only 35–40% of SiO2. It also contains 40 times as much potassium, uranium and thorium as most other rocks, making it one of the most radioactive
                  rocks found anywhere on the Moon. It is composed of a dark grey breccia, a light grey breccia and a vein of solidified lava.
               

               Unexpected results came from one of the most recent lunar probes, Clementine, named after the character in the old mining
                  song who was ‘lost and gone forever’. Although Clementine was among the cheapest of all probes (it cost $55 000 000) it was
                  remarkably successful insofar as the Moon is concerned. It was a joint NASA–US Air Force venture, and was launched not from
                  Canaveral, but from the Vandenberg Air Force Base, on 23 January 1994. On 21 February it entered lunar orbit and continued
                  mapping until 23 April; by the time it left lunar orbit, on 3 May, the whole of the surface had been mapped. Unfortunately
                  a fault developed, making it impossible to go on to an encounter with an asteroid (Geographos), as had been hoped. The last
                  lunar flyby was on 20 July, the 25th anniversary of the Apollo 11 landing, after which Clementine entered a solar orbit. The
                  minimum distance from the Moon had been 425 km.
               

               Surprisingly, some investigators claimed that the neutron spectrometer on Clementine had been used to detect ice in some of
                  the deep polar craters, whose floors are always in shadow and where the temperature is always very low. This seemed to be
                  inherently unlikely, since none of the materials brought home by the astronauts had shown any sign of hydrated substances,
                  and in any case it was not easy to see how the ice could have got there. It could hardly have been deposited by an impacting
                  comet, because the temperature at the time of the collision would have been too high; and there is no evidence of past water
                  activity, as there is for instance upon Mars. Yet it was even suggested that there might be enough ice to provide a useful
                  water supply for future colonists; a thousand million gallons of water was one estimate.
               

               Then came Prospector, launched on 6 January 1998, and put into a stable orbit which took it round the Moon once in every 118
                  min at a distance of 96 km from the surface. Prospector was designed not only to continue with the mapping programme, but
                  also to make a deliberate search for ice deposits – and before long the results seemed to confirm those of Clementine. Yet
                  it was not claimed that ice, as such, had been detected. All that had been found were apparent indications of hydrogen.
               

               Prospector, like Clementine, carried a neutron spectrometer. Neutrons are ejected when cosmic rays from space strike atoms
                  in the Moon's crust, and these neutrons can be detected from the space-craft. Collisions between cosmic-ray particles and
                  atoms heavier than hydrogen produce ‘fast’ neutrons; if hydrogen atoms are hit, the ‘slow’ neutrons are much less energetic
                  and the spectrometers can distinguish between the two types. It was found that the neutron energy coming from the polar regions
                  was reduced and from this the presence of hydrogen was inferred, which in turn could suggest the presence of water ice. On
                  the other hand, the hydrogen could be due to the solar wind, which bombards the lunar surface all the time.
               

               Efforts were made to confirm the presence of ice by using the large radio telescope at Arecibo in Puerto Rico. Radar studies
                  did indeed give the same indications – but these were also found in regions which are not in permanent shadow and where frozen
                  material could not possibly exist, so that very rough ground might well be responsible. From the outset there were many sceptics
                  about the ‘ice’ idea. As for one thing, how could the ice have arrived there? All the samples brought home so far are completely
                  lacking in hydrated materials. A major sceptic was Harrison Schmitt, the only professional geologist who has been to the Moon.
               

               Then, on 31 July 1999, a test was made. At the end of its active career Prospector was deliberately crashed on to the Moon,
                  landing inside a polar crater where ice, if it existed at all, would be present. It was hoped that the cloud of material thrown
                  up would show traces of water. In fact the results were completely negative.
               

