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Preface to the New Edition


Hartung’s original book has been a mainstay of serious amateur observers of the southern skies for a quarter of a century. It was also the book that one of us (DFM) used in 1977 to compile the first list of objects for colour photography with the Anglo-Australian Telescope. Naturally, in a science as dynamic as astronomy, new facts emerge and fashions change, so we were delighted when Susan Keogh of the Melbourne University Press suggested we produce a revised edition of this well-respected publication.


After much discussion with the Press and between ourselves, we have decided to retain Hartung’s original layout for the book. However, the introductory chapters have been completely rewritten and their scope broadened to appeal to both the serious amateur with a large telescope and to more casual sky-watchers with binoculars or smaller instruments. We have not shied away from presenting quite demanding material on the nature of light, mainly because we believe it is vital to understand how a message from the stars is transmitted to our senses and, in any case, we believe this is something of which E. J. Hartung would have approved. For the same reason we have also included additional historical material on the development of ideas fundamental to astronomical understanding. The section on practical advice on observing has also been revised, but most of Hartung’s sound advice remains, updated to reflect recent advances. The collection of facts in the early chapters has been leavened by a number of illustrations specially made for this edition, and each chapter has references to the text and to encourage further reading.


We have considerably expanded the introduction to the heart of the book, the large table of astronomical objects, mainly by referencing our sources as fully as possible, which was one weakness of the original edition. The references appear as a separate bibliography. The table itself has been extensively revised, updated and checked, in itself a considerable task. A few errors have been corrected and over 100 new objects incorporated. Since the table has been renumbered, the identity of the additional objects is hidden, so we have listed them in Appendix 1. Most of the additions are the few interesting objects either missed by Hartung or now known to be of special interest, for example, the quasar 3C 273. The net result is a table about 10 per cent longer than the original.


We have retained most of Hartung’s charming and concise descriptions of the objects he observed, revised and updated as necessary, and we have added some of our own, mostly from notes and observations by David Frew, who used a variety of instruments from 7 × 50 binoculars to a 45 cm reflector. Some objects mentioned in the descriptions, faint companions to bright galaxies, for example, are not listed in the table, so we have included them in the extensive index. We have also slightly expanded some of the constellation descriptions. Completely new are the black-and-white illustrations of distinctive objects selected from most of the constellations mentioned, almost all of them specially made for this book. These are complemented by an extensive section of colour pictures, mainly from the telescopes of the Anglo-Australian Observatory. We are well aware that photographs from a large telescope show much more than the eye can see, especially in the colour pictures, but we believe that their inclusion will greatly increase the usefulness of the descriptions and encourage observers to find the faint visual components of objects that might otherwise be missed.


Apart from the large number of previously unpublished photographs, also new to this edition are appendices listing the brightest stars, the Messier catalogue of 110 objects, and a complementary list of the objects Messier would probably have noted if he had observed from southern latitudes. Since Messier had already included in his catalogue many objects with southern declinations this new ‘Southern Messier List’ contains rather fewer objects than Messier’s original.
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Preface to the Original Edition


This book is based on many years of telescopic observation of the sky between 50° N declination and the south pole, and it is designed mainly for amateur observers of the southern sky, who are not well served by existing publications. An observing list of some 4,000 objects was drawn up from standard double star, nebular and other catalogues, and all of these have been observed individually, many of them several times. From the accumulated material, about 1,000 of the more interesting and attractive objects have been selected for tabulation and description. For the use of observers in more northerly stations than my own, and for northern observers generally, the remaining 12 per cent of the sky has been covered in an addendum, with descriptions drawn from various sources. [The addendum has been omitted from the 1995 revised edition.]


The arrangement of the material has been carefully considered. Simple sequence in right ascension as adopted by Admiral Smyth in his Cycle of Celestial Objects [Smyth 1881] has much to commend it, but the Rev. T. W. Webb’s [1859] grouping in constellations has endeared itself to amateurs and often enables relationships to be brought out which tend otherwise to be hidden. I have tried to adopt the best of both systems.


All objects are listed in sequence in R.A. with positions for the epoch 1950 [J2000 in this revised edition] and decennial variations, together with very brief descriptions. Each object is denoted by a serial number and the constellation in which it lies. The constellations are then treated in alphabetical order and each object may be found more fully described here, where it is located by its constellation and serial number. The five northern constellations hidden from my observatory are included here, but the eighty objects selected from them are given only in the addendum on the same plan as in the main table, but with fuller descriptions in the table itself. It is hoped that this general arrangement will enable observing lists to be drawn up quickly without the encumbrance of descriptive matter which when needed may be found in its own place.


My observations have been made with a 30 cm Newtonian reflector located in clean country air well removed from city glare and haze. The use of instruments of this aperture is now quite common amongst amateurs, but in each case I have indicated what may be expected from smaller telescopes. Five introductory chapters [six in the revised edition] give some information about the various types of objects available for study. As the book is primarily an aid to observing, this introduction is necessarily concise but it may be useful in promoting interest in what is seen. It should be emphasized however that these chapters are not meant to take the place of a good text-book on astronomy, of which many are available. I have added a few remarks on equipment and observing which long experience has shown me to be useful. Star charts have been avoided. Norton’s Star Atlas is recommended for every private observatory; in addition to eighteen very clear star maps and lists of objects, it contains much condensed information of great value to the astronomer. For more detailed delineation of fainter stars and objects, the sixteen excellent sheets of the Skalnate Pleso atlas of A. Becvar [1962] are recommended.


Many books and scientific papers have been consulted, and a list of these is given at the end of the book. In addition I wish to acknowledge with sincere thanks the kindly help and encouragement which I have received from the Mount Stromlo Observatory, Canberra, and especially from the late Dr A. R. Hogg who read the manuscript and offered useful comment, from Professor S. C. B. Gascoigne and M. J. Miller. The fine photographic plates have also come from this observatory. Nor can I conclude without paying a tribute to the maker of the mirror used in my observations, F. J. Hargreaves, Kingswood, Surrey, England. This mirror is a superb example of optical craftsmanship, and in many years of observing on every favourable occasion I have never had steady enough atmospheric conditions to test the limits of its performance.


E. J. H. Lavender Farm, Woodend, Victoria, Australia









E. J. Hartung, a Biographical Note


The original author of this book, Ernst Johannes Hartung, was not a professional astronomer. He was by training and by inclination a chemist, and rose to the top of his profession, but was always fascinated by light and colour, so became very well versed in the art and science of both optics and photography. In his later years he was able to indulge his other passion, astronomy.


E. J. Hartung was born in Melbourne, Victoria in 1893, the second of five children of the musician C. A. E. Hartung. He spent most of his professional life in and around Melbourne, winning a Government Exhibition scholarship from Wesley College to the University of Melbourne, where he was awarded a BSc in 1913 and a DSc in 1919. In the same year he was appointed Lecturer in chemistry. In 1922 Hartung spent a year at University College in London, where he married Gladys Gray. Thereafter, the couple spent some time travelling in the United States on their way home to Australia. By 1924 he was back at the University of Melbourne as Associate Professor, winning the David Syme Prize for his researches into photochemistry in 1926. By 1928 he was appointed Professor of Chemistry, and served the University of Melbourne with distinction until his retirement in 1953. The full story of his seemingly endless difficulties and considerable achievements there has been told by Radford (1978).


Though this is not the place for a full biographical sketch, it is clear that E. J. Hartung was a man of wide scientific interests and diverse practical skills. This is nowhere better demonstrated than in his major contribution to the Australian war effort. As the war progressed, it became evident that the special glasses required for a variety of optical instruments could no longer be reliably imported from either Europe or the USA. Professor Hartung was asked to investigate the possibility of producing these materials in Australia. While there was no chemical reason why this should not be possible, it was accepted that this was no trivial task because optical glass manufacture was a craft as well as a science, and many important details were trade secrets. However, with help from the United States Bureau of Standards and in collaboration with Australian Consolidated Industries Ltd., he solved numerous practical problems in a remarkably short time and demonstrated that it was possible to produce several types of optical glass to the required exacting specifications entirely from local materials. Hartung’s experiments were initially conducted in the basement of the Chemistry Department of Melbourne University and are described in a report in Nature (Hartung 1942). Samples of the glasses he made are held at the University of Melbourne and also the Museum of Victoria.
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E. J. Hartung (left) and his colleague E. Hymann in the 1940s, making experimental pots of optical glass in a basement of the University of Melbourne





Hartung was also profoundly interested in the chemistry and physics of the photographic process, and this too was of value in his contribution to the war effort. Precision graticules for optical instruments had long been made by etching polished discs of glass, a delicate and intricate process. Hartung devised a photographic method for marking fine lines on the glass, and eventually many thousands of graticules were made in this way (Mellor 1958). On a more fundamental level, his interest in the chemical effects of light on silver halides were also investigated in Melbourne, as well as other aspects of photochemistry, at a time when it was not a fashionable topic. As a result, he made substantial contributions to understanding the mechanisms by which silver bromide decomposes under the action of light, thus illuminating a important controversy about the mechanism of the photographic process. In 1935 he made a film of Brownian motion under the microscope which was widely admired at the time, another example of his diverse optical skills.


E. J. Hartung took an active role in promoting scientific activities well beyond the University of Melbourne. He was three times President of the Australian Chemical Institute and of a section of the Australian and New Zealand Association for the Advancement of Science (ANZAAS), and was a trustee of the Museum of Applied Science in Victoria. He also served on the Council of the CSIRO (Commonwealth Scientific and Industrial Research Organisation). His profusely illustrated lectures on behalf of the Worker’s Educational Association reflected his enthusiasm for both his subject and for the popularisation of science. To this end he devised novel ways of demonstrating chemical experiments using optical projectors, and eventually published about 250 examples in a book published by Melbourne University Press (Hartung 1953).


The records of Hartung the man reveal him to be ‘Of tall, spare build, [presenting] a somewhat stern image to the student body... being a strict, though fair disciplinarian’. Despite this, he was for many years president of the University Football Club and ‘his stiff, formal academic reserve tended to be put aside during the excitement of the game’ (L. W. Weickhardt, private communication).


About his astronomical activities surprisingly little is known today, since his observatory, notes and life-long diary were lost in the tragic ‘Ash Wednesday’ bushfires of 1983. However, it is clear that his interest in the stars was initially kindled by his father. During his visit to England in 1946, he bought a 30 cm mirror from F. J. Hargreaves of Surrey and constructed his own telescope around it. However, he was unable to undertake the systematic observations that led to this book until his retirement to Lavender Farm at Woodend in Victoria in 1953. The compilation of facts, figures and above all careful observations took over ten years, until he wrote to the Melbourne University Press in October 1965, ‘After many years’ work I have finally completed the typescript of a book which I hope to have published. The suggested title is Astronomical Objects for Southern Telescopes. A Handbook for Amateur Observers.’


His hours at the eyepiece were spent at his observatory at Woodend in Victoria. Unfortunately, it too was destroyed in the Ash Wednesday fires of 1983, along with his other records. By this time Hartung himself had been dead for four years, and his telescope was housed at Monash University, where it is still in active use. Only this book remains to tell us of his many hours beneath the stars and his meticulous habits of noting and measuring. His use of direct-vision prism observations as an analytical tool is a direct link with his chemical experiments, and an echo of the work of the physicist Kirchhoff a century before. With this simple device he could literally see the composition of clouds of glowing gas far beyond the Milky Way. However, it is surprising that his knowledge of photography and practical skill with optical instruments did not tempt him to try astrophotography.
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Hartung’s 30 cm reflector (reproduced from the first edition)
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Hartung’s Observatory at Lavender Farm, Woodend, Victoria (reproduced from the first edition)





The original edition of this work was illustrated with photographs which came mostly from the professional telescopes at the Mount Stromlo Observatory in Canberra. Now, under the darker skies of Siding Spring, the telescopes of the Anglo-Australian Observatory have been used to record new images of some of the objects Hartung thought worthy of southern telescopes.


David Malin, David Frew September 1994


The authors are grateful to Ernst Hartung’s daughter Valerie Judges, Professor S. C. B Gascoigne and especially to Dr Len Weickhardt for much of the information above.
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1 The Stars as Clock, Calendar and Compass


The movement of the Sun, Moon and stars across the sky defines our day, month and year. Their daily presence cannot be ignored, even by those of us who live in big cities, mostly insulated from the natural world. While the Sun brings light and warmth, the inconstant Moon has always been mysterious and the stars themselves are seemingly unknowable. They have been part of human existence since the beginning; indeed it could be said that the ability to wonder about the stars is what distinguishes human beings from other creatures. It could not have been long after their nightly presence had been noticed before their irregular but unchanging patterns were remembered, perhaps by recognition of some similarity to familiar birds and bears, scorpions and snakes. Once remembered, it was found that the patterns were constant, slowly cycling with the seasons, disturbed occasionally only by the erratic wanderings of the planets.


Thus the distant, silent stars and the everyday world of human activity were linked, and the profound questions of how they came to be, what they were, when they appeared and why presented themselves. The search for answers led inevitably to the growth of superstition and science, astrology and astronomy, philosophy and physics. Today our ancestors’ sense of wonder is enhanced by the little knowledge we have gathered and is likely to be the underlying motivation for the readers of this book, as it was inspiration for its original author.


The answers about the stars were long in coming because the celestial mechanics underlying the procession of the seasons and the movement of the planets could not be properly explained until it was understood that the Earth circled the Sun. Similarly, knowledge of the source of the energy of the stars had to await an understanding of their true distances and dimensions, and the discovery of nuclear fusion. In the meantime each culture invented its own view of the Universe, which it shaped to fit the society that nurtured it (see Harrison 1985).


Despite ignorance of what they were, their distance, or why they drifted across the sky, enough was known from long and meticulous empirical observation of the stars to establish the length of the year, to predict the seasons and to guide long journeys across the seas. In this chapter we will look briefly at the modern view of the stars as clock, calendar and compass and in somewhat greater detail at how these ideas form the basis for defining a system of astronomical coordinates.


The constellations


Though the stars appear to be scattered at random across the sky, it still seems natural for us to play a night-time version of join-the-dots, linking the brightest to create memorable groupings. There is evidence that humans have done this since long before recorded history, and a surprising number of constellations embody similar meanings in markedly different societies. The age of the constellations is evident in the names of the principal stars that delineate them and in the words we still use to express ideas about the sky. Some idea of the richness of this heritage can be found in Richard Hinckley Allen’s Star-Names and Their Meanings (Allen 1899). Allen also gives some fascinating historical background to the naming of the constellations themselves.


The outline of many of the constellations of the northern sky dates from antiquity, and some can be traced back to the Sumerians and Akkadians who occupied the valley of the Euphrates river over 5000 years ago. They in turn bequeathed their knowledge of the sky to the Babylonians, whose cuneiform writings, also dating from 3000 BC, are familiar to archaeologists. The Phoenicians (1200–1000 BC) similarly studied the stars, mainly from their perspective as merchant mariners. Phoenician sailors and traders interacted with the ancient Greeks, passing on the knowledge gained from much earlier times. Indeed, so close was the contact between these Mediterranean powers that Thaïes (580 BC), the first Greek astronomer of note, was of Phoenician descent. Ptolemy’s Almagest which appeared in the first half of the second century AD, was the astronomical bible of the Middle Ages. It was based on the work of earlier Greek astronomers, especially the famous observer Hipparchus (about 150 BC), and it gives the names and orientation of forty-eight constellations, many of which are essentially the same as those we know today (see Davis 1959).


Also of ancient origin, probably Babylonian, is the Zodiac, a particular band across the sky about 16° wide, roughly the span of a hand at arm’s length, through which the Sun, Moon and planets appear to move against the ‘fixed’ stars during the course of the year. The constellations here are mostly animal outlines scattered on the sky, hence the name from the ancient Greek zoa, animal. The central line through the Zodiac marks the Sun’s path across the sky, the ecliptic, so it is where eclipses of the Sun and the Moon are seen and where the planets are always found (Gingerich 1984). Little wonder this collection of constellations and their coterie of wandering stars was identified early in the history of astronomy.