               During the first part of the twenty-firstst century the search for lunar water has continued unabated. The first claim of
                  success was due to the Indian satellite Chandrayaan-1 launched on 22 October 2008 from Sriharikota Space Centre. On the following
                  12 November it entered lunar orbit and began transmitting data. Its original altitude ranges between 100 and 200 m. It carried
                  NASA's M3M (Moon Mineralogy Mapper) to continue the water hunt and it was claimed that tiny water or hydroxyl particles existed
                  in the top 2 mm of lunar ‘soil’; this could be due to hydrogen particles in the solar wind combining with oxygen particles
                  in the lunar material, which is not the same thing as saying there is water ‘in’ or ‘on’ the Moon.
               

               On 14 November 2008 the Moon Impact Probe separated from Chandrayaan and made a controlled impact near the polar crater Shackleton;
                  it had been hoped that the resulting plume of debris would show traces of water – as usual the results were negative. Signals
                  from the probe ceased on 29 August 2009, shortly after which the mission was officially declared over. Chandrayaan had operated
                  for 312 days, and had completed 95% of its planned objectives. The probe will eventually crash on to the lunar surface, probably
                  some time during 2012. It had been an undoubted success, and the M3M mapper confirmed the theory that the Moon had once been
                  completely molten.
               

               The Lunar Reconnaissance Orbiter (LRO) was launched from Cape Canaveral on an Atlas V 401 rocket (18 June 2009). It was given
                  a polar orbit, and was soon successful in sending back clear images of the Apollo equipment left on the Moon, as well as carrying
                  equipment of all kinds.
               

               It was launched together with Lcross, the lunar crater and sensing satellite, NASA's next attempt to find water. The plan
                  was to crash the launch vehicle's spent Centaur upper stage into the polar crater Cabæus. One minute later Lcross itself would
                  fly through the débris plume, analyse it in the hope of finding water, and transmit back its results before it too crashed into
                  the crater. Cabæus was certainly a suitable target as part of its floor is always shadowed.
               

               The plan was followed. Lcross was separated from the Centaur on 9 October and flew along the same path to the Moon. It impacted
                  in the pre-arranged position on 9 October at 11:31 GMT. The Centaur weighed 2249 kg and impacted at a speed of over 10000
                  km h−1. Lcross itself followed 6 min later and all its equipment worked perfectly. Unfortunately the expected large plume was conspicuous
                  only by its absence. Nothing of it was seen by observers using the 200-inch reflector on Mount Palomar or the team in Hawaii;
                  other observers in various parts of the world were equally disappointed (at my modest observatory in Selsey the sky was overcast).
                  Some predictions had claimed that the plume might be within the range of my 15-inch reflector, and though I was decidedly
                  sceptical, there was every reason to make the attempt.
               

               A small plume was later reported by the Lcross team. A further statement from a group of lunar scientists at Brown University
                  (USA) in October 2010 gave a more elaborate analysis. Peter Schultz and Brendan Hermalyn, together with NASA, announced that
                  the regolith was far more complex than previously believed. It harboured not only water but also other compounds such as carbon
                  monoxide, carbon dioxide, ammonia, free sodium and silver.
               

               Schultz, lead author of the report, considers that the volatiles originated with the long, very heavy bombardment of the Moon
                  by comets, asteroids and meteoroids. They could have been quickly liberated by later small impacts or could have been heated
                  by the Sun, supplying them with energy to escape and move around until they reached the poles – where they became trapped
                  in crater-floors that are permanently shadowed.
               

               There can be no doubt that the volatiles found by Lcross were brought to the Moon from space and cannot be classed as true
                  lunar water. In any case, the Moon is far drier than the driest deserts on Earth. Future astronauts will never be able to
                  paddle in the Mare Crisium!
               

               I was always sceptical about true ‘lunar water’, and I maintained that any surface water droplets were caused by particles
                  in the solar wind combining with particles in the Moon's crust. This view seems to have been confirmed by researches carried
                  out in 2010 by Zachary Sharp and his team at the University of New Mexico, USA. They have compared the composition of Earth
                  rocks, primitive meteorite samples and volcanic rocks with particular reference to two isotopes of chlorine, Cl-35 and Cl-37.
                  In Earth rocks the ratio between the two isotopes is almost constant, but for Moon rocks it varies wildly – by as much as
                  25 times the variation found on Earth.
               