The next great innovation in this ancient system came from Johann Bayer (1572–1625) who published his Uranometria in 1603 (uranography is the branch of astronomy concerned with mapping the heavens). Bayer added twelve southern hemisphere constellations to Ptolemy’s forty-eight. These mostly represented living creatures such as Musca, the fly, and Dorado, the goldfish, and came from the vivid imagination of the Dutch explorer Pieter Dircksz Keyser, who noted them on a voyage to the East Indies (now Indonesia) in 1596 (Lovi 1989). The two posthumous works of Hevelius (Johann Hewelke, 1611–87), the Firmamentum Sobiescianum and Prodromus Astronomiae added several more named groups, while in 1679 Augustine Royer introduced the most famous southern constellation, Crux, or the Southern Cross. Most of the rest are inventions of the fertile mind of the Abbé Nicholas Louis de Lacaille (1713–62) one of the first scientific observers of the southern sky.
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Fig. 1.1 The beautiful constellation drawings of Johannes Hevelius’ Star Atlas of 1690 were reprinted by the Uzbek Academy of Sciences in 1968 (Sheglov 1968), from which this representation of Argo Navis was copied.
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Fig. 1.2 Constellation boundaries between around the Large and Small Magellanic Clouds are shown (top) as they are drawn in Proctor’s (1870) Sky Atlas. The same region of sky, reproduced to the same scale is shown (below) as it appears in Norton’s (1973) Star Atlas. The constellation boundaries are emphasised here with heavy lines.







Among Lacaille’s fourteen additions are such (relatively) modern devices as the clock (Horologium), the chemical furnace (Fornax), the mariner’s compass (Pyxis Nautica) the compasses (Circinus), the air pump (Antlia Pneumatica) and the octant (Octans) as well as Microscopium and Telescopium. Most of Lacaille’s star groupings are not especially obvious and some were scorned as undistinguished by the original author of this book, among others. To complete the collection of eighty-eight constellations accepted today, the large Ptolemaic grouping of the ship Argo (Argo Navis) is now divided into the sails (Vela), the poop (Puppis) and the keel (Carina), spanning regions which are among the richest in the sky. The imagery of the constellations has inspired many representations, among the best known are those of Hevelius, the German astronomer and mapper of the moon. His splendid drawing of Argo Navis (Sheglov 1968) is reproduced in Fig. 1.1.


The haphazard delineation of the ancient and modern constellations was finally settled by a committee of the International Astronomical Union (IAU) in 1930, and all modern publications use the boundaries then established for the eighty-eight regions. On modern star maps the constellation boundaries zigzag in an erratic fashion, but always along lines of right ascension and declination (RA and dec, astronomical latitude and longitude). This convention obliged the IAU committee to make some compromises by reassigning a few stars traditionally in one constellation to another, as shown in Fig. 1.2. The lines separating the newly defined constellations were specified in terras of RA and dec. as they were in 1875. As we will see, the astronomical coordinate system suffers from a drift in its orientation (precession), so on modern star charts the edges of the constellations no longer follow exactly the lines of RA and dec. An excellent, brief review of the history of celestial map-making appears in the introduction to Uranometria 2000 by Tirion et al. (1989).


Despite their enormous variation in size, zigzag boundaries and generally unsystematic and unscientific character, the constellations remain useful delineators of areas of interest on the sky; since they were used in that way by the original author of the present book, we have preserved his system, though many of his constellation descriptions have been updated. These ancient names are still used in professional astronomy today, at least informally. Modern astronomers chat about the latest discoveries in Centaurus A, 47 Tucanae and 30 Doradus while the Vela supernova remnant and the Fornax cluster of galaxies appear in the titles of their research papers. While the romanticism of constellation names lives on in astronomy, it must necessarily do so in the company of a much more precise method of identifying the location of objects on the sky, and we discuss this in the section on coordinate systems. But before the modern system of astronomical coordinates was used, the movement of the Sun and stars across the sky provided the basis for time-keeping, surveying and navigation.


Time and place from the stars


Our picture of star trails around the south celestial pole (Fig. 1.3) is graphic proof of the rotation of the Earth and clearly shows the location of its axis of rotation projected on to the celestial sphere, surrounded by the arcs of circumpolar stars. If the picture had been taken at the equator, this point would be close to the southern horizon. If our camera had been at the south pole, the arcs would circle a point directly overhead, so it clearly indicates our geographical latitude. At Siding Spring Observatory, where the plate for Fig. 1.3 was exposed, the geographic latitude is –31° 17′ so the point around which the stars seem to rotate is –31° 17′ above the nominal horizon. The direction on the sky around which the stars seem to circle also marks due south, so the information implicit in this picture is of obvious benefit to navigators.
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Fig. 1.3 Star trails circle the south celestial pole in this 10.5-hour exposure made from a point almost exactly due north of the dome of the Anglo-Australian Telescope, which is in the foreground. The exposure was started just after twilight in August and the positions of the Southern Cross and Pointers, Alpha and Beta Centauri, at that time are marked by open circles. Six hours later, the Southern Cross has moved through about 90° and its position a little after midnight is again marked. This would also be the starting position of the Southern Cross if the exposure had been started at twilight three months later.





Exactly the same kind of picture can be made in the northern hemisphere, and in Fig. 1.4 we have both celestial poles side by side for comparison. Both images were made within a few months of each other with the same camera and colour film. They look almost identical, except that in the north there is the bright star Polaris to mark the pole, the shortest trail in Fig. 1.4a. It greatly simplifies the adjustment of amateur telescopes. In contrast, the region of the south celestial pole (Fig. 1.4b) is undistinguished, so southern amateurs locate it by angular measurement from the numerous bright stars that never set. A more approximate idea of the direction of due south is given by extrapolating the long axis of the Southern Cross shown in Fig. 1.3.
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Fig. 1.4 A comparison of the north and south celestial poles. In the northern picture (right), taken from the La Palma Observatory in the Canary Islands, the short trail of Polaris is only a degree away from the projection of the Earth’s axis of rotation in space. There is no such convenient indicator in the southern hemisphere (left).







The star trails in Figs 1.3 and 1.4 also tell us about the passage of time. You may expect to be able to calculate the exact exposure time used to record any of the star trail pictures simply by measuring the angle subtended by any one of the arcs traced out on the sky, assuming the stars take 24 hours to turn through a full 360 degrees. Unfortunately, you would be wrong. It is the time taken by the Sun to return to the same place in the sky that governs the length of the day and (for everyday purposes) sets our clocks and watches. The stars keep their own, sidereal time.


This discrepancy between civil and sidereal time occurs because the Earth’s annual progress around the Sun changes its apparent position against more distant stars every day. Therefore the Earth must rotate almost 361 degrees each day in the 24 hours from local noon to local noon, but through exactly 360 degrees to return a distant star to the same place in the sky. In fact, during the course of a year, the Earth rotates exactly one more time with respect to the stars than it does to the Sun. The solar day is thus about 3 minutes 56.4 seconds longer than the sidereal day.


Sidereal time is used by astronomers because it depends solely on the rotation of the Earth on its axis, not on its orbit around the Sun. Thus the local sidereal time is the right ascension of stars crossing the local meridian, which is the imaginary north-south circle on the sky passing through the local zenith, which is the point directly overhead. If the right ascension of a star is known, local sidereal time (and thus civil time) can be calculated from the instant of its meridian passage. On the other hand, if the sidereal time is known precisely, meridian passage of a previously observed star can be used to calculate the observer’s geographical longitude. Finally, when it is on the meridian, the star’s angle above the horizon subtracted from its known angular distance from the celestial pole (declination) gives the local latitude. All of this explains why both navigators and surveyors require astronomical knowledge and why astronomers were themselves often involved in the original surveys that measured the length and breadth Australia and elsewhere in the nineteenth century. The relationships between time, place and the study of the stars at night also underline the importance of such measurements to everyday life and reveal one reason why astronomy has been a highly valued science for over 5000 years. While the above account deals mostly with the length of the day, which we arbitrarily divide into hours, minutes and seconds, other intervals of time that are obviçusly defined by the movement of objects in the sky are the month from the Moon (but again with an arbitrary number of days in the calendar month) and the year (from the annual cycle of the stars).


Time and the calendar


The day, or solar day to be more precise, is the cycle of day and night. Its length can be defined as the time between successive noons. The year, or more precisely the tropical year, is defined by the cycle of the seasons. It is the length of time between, for example, successive occurrences of the vernal equinox, the time in the (northern) spring when the day and night are of equal length and the Earth’s axis of rotation is perpendicular to a line from the Earth to the Sun. There is no reason to expect the period of the Earth’s rotation on its axis and the period of its orbit around the Sun to be linked, and they are not, so the year is not an exact number of days in length. In classical times, the length of the year was known to be about a quarter of a day longer than 365 days, and in 45 BC Julius Caesar decreed that the year was, for the purposes of the calendar, precisely 365.25 days long. The extra quarter-day was accommodated by inserting an extra day into the calendar every four years, making such leap years 366 days long instead of the usual 365. However, the true length of the tropical year is 365.242198781 days, about eleven minutes shorter than the Julian year’s 365.25 days.


Over a thousand years later, in 1582, the discrepancy between the calendar and astronomically measured time had grown to a noticeable ten days. In that year, Pope Gregory XIII introduced the Gregorian calendar, omitting ten days to eliminate the accumulated error. This measure led to considerable public confusion and dismay, and had still not achieved world-wide acceptance by the start of the twentieth century (Gingerich 1982). The Pope decreed that ‘century years’ were not leap years unless they were divisible by 400. In this system, 1600 was a leap year and the year 2000 will be, but 1700, 1800 and 1900 were not, though they would have been in the Julian calendar. Over its 400-year cycle, the Gregorian year has an average length of 365.2425 days. This is only 26 seconds too long, close enough to see us through the next couple of millennia without further adjustment.


On the much shorter time-scale of a year, other compromises have to be made between time measured from the daily movement of the Sun and the time measured from the movement of the stars. This is because the Earth moves around the Sun in an orbit that is slightly elliptical, so in the southern summer the Sun is closer and appears to be about 3.5 per cent bigger; it also moves more quickly across the sky. Any expected additional increase in the temperature at the surface of the Earth is masked by the large differences in the distribution of land and water masses between the two hemispheres.


The overall effect is that the apparent solar time does not advance at a constant rate throughout the year, unlike clocks and watches. To get round this problem and make all days the same length, the concept of mean solar time was invented, once again to average out an inconvenient natural discrepancy. Mean solar time, defined in terms of a fictitious mean Sun whose apparent motion is constant, differs from the solar time (as measured by a sundial) by up to 16 minutes. The discrepancy, called the equation of time varies in a periodic way during the year, reaching its extremes in early November and mid February with a smaller swing between May and July. Fig. 1.5 shows this variation diagrammatically. Precision in measurement of time also has its astronomical implications. When very accurate quartz crystal clocks were introduced into observatories just before and during World War II, they were able to confirm what had long been suspected: that the Earth’s rotation was not constant. By 1973, with the aid of even better atomic clocks, it was found that the rotation was slowing down by about a second a year, producing a discrepancy between ‘atomic’ time and that measured astronomically. In practice, time is now measured by a number of atomic clocks and the world’s time signals, UTC or Coordinated Universal Time, come from the International Bureau of Weights and Measures in Paris. The time is adjusted by means of leap seconds twice a year as necessary to keep UTC within at least nine tenths of a second of UT1, Universal Time 1, which is based on astronomical observation. More detailed and very readable popular accounts of time systems, and much else mentioned in this section, have been given by Howse (1980) and Klein (1988).
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Fig. 1.5 The equation of time is the amount by which a simple sundial is in error throughout the year because the elliptical orbit of the Earth. The curve is the difference in minutes between apparent and mean solar time.







From the astronomical perspective, the measurement of long periods of time is made difficult by a civil calendar that can arbitrarily omit ten days from its reckoning and then add other days from time to time. To counteract this, the Julian day system devised by the French classical scholar Joseph Justus Scaliger in 1582 has been adopted by astronomers. The name should not to be confused with the Julian calendar, though the length of the year, 365.25 days, is exactly the same in both systems. Julian days begin at Greenwich noon and are numbered consecutively from an epoch sufficiently ancient that it precedes any historical records. The date chosen for Julian Day number 0 was 1 January 4713 BC, as defined in terms of the Julian calendar. The reasons for selecting this date have been discussed in a fascinating article by Moyer (1981) and in Hanbury Brown’s (1978) book, Man and the Stars. In the Julian day (JD) system the astronomical year 2000 will begin on JD 2 451 545.0.


As a result of his search for ever-greater precision in measuring star positions, the famous German astronomer–mathematician Friedrich Wilhelm Bessel introduced the Besselian year, which he defined as beginning when the mean Sun reaches a right ascension of 18 h 40 min, conveniently close to the civil New Year. The Besselian year convention was mainly of significance to those interested in the precise location of astronomical objects on the celestial sphere and in precise measurement of the precession. The difference between the Besselian and Julian years is small, but where precision is essential, astronomical coordinates are now defined in terms one system or the other. The system based on the Julian calendar has had official IAU endorsement since 1976. This topic leads naturally to a consideration of astronomical coordinates themselves.



Coordinate systems


Geographers and surveyors locate places on the Earth’s surface by means of a grid system defined in terms of latitude and longitude. Latitude is the angular distance north or south of the equator, while longitude is the angular distance east or west from some arbitrary north–south line. By convention the chosen line is that passing through Airy’s transit circle at Greenwich in London. Astronomers use a similar system to locate objects on the sky. If the Earth were transparent, with the lines of longitude and latitude inscribed on its surface, an observer at its centre would see the sky divided up much as the astronomer does. The names given to the two systems are different, but the principle is the same.


Instead of latitude, astronomers use the term declination, often abbreviated to δ or dec. The declination of an object is its angular distance north or south of the equator. By convention, northern declinations are positive and southern negative, such that the equator is zero degrees, the north celestial pole is at declination +90° and the south celestial pole is at –90° (Fig. 1.6). It was not always so, and 200 years ago it was common to record declinations in terms of north polar distance so that Sirius, a star south of the celestial equator at a declination of about –16°43′ would be said to have a north polar distance of 106° 43’ (i.e. 90° + 16° 43′).
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Fig. 1.6 The usual way of defining an object’s position on the sky is to use equatorial coordinates, where the east–west direction is known as right ascension and is measured in terms of time, while the north–south positions are given in degrees of arc. This shows the system as it applies to the southern hemisphere.





The longitude coordinate is called right ascension (α, or RA). It has to accommodate the Earth’s rotation, which seems to transport the stars across the sky at a constant rate, so it is conventionally given in terms of hours, minutes and seconds of time rather than degrees, by optical astronomers at least. At the equator, 1 hour of time = 15° on the sky. Thus, in the equatorial system of coordinates, the approximate position in the sky of Sirius is given as 6h 45′ 06ʺ –16° 43′.


Just as everyone had to agree on one meridian to define the zero point of terrestrial longitude—namely the Greenwich meridian—some meridian has to be chosen to serve as the zero point for right ascension. Again by convention, astronomers use for this purpose one passing through the first point in Aries, one of the two intersections of the equatorial and ecliptic planes, which are inclined at an angle of 23° 26′ to each other. During the course of a year, the Sun’s path, along the ecliptic, crosses the equator twice, at points 12 hours of right ascension apart, at roughly 21 March and 21 September. These times are called the equinoxes, when the length of day and night are equal. The (northern) spring and autumn crossing points are known as the vernal and autumnal equinoxes respectively (ver = spring in Latin). The relationship between the ecliptic and the celestial equator is shown in Fig. 1.7.


Many of the problems of defining the positions of objects on the sky would be diminished if the Earth’s axis were at right angles to the plane of its orbit around the Sun. If this were so, there would be no seasons; the Sun would always be above the equator and its elevation at noon would be the same every day, depending only on the local geographical latitude. Dull though this might be, it would largely eliminate another, much longer-term problem that makes defining astronomical coordinates such a messy business, the precession of the equinoxes.
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Fig. 1.7 The equatorial coordinate system has its zero point the intersection of the ecliptic and the celestial equator. These points are identified by northern hemisphere seasons in which they occur.





Precession, nutation and aberration


Since the Earth is not a perfect sphere, but bulges at the equator, and its axis of rotation is markedly inclined to the plane of its orbit, the combined effects of the gravitational attractions of the Sun, Moon and planets on this asymmetry introduce a gyroscopic torque, or twisting force, to the axis of the spinning Earth. This manifests itself as a precession, superficially similar to that of a spinning top. The torque varies in strength in a complicated way; the influence of the Moon and the Sun goes through two cycles every month and two cycles every year respectively, but the force is always in the same direction, namely, trying to eliminate the tilt of the Earth’s axis. The net result is that the Earth’s axis slowly traces out a huge circle on the sky centred on the ecliptic pole. The circle, shown moving through the southern circumpolar constellations in Fig. 1.8, is about 47° across (23° 26′ in radius), and the celestial poles take about 25 000 years to make one complete revolution. Superimposed on this large, slow circle are much smaller and faster wobbles. For computational convenience, astronomers call the large, slow component precession and the small, faster component nutation. The gravitational torques which produce these effects depend more on proximity than mass, with the result that the lion’s share of both precession and nutation are caused by the Moon rather than the Sun.