               It is now generally believed that the Moon was formed by a collision between the proto-Earth and a body possibly as large
                  as Mars. The Moon coalesced from the débris of the collision, and as it cooled a magma ocean covered its surface and started
                  to crystallise. Both isotopes of chlorine were present. Cl-35 has fewer neutrons in its nucleus than Cl-37, so that was more
                  prone to vaporise out from the magma ocean. But there is another factor to be considered. If the magma contained a good deal
                  of hydrogen, perhaps in the form of water, it would bond with the Cl-37 and vaporise out as hydrogen chloride, so that more
                  Cl-37 would escape from the magma along with Cl-35. Actually, as the New Mexico team found, the wide range of the ratios of
                  Cl-35 to Cl-37 in the lunar samples indicates that the Moon's magma ocean – unlike that of the Earth – contained virtually
                  no hydrogen, and therefore no water. If the ocean had contained large amounts of hydrogen, the separation of the chlorine
                  into different isotopes could never have occurred.
               

               The most plausible picture, therefore, is of water droplets produced at or near the surface by solar wind particles and, possibly,
                  impacting comets; the globe is bone-dry. There is no true lunar water.
               

            

            Atmosphere

            
               The Moon's low escape velocity means that it cannot be expected to retain much in the way of atmosphere. Initially it was
                  believed that the atmosphere must be dense; this was the view of Schröter (1796) and also Sir William Herschel, who always
                  believed the habitability of the Moon to be ‘an absolute certainly’. W. H. Pickering (1924) believed the atmosphere to be
                  dense enough to support insects or even small animals, but in 1949 B. Lyot searched for lunar twilight effects and concluded
                  that the atmosphere must have a density less than 1/10 000 of that of the Earth at sea level. In the former USSR, V. Fesenkov
                  and Y. N. Lipski made similar investigations and came to the final conclusion that the density was indeed in the region 1/10
                  000 that of our air.
               

               The first reliable results came from the Apollo missions. The orbiting sections of Apollos 15 and 16 traced small quantities
                  of radon and polonium seeping out from below the surface, and this was no surprise, because these gases are produced by the
                  radioactive decay of uranium, which is not lacking in the lunar rocks. The Lunar Atmospheric Composition Experiment (LACE,),
                  taken to the Moon by Apollo 17, did detect an excessively tenuous atmosphere, mainly helium (due to the solar wind) and argon
                  (seeping out from below the crust). Later D. Potter and T. Morgan, at the McDonald Observatory in Texas, identified two more
                  gases, sodium and potassium. Traces of silicon, aluminium and oxygen have also been detected in the excessively tenuous upper
                  atmosphere. The sodium seems to surround the Moon rather in the manner of a cometary corona. The lunar atmosphere seems to
                  be in the nature of a collisionless gas: the total weight of the lunar atmosphere can be no more than about 30 tonnes. The
                  density is of the order of 10−14 that of the Earth's atmosphere. If the entire lunar atmosphere were condensed to the density of the Earth's air at sea level,
                  it could be packed inside a box with a diameter of 65 m.
               

               So what is its source? As we have noted, outgassing from the interior is a major factor. So is sputtering, because the Moon's
                  surface is unceasingly bombarded by meteorites and solar-wind ions; some of the gases released in this way will be re-absorbed
                  into the regolith, while others will be lost to space. Neither must we forget the gases due to man-made lunar probes. At least
                  it is patently obvious that the dense atmosphere of the Earth and the negligible atmosphere of the Moon are in every way different.
               

            

               Table 3.11 Lunar eclipses, 2008–2020
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               Table 3.12 The Danjon scale for lunar eclipses

               [image: Table 3.12]

            

            Eclipses of the moon

            
               Eclipses of the Moon are caused by the Moon's entry into the cone of shadow cast by the Earth. At the mean distance of the
                  Moon, the diameter of the shadow cone is approximately 9000 km: on average the shadow is 1 380 000 km long. Totality may last
                  for up to 1 h 44 min.
               