The leisurely progress of the poles due to the precession may seem of practical consequence only to astronomers, who, as we have seen, take the direction at 90° to the Earth’s axis of rotation (the celestial equator) as a reference plane for measuring star positions. In fact the motion is surprisingly rapid, shifting the vernal equinox along the ecliptic at 50.3 arc seconds a year, roughly the apparent diameter of Jupiter, and moving the pole around which the stars in Fig. 1.3 rotate by twice the diameter of the Moon in a human lifetime. The precession of the equinoxes was known to Hipparchus in 150 BC, by which time the Sun’s spring crossing point on the equator had drifted from Taurus into Aries. Today it is in Pisces and is moving steadily westwards through the zodiacal constellations, in spite of which we still call it the ‘first point in Aries’. Precession can include other, minor components due to the pull of the planets, when it is known as the general precession. A detailed mathematical description of these effects can be found in the Explanatory Supplement to the Astronomical Almanac (Seidelmann 1992).


To overcome this awkward precessional drift of the equatorial coordinate system, precise star positions are always qualified with a date, or epoch, in years. This specifies where the precessing equator and equinox were at a given time, and thus ties down the coordinate system. The most common epochs for this purpose are 1950 and 2000, often expressed with a decimal point (eg. 1950.0 or 2000.0, or very occasionally some fractional date such as 1975.8) to emphasise that they are instants of time rather than something to do with a whole year. Because only the smooth, precessional motion of the equator and equinox are being taken into account, with the smaller wiggles of nutation and certain other periodic effects left out, star coordinates defined in this manner are called mean places. An epoch of 1950.0 means that the star right ascension and declination are referred to the mean equator and equinox of epoch 1950.0, an untidy expression usually condensed into the phrase ‘equinox 1950.0’.
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Fig. 1.8 As the position of the south celestial pole is shifted by the precession of the equinoxes it traces a circle 47 degrees in diameter on the sky around the south ecliptic pole. In about 2500 years the celestial pole will be close to the Small Magellanic Cloud and in 14 000 years it will skirt the constellation of Columba.





For observations where the exact coordinates of a particular object are important, for example in precise measurement of star positions (astrometry), the epoch of the observation itself is given, a quite distinct epoch from that specifying the chosen coordinate system. The epoch of observation is used when taking into account the proper motions of the stars, their individual motions against a background of objects so distant that they are taken as motionless. Proper motions are mainly due to the rotation of the Galaxy and arfe usually small but not always negligible; Barnard’s star, the most extreme example, moves 10.3 arc seconds per year. However, even nearby stars rarely move more than 1 arc second each year. For example, an observation made on 20 February 1993 of Sirius, which has a proper motion of 1.32 arc seconds per year, may be expressed as a mean right ascension and declination for equinox 1950.0 and epoch 1993.14. A catalogue position for Sirius may be for both equinox and epoch 1950, and would differ from the observation by 43.14 years of proper motion, in this case 56.9 arc seconds, a significant amount.


Extremely precise mean places for any equinox can be calculated, using the formulae in Chapter 3 of Seidelmann (1992), and an alternative expression is given in the introduction to Sky Catalog 2000 Volume 1 (Hirshfeld and Sinnott 1982). However, these are unwieldy for low-precision computation using a calculator, and for the purposes of this book the following approximate formulae may be used instead:


 


Required α = αE + (3s. 073 + Is. 336 . sin α . tan δ) . T


and


Required δ = δE + (20ʺ. 04 . cos α) . T


 


where αE = right ascension, δΕ = declination are the catalogue right ascension and declination for equinox E, and T is the current epoch in years minus the catalogue equinox E. In most cases, E is either 1950 or 2000, so to precess a 1950 position to epoch 1975, use T = 25; to precess a 2000 position to the same epoch use T = –25. This expression is quite well known and can be found to greater levels of precision in other publications such as that by Duffett-Smith (1981).


It should be noted that the system of expressing equatorial coordinates was revised by the IAU in 1976. The previous system, based on work carried out in the nineteenth century by Wilhelm Bessel, Simon Newcomb and others, suffered from a number of shortcomings and complications, connected partly with the computational techniques available and also with the level of astronomical knowledge at that time. An interesting example of the latter is that the Bessel–Newcomb reference frame is rotating relative to the distant background of galaxies and quasars. The reason for this is that the analyses of star proper motions which fixed the old coordinate frame failed to take into account the effects of the orbital motions of the stars around the Galactic centre, an understandable omission given that the nature of the Milky May and the existence of the Galaxy were unknown until well into the twentieth century. The reforms enacted by the IAU in 1976 included improved astronomical constants, new precession and nutation models, and a switch from Besselian epoch 1950 to Julian epoch 2000 as the standard epoch.


The Besselian epochs of the old system are based on the length of the tropical year in 1900 and referred to the time near the beginning of the year when the Sun’s longitude is 280 degrees. Julian epochs are much more straightforward, using years of precisely 365.25 days and are readily calculated directly from the ordinary calendar date. In precise work, epochs are prefixed to show which system is in use—for example B1950 and J2000. Since in this book our coordinates are not intended to be precise, we will simply describe them as referring to equinox 2000.


Other small effects also upset the calculation and practical use of astronomical coordinates, and, although these are unlikely to affect the users of small telescopes, they are incorporated into the computer programs that control the pointing and tracking of modern large telescopes such as the Anglo-Australian Telescope. These effects include nutation and aberration.


Nutation is the small ‘nodding’ of the Earth’s axis left over when the precession (the smooth, long-period motion) has been considered. The effect amounts to a shift of 9 arc seconds with a period of 18.6 years. Superimposed on this is a half-arc second oscillation of 6-month period, one of a little under 0.1 arc second of two-week period, and many other small terms. Much of the complexity of the nutation comes from the relatively large eccentricity and inclination of the Moon’s orbit and its changing orientation in space caused by the competing influences of the Sun and Earth. Nutation is even affected by the non-rigidity of the Earth.


While all these effects may appear to be inconsequential in terms of their effects on everyday life, it has recently been suggested by Laskar et al. (1993) that the orientation of the Earth’s axis in space is stabilised by the presence of the Moon. Without this effect, the variation of the 23° 26′ inclination of the Earth’s axis to the orbital plane (the obliquity of the ecliptic) would be large, perhaps reaching 50° in a few million years, leading to enormous changes in climate on Earth. If this is true, then the Moon can be considered as the Earth’s climate regulator in a long-term stabilising relationship.


Aberration is the change in apparent position of an object due to the motion of the Earth in its orbit around the Sun. It was discovered by James Bradley in 1728, and it produces a shift which depends on the direction of the object and the time of year. The maximum displacement, of about 20 arc seconds, occurs when the direction of the Earth’s motion is perpendicular to the direction of the object. The effect behaves much like the apparent change in direction of rain or snow seen from a moving car, the source seeming to be displaced towards the direction of motion. Aberration is, in fact, a direct demonstration of the finite speed of light.


Other coordinate systems


Although astronomers almost always record the positions of stars and galaxies in terms of right ascension and declination of the equatorial system, there are at least four other systems in regular use: ecliptic coordinates, hour angle and declination, azimuth and elevation, and Galactic coordinates. Like ‘conventional’ RA and dec, all are longitude and latitude systems, and thçy differ only in choice of the fundamental plane and longitude zero point (the Earth’s equator and vernal equinox in the equatorial system).


Ecliptic coordinates use the same zero point as the equatorial system, namely the first point in Aries, but use the ecliptic (the plane of the Earth’s orbit) as the fundamental plane. This would be the natural coordinate system for studies of the zodiacal light for example.