               Lunar eclipses may be either total or partial. If the Moon misses the main cone and merely enters the zone of ‘partial shadow’
                  or penumbra to either side, there is light dimming, but a penumbral eclipse is not easy to detect with the naked eye. Of course,
                  the Moon must pass through the penumbra before entering the main cone or umbra (Table 3.11).
               

               During an eclipse the Moon becomes dim and often looks a coppery colour. The colour and brightness during an eclipse depend
                  upon the conditions in the Earth's atmosphere; thus the eclipse of 19 March 1848 was so ‘bright’ that lay observers refused
                  to believe that an eclipse was happening at all. On the other hand, it is reliably reported that during the eclipses of 18
                  May 1761 and 10 June 1816 the Moon became completely invisible with the naked eye. The French astronomer A. Danjon has given an ‘eclipse scale’ from 0 (dark) to 4 (bright), and has attempted to correlate this with solar activity, although
                  the evidence is far from conclusive. The Danjon scale is given in Table 3.12.
               

               The Greek astronomer Anaxagoras (c. 500–428 BC) gave a correct explanation of lunar eclipses, but in early times eclipses caused considerable alarm. For example,
                  the Californian Indians believed that a monster was attacking the Moon, and had to be driven away by making as much noise
                  as possible (as with the Chinese at the time of a solar eclipse), while in an old Scandinavian poem, the Edda, it is said
                  that the monster Managarmer is trying to swallow the Moon, and staining the air and ground with blood. During an eclipse the
                  Orinoco Indians would take their hoes and labour energetically in their cornfields, as they felt that the Moon was showing
                  anger at their laziness.
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                        Figure 3.1 Outline map of the Moon
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                        Figure 3.2 Patrick Moore's outline Moon map. For telescopic observes south is up.
                        

                     

                  

               

               Ancient eclipse records are naturally uncertain. It has been claimed that an eclipse seen in the Middle East can be dated
                  back to 3450 BC; the eclipse of 1361 BC is more definite. Ptolemy gives the dates of observed eclipses as 721 BC and 720 BC.
                  In The Clouds, the Greek playwright Aristophanes alludes to an eclipse seen from Athens on 9 October 425 BC. There was certainly a lunar
                  eclipse in August 413 BC, which had unfortunate results for Athens, since it persuaded Nicias, the commander of the Athenian
                  expedition to Sicily, to delay the 


                     Table 3.13 Named mare, lacus, palus and sinus areas. Since these cover wide areas, the coordinates are given for their centres, but are
                           of course approximate only. Diameter values are also approximate, since many of the maria have very irregular boundaries
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                              a Alexander von Humboldt. German natural historian (1769–1859).
                              

                           

                           
                              b Admiral William Henry Smyth. British astronomer (1768–1865).
                              

                          
                        

                     

                  

evacuation of his army; the astrologers advised him to stay where he was ‘for thrice nine days’. When he eventually tried
                  to embark his forces, he found that he had been blockaded by the Spartans. His fleet was destroyed and the expedition annihilated
                  – a reverse which led directly to the final defeat of Athens in the Peloponnesian War. According to Polybius, an eclipse in
                  September 218 BC so alarmed the Gaulish mercenaries in the service of Attalus I of Pergamos that they refused to continue
                  a military advance. On the other hand, Christopher Columbus turned the eclipse of AD 1504 to his advantage. He was anchored
                  off Jamaica and the local inhabitants refused to supply his men with food; he threatened to extinguish the Moon, and when
                  the eclipse took place the natives were so alarmed that there was no further trouble.
               



                  Table 3.14 Selected craters on the near side of the Moon
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Obviously, a lunar eclipse can happen only at full moon. In the original edition of the famous novel King Solomon's Mines, H. Rider Haggard described a full moon, a solar eclipse and another full moon on successive days. When the mistake was pointed
                  out he altered the second edition, turning the solar eclipse into a lunar one!
                  
                     [image: Figure 3.3]

                     
                        Figure 3.3 Outline map of the far side of the Moon
                        

                     

                  

               

            

            Occultations

            
               Occultations of stars by the Moon are common, and were formerly of great value for positional purposes. When a star is occulted,
                  it shines steadily up to the instant of immersion; the lunar atmosphere is far too rarefied to have an effect. A planet will
                  take some time to disappear. W. H. Pickering maintained that the lunar atmosphere could produce effects during an occupation
                  of Jupiter, but this has long since been discounted.
               

               On 23 April 1998 four Brazilian observers, led by E. Karkoschka, witnessed an exceptional event. Using a 10-cm refractor,
                  they saw Venus and Jupiter occulted simultaneously; the site was 100 km north of Recife. The last occultation when Venus and
                  Jupiter were occulted at the same time was AD 567.
               

            

               Table 3.15 Selected craters on the far side of the Moon
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            The future of the moon

            
               We know that at the present time tidal effects mean that the Moon is receding from the Earth at the rate of 3 cm per year,
                  and that the Earth's rotation is slowing down. If this recession were maintained, then in 15 000 million years’ time the Moon
                  would move out to a distance of 540 000 km, and its orbital period would be equal to 47 of our present days; this would also
                  be the length of the Earth's axial rotation period, so that the Moon would be motionless in our sky. Sir James Jeans, the
                  famous twentieth-century astronomer, described this in graphic terms: ‘The inhabitants of one of the hemispheres of the Earth
                  will never see the Moon at all, while the other side will be lighted by it every night . . . . After this, tidal friction
                  will no longer operate in the sense of driving the Moon further away from the Earth. The joint effect of solar and lunar tides
                  will be to slow the Earth's rotation still further, the Moon at the same time gradually lessening its distance from the Earth.
                  When it has finally, after unthinkable ages, been dragged down to within about 12 000 miles (19 000 km) of the Earth, the
                  tides raised by the Earth in the solid body of the Moon will shatter the latter into fragments. These will form a system of
                  tiny satellites revolving round the Earth in the same way as the particles of Saturn's rings revolve around Saturn. . . .’
               

               In fact this will not happen, simply because within a few thousand million years the Sun will have evolved into a red giant
                  star, with fatal consequences for both the Earth and Moon. Their survival is unlikely, and their survival in their present
                  form is impossible. Fortunately, there is no cause for immediate alarm; in our time, and perhaps as long as humanity lasts,
                  both the Earth and Moon will remain very much as they are now.
               

            

            
              Endnote
               
                  1 Often spelled rilles: I have kept to the original spelling. They can also be known as clefts.
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Reciprocal mass, Earth —
Density, water 42
Escape velocity: 2 38 km 5"
Volume, Farth = 1: 0.0203
Surface grasity, Earth = 1: 0.1653
Mean albedo: 0.067

350 1025}

Atmasph 107 that of the Earth’s atmosphereat sea level
Surface -emperature range (°C): 184 to +101
Optical ibration, selenocenric displacement: longitude £7° 6

htitude +6° 7
Nutation period, retrograde: period 18.61 trapical years
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(superseript) Atomic  Oceurrence
and symbol Name weight in the Sun
Einsteinium 253
Fermium 254

Mendelevium

Nobelium 254
Lawrencium 257
Rutherfordi -
Hahnium -
Seaborgium -
Neilsborium -
Hassium -

Meitnerium
Darmstadtium
Réntgenium
Copernicium
Ununtrium
Ununquadium
Ununpentium
Ununhexium
Ununseptium
Ununoctium
(a noble gas)
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Distance from Earth
mean 149597893 km (1 astronomical unit (a.u))
max. 152103000 km
min. 147104000 km

Mean parallax: 8" 794

d solar apex: 19.5km s
Apparent diamter: mean 32 01

. 32

i 3131

Equatorial diameter: 1391980 km

Density, water = 1: mean 1.409
Volume, Earth = 1: 1303 600
ss, Earth = 1: 332946
Mass: 2 x 1077 tonnes (>99% of the mass of the entire Solar System)
1:27.90
617.7km <

Luminosity: 385 x 10% kW

Solar constant (solar radiation per second vertically incident at unit
area at 1 a.u, from the Sun); 1368 W m ™2

Mean apparent visual magnitude: —26.78 (600000 times as bright
as the full Moon)

Absolute magnitude: +4 82

Spectrum: G2

Temperature: surface 5500 °C

core ~15000000 °C.