Hour angle and declination differ from right ascension and declination only in the longitude zero point, in this case the local meridian. A given star, essentially fixed in both right ascension and declination, has an hour angle which changes through 24 hours during the course of one sidereal day. An object near the celestial equator has an hour angle of 6 hours east as it rises (usually expressed as –6 hours), has zero hour angle as it transits the meridian, and has an hour angle 6 hours west as it sets (or +6 hours). The constantly changing hour angle makes this coordinate system unsuitable for recording star positions, but is natural for controlling equatorially mounted telescopes. Equatorial mounts have one axis parallel to the Earth’s axis, which, when driven at the same rate as the Earth’s rotation,-but in the opposite direction, keeps the star in view. The Anglo-Australian Telescope is an example of an equatorially mounted telescope. The hour angle at any instant is the sidereal time minus the right ascension, or, looking at it another way, the right ascension of the meridian is the sidereal time.


The azimuth and elevation coordinate system goes one step further along the path between the celestial sphere and the observer by using the horizon as the fundamental plane. Elevations are expressed in degrees above the horizontal, but astronomers usually prefer to work in terms of zenith distance, reckoning in degrees from the zenith and thereby avoiding awkward questions about where the true horizon is.


There are several conventions for azimuth: astronomers generally reckon from north through east. As a star rises, moves across the sky, and sets, both azimuth and elevation are constantly changing, making this an unsuitable coordinate system in which to record star positions. However, it is the natural system for ‘altazimuth’ telescopes (i.e. those which swivel from side to side and up and down) such as the Parkes Radio Telescope or the Australian National University’s New Technology Telescope (NTT) at Siding Spring. Such telescopes use some form of computer to transform the object’s right ascension and declination into an azimuth and elevation for the current instant of time. v


In the case of the Parkes Radio Telescope, an elegant form of analogue computer is used, consisting of a dummy equatorial mount which is driven in the conventional way and to which the main dish is slaved by means of an electro-optical system. In the case of the ANU NTT the computations are performed by a conventional digital computer. The full transformation of a star’s position as given in a catalogue into a predicted azimuth and elevation is complicated and beyond the scope of this book, though of some relevance to amateur telescope builders.


As well as proper motion, precession, nutation, aberration and compensation for the Earth’s rotation by way of the sidereal time, corrections are needed for atmospheric refraction and for flexures and mechanical misalignments in the telescope itself. The effect of atmospheric refraction is to bend the incoming starlight downwards so that objects appear higher in the sky than they would in the absence of an atmosphere. The displacement is zero at the zenith, and, for typical conditions, reaches about 1 arc minute at a zenith distance of 45°. The effect grows rapidly at large zenith distances and by the time an object is on the horizon has reached about half a degree. The just-risen Sun is thus really below the horizon, elevated into sight by the bending effect of the Earth’s atmosphere.


Finally, Galactic coordinates reckon latitude from the plane of the Galaxy and use the Galactic centre as the longitude zero point. Neither the Galactic poles nor the Galactic centre is directly observable, and so the two points are officially expressed in terms of B1950 right ascensions and declinations, ratified by the IAU. Galactic longitude and latitude (lII, bII) which are always given in degrees, are the natural coordinates for describing Galactic structure and for some extragalactic studies.


Definitions of other coordinate systems, especially appropriate for observing the planets for example, are given in Montenbruck (1989). None of these systems is likely to be used by the practical amateur astronomer.


Proper motion and space velocity


We began this chapter by considering the long history of the constellations. Though the descriptions provided by the ancient astronomers seem to fit the outlines with which we are familiar today, the positions of some of the stars will certainly have changed by measurable amounts in the 5000 years of recorded astronomical history. This is because they are moving in three dimensions with respect to the solar system. Part of this is due to the more or less circular motion of all Milky Way stars around the centre of the Galaxy but stars have other, random motions in and out of the Galactic plane as well. The so-called ‘fixed stars’ of our astronomical ancestors are thus not fixed at all, but wander in space.


This motion can be thought of as having two components, the transverse velocity or angular shift against the most distant background of remote galaxies, and the radial velocity or velocity along the line of sight. The transverse velocity is commonly known as the proper motion and can be detected and measured by comparing photographs taken years apart. As expected, the nearest stars seem to move the most quickly, and proper motion measurements are one technique used to find those extremely faint stars that are only detectable because they are close to us. However, the current proper motion record holder is Barnard’s star which is relatively bright at apparent visual magnitude 9.5. Barnard’s star is 1.84 pc distant and moves across the sky at about 10 arc seconds per year (pc = parsec, 3.26 light years, see p. 23).


The proper motion is usually expressed by stating a star’s apparent motion east and north in arc seconds per year. Shifts to the south and west are given negative values. To convert the proper motion of a star to a true transverse velocity its distance must be known. Of course, most stars with known proper motions will not be moving directly across the line of sight; there will be some component that is towards or away from us as well. This is the radial velocity and is conventionally measured with respect to the Sun to eliminate the Earth’s orbital motion from the result. The actual value is easier to obtain than the proper motion and is independent of distance because it can be obtained by measuring the Doppler shift of prominent spectral lines, which moves them redwards for stars receding from us, blue wards for approaching stars.
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Fig. 1.9 The true space motions of stars cannot be determined in one observation. The radial velocity along the line of sight can be derived from the Doppler shift of the lines in the spectrum of a star, but the proper motion across the line of sight usually requires comparison of images of the star taken years apart.





Given radial velocity, proper motion and distance, the true motion of a star through space (as shown in Fig. 1.9) can be found. Most stars have space motions relative to the Sun of a few kilometres per second, a small number reaching a few tens of kilometres per second, but an approximate value can be obtained from the simple formula V = 4.74μd, where V is the tangential velocity in km sec–1, μ is the star’s proper motion in arcsec per year, and d is the distance in parsecs. The velocity so obtained can be combined with the radial velocity to give the star’s space velocity with respect to the Sun, a useful quantity to have. A more rigorous treatment of space motion and a list of stars with large proper motion appears in the introduction to Sky Catalog 2000, vol. 1 (Hirshfeld and Sinnott 1982).
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2 Stars and Starlight


Meteorites, interplanetary dust and samples from the Moon are the only tangible materials we receive from space. All other information about our celestial environment is received by radiation of one kind or another, either produced by electrically charged particles in the atmosphere or more directly as electromagnetic waves. The very energetic particles are detectable as cosmic rays, which are the nuclei of heavy atoms, probably originating in supernovae. Less energetic charged particles stream from the Sun, especially after solar flares, and they show themselves as aurorae when they interact with the upper atmosphere. Even when the Sun is quiescent, the Earth’s atmosphere glows because it is continually bombarded with charged particles from the solar wind. Of course, this is only visible at night and is seen as a component of the natural night sky airglow. Roach and Gordon (1973) discuss this topic in some detail. While these phenomena are of great observational interest, they are beyond the scope of this book.


At first sight, the stars and nebulae seem to send us very little information about their nature. By simply looking we know nothing of their shape or size, their distance, age, composition or temperature. They emit no sound or smell, and they are so faint we can only see them when the Sun has gone. But we can measure their positions on the celestial sphere with great precision, and those measurements have told us about the intimate relationship between the Earth and the other members of the solar system, as we noted in the previous chapter. Such measurements also led to the determination of the first accurate distance of a star, derived from its apparent movement against the distant stellar background due to the orbit of the Earth around the Sun. The first successful parallax observations were made by Friedrich Wilhelm Bessel in 1838, when he determined the distance of the nearby star 61 Cygni.


With the aid of modest telescopes we can see and measure the colours of the brighter stars, from which we can estimate the temperature at their surfaces. We can also measure their relative brightness or apparent magnitude. Once we have some indication of distance, initially obtained for the nearest stars by parallax measurements, brightness and temperature begin to reveal facts about the size, nature and evolution of the stars themselves and can in turn be used to derive new distances and new facts about other, more distant examples far beyond the range of parallax measurements. The most obvious of the measurements that refer to the physical state of a star rather than its position on the sky is also among the most ancient. It is the measure of a star’s apparent or relative brightness.


Magnitudes and luminosities


Astronomers have adopted the qualitative word ‘magnitude’, which means relative importance or size, and given it a precise quantitative meaning. The original idea of relative apparent magnitudes of stars can be traced back to the Greek astronomer Hipparchus. He described the brightest stars in the sky as being of the first magnitude, those half as bright as second magnitude and so on to the sixth magnitude, which were the faintest stars that could be seen with the unaided eye. With the invention of the telescope, larger numbers were used to describe ever fainter stars, but the magnitude scales of even the most experienced observers differed widely, leading to considerable confusion.


With the application of elegant comparators to telescopes in the mid nineteenth century, and increasing use of the photographic plate towards the end of that century, more precise measurements of apparent brightness could be made and the science of photometry was born. Its history has been discussed by Weaver (1946) and more recently by Cooper and Walker (1989). It was soon found that a first magnitude star appeared about 100 times brighter than a sixth magnitude star, and a suggestion made by Norman Pogson in 1856 was eventually adopted to standardise the magnitude scale. Rather arbitrarily, the relationship in apparent brightness was fixed so that a magnitude difference of five corresponds to a difference in brightness of exactly 100 times. A magnitude difference of one therefore corresponds to a factor of (100)1/5 or about 2.512 in apparent brightness. A more detailed account of the adoption of this rather curious scale has been given by Hearnshaw(1992).


By assigning a magnitude of 1.0 to the bright stars Altair and Aldebaran, Pogson’s scale more or less matched the ancient system of magnitudes and opened the possibility of extension to even brighter objects by using negative numbers. Table 1 shows how these magnitude differences correspond to ratios in the amount of light received, and Table 2 lists the approximate apparent magnitudes of a broad range of astronomical objects. From these tables it can be seen, for example, that the full Moon is 14 magnitudes (about half a million times) fainter than the Sun.




Table 1 The Magnitude Scale   Table 2 A range of magnitudes
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Of course, the apparent visual magnitude (mv) of a star tells us nothing of its distance from us, because stars cover an astonishingly wide range of intrinsic luminosities from a million times that of the Sun to less than one ten-thousandth as luminous (106 to 10−4 solar luminosities). However, stars are all subject to the same inverse square law, which says that the apparent brightness of a star is inversely proportional to the square of its distance. Distance for a few stars can be measured directly by their parallax. This seems to cause nearby stars to move against the distant background as the Earth’s orbit around the Sun shifts the observer’s point of view. The distance of a star which appears to move exactly one second of arc is exactly one parsec (pc), or 3.26 light years. The parsec is the unit adopted for distance measure in this book. By measuring the distance of nearby stars by means of their parallax, a scale of absolute visual magnitude (Mv) has been established, and this is now conventionally taken as the apparent magnitude of a star seen at a distance of 10 pc. The difference between the two quantities m and M is known as the distance modulus which depends only on the distance D (pc) of the star, that is:
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This means that the distance modulus of an object 10 pc away is zero, while a distance modulus of 5 corresponds to a distance of 100 pc, or a distance modulus of 10 to 1000 pc. The equation can also be written
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Though a standardised system of comparing the apparent brightness of stars was a great advance, in the latter half of the nineteenth century other methods of examining starlight were coming into use. If the starlight is split into its constituent parts by means of a spectrograph, much more information can be gleaned. We can learn of a star’s composition, the state of its atmosphere, its rate of rotation and if it is receding from us or coming towards us. However, to fully understand the message and how it is to be deciphered, we first need to know something of the messenger, of light itself.


The nature of light


Light is a small part of a broad spectrum of electromagnetic radiation that extends from low frequency, low energy radio waves at one extreme to high frequency, short wavelength gamma rays at the other, as shown in Table 3. Though we speak here of waves, some properties of light show that it also behaves as particles, or quanta, depending which particular phenomenon is being described. Both sets of properties are called on to understand light from the stars. All electromagnetic radiation travels at a speed of 299 792.5 kilometres per second, in a vacuum, a value which is a fundamental physical constant usually identified as c.




Table 3 The electromagnetic spectrum
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Though an increasingly broad range of electromagnetic radiations are of interest to astronomers, here we are interested in a small part of the middle range of wavelengths, primarily those to which the human eye is sensitive. By far the most common source of such radiation in our lives is from bodies which are hot enough to emit light, such as the Sun, or fire or tungsten filament lamps. Such light is naturally known as thermal radiation. It seems reasonable to believe that we have evolved to see and respond to that part of the spectrum that is both produced by the Sun and is able to penetrate the Earth’s atmosphere. Of course, this ability also allows us to see other kinds of radiation which is not primarily produced by hot bodies, such as the light from fluorescent tubes or emission nebulae. We will consider such sources of non-thermal radiation in the next section.


Considered as a wave phenomenon, the wavelength (λ), the distance from one wave crest to another, determines the colour of the light. Red light has the longest visible wavelength, up to about 700 nanometres (nm) while blue extends into the shortest visible wavelength region, to about 400 nm. A nanometre is 10−9 metres, a millionth of a millimetre, though astronomers often use the angstrom (Å, 10−10 m) to describe wavelengths in astronomical spectroscopy. Beyond the longest visible wavelengths is infrared radiation (IR), gradually merging into the realm of radio waves, while shortward of the blue region lies the ultraviolet (UV), shading into X-and gamma rays. All these kinds of radiation are different forms of light, distinguished only by their wavelengths, as shown in Table 3.


Radiation may also be characterised by its frequency, though in practice this is more usual in the radio regime. Frequency (f) is the number of wave crests to pass a fixed point per second and is usually expressed as hertz (Hz). It is related to the speed of light and the wavelength by c = fλ (or f = c/λ). Green light has a frequency of about 6 × 1014 Hz, while a medium wave AM radio station might broadcast at a few megahertz, 106 Hz.


Newton thought of light as having a corpuscular nature, but later it was shown to have properties that had definite wave characteristics, especially evident in the interference phenomena that cause the iridescent colours on a butterfly’s wings and in opal. Interference phenomena can be demonstrated with waves of all kinds, even those that transmit energy through the waters of the sea. However, in 1900, the German physicist Max Planck was striving to derive a mathematical expression to explain why the shape of the spectrum of radiation from heated bodies changes with temperature, or, to put it another way, why the colour of a body changes from red through yellow to white and eventually blue as it is heated. To help understand the concepts better, he devised the idea of a black-body, a hypothetical object that absorbed all electromagnetic radiation incident upon it, and so is completely black at ordinary temperatures. As its temperature increased, a black-body radiates pure thermal radiation. Stars are close enough to being black-bodies for many purposes, so the ideas underlying Planck’s work are of enormous value to astronomers.


During the course of his calculations, Planck was perturbed when he found himself obliged to use a mathematical artifice to arrive at what is now known as the Planck equation. For his equations to work out, Planck had to express the energy content of radiation from hot bodies in the form of quanta, discrete ‘packages’ or photons of energy, where each photon of a given wavelength carried the same, fixed amount of energy.


In 1905 Albert Einstein showed that Planck’s hitherto theoretical concept of the quantum was essential to explain the photoelectric effect, which is the property of light that causes some materials to generate an electric current when illuminated. This property is the basis of some photographic light meters and the charge coupled devices (CCDs) in modern television cameras. It can only be explained if the energy arrives as discrete bundles of energy. These discoveries established the dual wave-particle nature of light and were fundamental to modern physics. Both Einstein and Planck received Nobel prizes for their contributions.


Einstein’s much better known work on general relativity was published later, but it also involved light, as the fundamental constant that linked energy and mass in his famous equation, E = mc2. This deceptively simple relationship is an expression of the energy equivalent of mass and reveals why nuclear bombs and nuclear fusion reactions inside stars produce so much energy, by converting matter, firstly into gamma rays which then degenerate (in the Sun and stars) into heat and light.


The quantised packages of light or photons each carry an amount of energy, E, that is inversely proportional to their wavelength. Thus short wavelength X-ray and ultraviolet photons carry more energy than those at the longer infrared and radio wavelengths. This idea can also be expressed in the simple formula
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where h is Planck’s constant (6.6262 × 10−34 joule sec), c is the speed of light and λ is the wavelength.


Planck’s ideas enabled him to show that black-bodies with a temperature even slightly above absolute zero emit radiation with a characteristic spread of energies. As the temperature of the body increases, the wavelength of the peak of the radiation shifts bluewards and the amount of energy emitted at all wavelengths increases. If we create a diagram that shows the Planck function for a range of temperatures and scale both the energy output and the wavelength scale in logarithmically, we see in Fig. 2.1 the beautiful result that Planck obtained.


Note that the area under each of the curves indicates the total energy emitted by a black-body at the indicated temperature, and that the peak of the emission for the curves follows a straight, inclined line on this diagram, showing how the point of maximum radiation from a body moves across the electromagnetic spectrum to shorter wavelengths as its temperature rises. In the visible region this causes a shift in colour from red to blue, hence the idea of colour temperature, used to describe photographic light sources. In Fig. 2.1 the temperature is shown in Kelvins (K). These divisions of the temperature scale are the same size as the more familiar Celsius degrees, but the zero point is −273°C, or absolute zero.