Rotation perios

sidereal, mean: 25.380 days
synodic, mean: 27.275 days

Time taken for-
(8.3min)

Age: ~1.6 thousand million years

ght w0 reach the Earth, at mean disiance: 499,012
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A~ Small single unipolar spot, or a very small group of spots
without penumbra.
B Bipolar sunspot group with no penumbrz.
C Elongated bipolar sunspot group. One spot must have
penumbrae.
D Elongated bipolar sunspot group with penumbra on both ends
of the group.
Elongated bipolar sunspot group with penumbrac on both ends.
Longitudinal extent of penumbrae exceeds 10° but not 15°.
F Elongated bipolar sunspot group with penumbra on both ends.
Longitudinal extent of penumbra: exceeds 15°.
H Unipolar sunspot group with penumbre.
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Date Jupiter with planet  GMT (h)  Separation

2012 July 1 cnus 8 448
2016 Aug 27 Venus 2147 2
2016 Aug 20 Mercury 6 347

2020 May 18 Saturn 5 442
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Distance from the Sun (km):
max. 815700000 (5.435 a.u.)
mean 778340000 (5.203 au.)
min. 740900 000 (4.951 a..)
Sidercal period: 11.86 years = 4332.59 d:
Synodic period: 398.88 days
Rotation period:
em T (equatorial) 9h 50m 30.003s
System II (rest of planct) 9h 55m 40.623s
System TII (radio methods) 9h 55m 29.711s
Mean orbital velocity: 13.07km ™'
Axial inclination: 3° 4/
Orbital inclination: 1° 18" 15" .8
Diameter: equatorial 142 884 km
polar 133708 km
Oblateness: 0.065
Apparent diameter from Earth: max 50" .1
min 30" 4
Reciprocal mass, Sun = 1: 1047.4
Density, water = 1: 1.33
Mass, Earth = 1: 317.89 (1.899 x 10** kg)
Volume, Earth = 1: 1318.7 (143.128 x 10" km’)
Escape velocity: 60.22km s™'
Surface gravity, Earth = 1: 2.64
Mean surface temperature: 150 °C.
Albedo: 0.43
aximum magnitude: ~2.6
Mean diameter of Sun, as scen from Jupiter: 6° 9
Distance from Earth: max. 968 100000 km
‘min. 588 500000 km
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(millions ¢ Apparent
of km) magnitude  Constellation
2008 July 9 6225 -23
2009 Aug 14 6026 —24
2010 Sept 21 591.5
20110129 5943
2012 Dec 3 609.0
2014Jan8  630.0
2015 Feb 6 630.1
2016 Mar 8§ 663.4
2017 Apr2 6663
2018 May 9 638.1
2019 June 10 640.9
2020 July 14 6194 Capricornus
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Time (h) Area of visibility
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Absolute magnitude = ~21.3

Fecentricity = 0.12
Tnclination = 5.26°
Period = 347 years
Apparent magnitude = ~18
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3 Much brighter - about 100 times as bright as Class 1: comparable
with cumulus clouds lit by moonlight.

4 Brilliant aurore 100 to 2000 times as bright as those of Class 1,
sometimes casting shadows and even giving as much light as
the full moon. From England, the last Class 4 aurora: were tho
0f 1989 and 1991
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avery close binary system.

Emission lines are present (generally hydrogen).

Abnormally strong metallic lines; usually applied

10 A stars.

Broad (nebulous) lincs, indicating fast rotation.

Very broad lines, indicating very fast rotation.

The spectrum of the star is mixed with that of a nebula

Unspecified peculiarity, except with type A, where it
denotes abnormally strong metallic fines.

Very narrow (sharp) fines.

Shell star (a B to F Main Sequence star with emission lincs
from a shell of gas),

Varying specral type.

Weak lines, indicating an ancient, metal-poor star.
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Distance from the Sun:
mean 108.2 million km = 0.723 a.u.
mas. 109.0 million km = 0.728 a.u
min. 107.4 million km = 0.718 a.u.
Sidercal (orbital) period : 224.701 days
Synodic period: 583.9 days
Rotation period: 243.018 days
can orbital velocity: 35.0km s
Axial inclination: 177° .33
Orbital inclination: 3° 23' 39" 8
Orbital eccentricity: 0.0068
Diameter: 12.104 km
Oblateness: negligible
Apparent diameter from Earth:
mean 37 3
max. 65" 2
min. 9" .5
ass: 4.868 x 10% kg
Reciprocal mass, Sun = 1: 408.520
Mass, Earth = 1: 0.815
Density, water = 1: 5.2
Volume, Earth = 1: 0.86
Escape velocity 10.46km s™'
Surface gravity, Earth = 1: 0.909
Mean surface temperature:
cloud-tops ~33 °C.
surface 467 °C
Albedos 0.76
aximum magnitude: —4.4
can diameter of Sun, as seen from Venus: 44/ 15"

1
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Surface gravity, Earth = 1: 1.17
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Distance from the Sun:
max. 4553.9 million km (30.44 a.u.)
mean 4303.4 million km (30.10.a.u.)
min. 4452.9 million km (29.77 a.u)
Sidercal period: 164.79 years (60 190 days)
ynodic period: 367.5 days
Rotation period: 16h 6m (0.671 day)
Axial inclination: 28° 48/
Orbital inclination: 1° 45’ 19”8
Orbital eccentricity: 0.011
Diameter (km): equatorial 49 528; polar 48 682
Apparent diameter from Earth: max. 2/ 2, min. 27 .0
Reciprocal mass, Sun = 1: 1300
Mass, Earth = 1: 17.15
Volume, Earth = 1: 57
Escape velocity: 23.5 km s”
Surface gravity, Earth = 1: 1.2
can density, water = 1: 1.64

Albedo: 0.35
aximum magnitude: +7.6
can diameter of Sun, as seen from Neptune: 1 04"
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Distance from the Sun:
aphelion 69.82 million km (0.47 a.u.)

mean 5791 million km (0.39 a.u)
perihclion 46.00 million km (0.31 a.u.)
Orbiral e 0.206

Orbital inclination: 7.00°
Orbital period:  38.6 days
Synodic period: 115.88 days
Diameter 4579 km

Surface area: 7475 x 107 km®

Surface gravity, E:
Rotation period; 87.97 days (synchronous)

xial inclination: 2.1"

Albedo: 0.1

Mean surface temperature, °C: day +350, night —170

Extremes of surface temperature, °C: ~ day +427, night —183
Masimum apparent magnitude: —1.9

Apparent diameter seen from Earth: max. 1307, min. 4.5

Mean diameter of the Sun, scen from Mercury: 1° 22/ 40"
aximum clongation from the Sun: 28.3°

Pole stars: north, 0 Draconis (mag. 4.7); south, & Pictoris (mag. 3.3)






OEBPS/Images/89935tbl4_2.gif
Eastern
2010 Apr 8, Aug 7, Dec 1

2011 Mar 23, July 20, Nov 14

2012 Mar 5, July 1, Oct 26
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2014 Jan 31, May 25, Sept 21
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ug 16, Dec 11

. July 30, Nov 24

2018 Mar 13, July 12, Nov 6

2019 Feb 27, June 23, Oct 20

2020 Feb 10, June 4, Oct 1

Western
2010 Jan 27, May 26, Sept 19

2011 Jan 9, May 7, Sept 3, Dec 23
8, Aug 16, Dec 4

2013 Mar 31, July 30 Nov 18

2014 Mar 14, July 12, Nov 1

2015 Feb 24, June 24, Oct 16

2016 Feb 7, June 3, Sept 28

2017 Jan 19, May 17, Sept 12

2018 Jan 1, Apr 29, Aug 26, Dec 15
2019 Apr 11, Aug 9, Nov 28

2020 Mar 24, July 22, Nov 10
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