The inclined dotted line follows Wien’s law, which says simply that the wavelength of maximum emission from a hot object is inversely proportional to its absolute temperature, or λmax ∞ 1/T. This relationship was obtained experimentally before Planck’s work and Wien determined a proportionality constant, W, finding it equal to 0.29 if λmax was in centimetres and T was in Kelvins. With this simple but powerful relationship and the knowledge that the Sun’s peak emission of radiation occurs at about 530 nm we can calculate its surface temperature:
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Fig. 2.1 All bodies warmer than absolute zero emit some radiation. The energy distribution of the radiation takes a characteristic form first elucidated by Max Planck for a ‘black-body’, a hypothetical object that absorbed all radiation at any wavelength. Because of the wide range of temperatures (273–20 000 K) and wavelengths (X-ray to radio) covered by this diagram, both axes are logarithmic values. Where the black-body curves pass through the visible region the lines are thickened to show the change in slope (colour) with temperature.





This is rather lower than the true value (about 6000 K) because the Earth’s atmosphere makes the Sun seem yellower (cooler) than it really is. In principle, the surface temperatures of stars can be obtained (with the appropriate corrections) in this way from their spectra, though it soon becomes apparent from simple inspection of their spectra that few stars are perfect black-bodies.


Another result that was derived experimentally before Planck unified the ideas of radiative transfer of energy is the Stefan–Boltzmann law, which basically says that the amount of energy emitted per unit area of a hot object is proportional to its absolute temperature to the fourth power. This too is evident from the curves in Fig. 2.1. Expressed mathematically the Stefan–Boltzmann law is
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where σ is the Stefan–Boltzmann constant. From this we can derive another useful piece of information about a star, its total luminosity L, by including its surface area in the equation.
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We can see that the Planck function embraces several ideas that were verified experimentally well before 1900, ideas that are central to understanding the light we receive from the stars, and thus to understanding something of the nature of the stars themselves.


Polarisation


We should also mention here another property of electromagnetic radiation that has important astronomical implications, and that brings together its wave and particle properties in an interesting way—polarisation. Apart from its characteristic energy, each photon of light can be considered as a travelling package of electric and magnetic fields. In any given photon, the plane in which these fields oscillate remains fixed, but for each photon the orientation of the planes is random. When the light is polarised, some or all of the randomness is removed and the separate photons tend to have their electric and magnetic fields aligned.


Laser light is completely polarised, and reflections from flat surfaces can also be strongly polarised, depending on the angle at which the light is reflected. Light scattered by dust grains can also be polarised and this mechanism is of interest to astronomers because the dust particles around stars and in some dusty nebulae are often elongated. Though the direction of elongation may be expected to be completely random, interstellar grains sometimes carry minute electric charges which makes them susceptible to magnetic fields between the stars. The grains align with the magnetic fields, which are otherwise undetectable, and so a proportion of light passing through the dust is polarised. Large amounts of polarisation can be detected simply by looking through a polarising filter, most usually a piece of Polaroid. As the filter is rotated changes in intensity indicate that the source is polarised. The lenses in Polaroid sun-glasses are oriented to reduce glare from reflective surfaces such as water in just this way.


The colours of the stars


Fig. 2.1 shows how the temperature of a black-body governs both the position of its spectrum on the wavelength axis and the total luminosity at all wavelengths. But if the shape of the black-body spectrum does not change with temperature, why does its colour seem to change? Sketched in Fig. 2.1 are two vertical lines that indicate the limits of the visible part of the electromagnetic spectrum. Those sections of the Planck functions at various temperatures that pass through the visible light region are drawn with a heavier line, revealing that the slope of that line alters as temperature of the black-body increases, which is another way of saying that the colour of the light changes.


This can be seen more clearly in Fig. 2.2, which shows the spectra of several black-bodies (or stars) of different temperatures. This diagram has axes that are plotted on linear scales, and, given that the area under the curve indicates the total energy emitted from a given area, it is immediately apparent how sensitive this quantity is to the absolute temperature, as suggested by the T4 factor in the Stefan–Boltzmann equation. Also shown again are the limits of the eye’s sensitivity, extending from blue (B) to red (R) through green (G) where human vision is at its most sensitive.
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Fig. 2.2 If a restricted set of black-body curves, with temperatures corresponding to some types of stars are plotted with linear axes it becomes clear that area under the curves decreases dramatically as the temperature falls. Although stars do not behave as perfect black-bodies, this kind of diagram also reveals that most of the energy of hot stars is in the invisible, ultraviolet part of the spectrum.





It can be seen that most of the radiation from a very hot star such as Rigel, which has a temperature of well in excess of 10 000 K, is in the invisible ultraviolet part of the spectrum. The part of its light that appears in the visible region is rich in blue but all colours that make up white light are well represented, so the blue is diluted to a pastel shade. The high temperature of the star makes it radiate strongly at all visible wavelengths and so it is intrinsically luminous. By comparison, a Sun-like star with a surface temperature of about 6000 K has slightly more green and red light than blue but it too is well diluted with white, so its colour is a very pale yellow (green light + red light = yellow light). A very cool star such as Betelgeuse has very little blue, some green and plenty of red in its spectrum, but these colours are not much diluted, so such a star is a strong yellow-orange. Because it is relatively cool, the total energy emitted per unit area is low, so cool stars are much less luminous than hot ones of the same size. We only see Betelgeuse because it is a supergiant star with an enormous surface area.


Most of the radiation from Betelgeuse and other stars like it is invisible, because most of it is infrared radiation. It so happens that the spectrum of Betelgeuse and other so-called ‘red giant’ stars show strong, non-black-body absorption features from molecules in their atmospheres. These are prominent in the blue part of the spectrum and further enhance the reddish appearance of these rare but conspicuous stars.


Fig. 2.2 also suggests a basis for measuring stellar surface temperatures from their perceived colours. As a fall in temperature shifts the peak emission from a star from the ultraviolet to the infrared part of the spectrum, the distribution of light in the visible region changes rapidly from being rich in blue to being rich in red. Therefore, by measuring the relative intensity of just two colours, the slope of the distribution of light across the spectrum can be measured and the temperature calculated on the assumption that the object is a black-body.


Colour index


In the early days of photography, astronomers were puzzled to find that some stars that were faint to the eye appeared bright in photographs and vice versa. This is because the eye works best in the yellow-green part of the spectrum while the earliest plates were most sensitive to blue and ultraviolet light. Once the reason for this discrepancy was understood it was realised that the difference between the B (blue) and V (visual or yellow-green) magnitudes of a star was an indicator of its temperature. This idea is the basis of the B–V colour index system, still widely used in stellar classification. It is a very powerful tool because the temperatures of stars can be obtained from just two direct measurements. In the B–V system, colour indices range from −0.40 for the hottest, bluest stars to 2.00 or so for cool, yellow-orange stars. Even higher colour indices are known for some rare kinds of cool stars, especially carbon stars, because of very strong blue absorption in their atmospheres, but these extreme colours are not entirely due to low temperature (Keenan 1993). The zero point of this system is not the Sun, which has a colour index of 0.62, but a star with a surface temperature of 10 000 K, which would appear slightly blue to the eye.


The apparent colour of a star and its colour index can be affected by the absorption of light by numerous, very small particles along the line of sight, which, as we have seen, can include the atmosphere of the star itself. More often, however, astronomers are concerned with interstellar absorption, due to tiny, particles between the stars. The particles that are most influential are so small that we would consider them to be smoke if we saw them concentrated in the Earth’s atmosphere, and their effect on starlight is the same. If there are enough of them along the line of sight, they remove much blue light, some green and comparatively little red, making stars seen through interstellar dust seem fainter, but with a change in apparent colour to yellow or even a deep reddish-orange. It is the same effect we see when we look at the Sun through smoke. Astronomers call this interstellar reddening, though no red light has been added. The effect is most obvious with very luminous blue stars, whose spectra may reveal the features typical of very hot, blue surfaces, but whose broadband colours show them to be anomalously yellow.


With increasing knowledge about the spectra of various kinds of stars (discussed in the next section), and distances for some of them from parallax measurements, it slowly became possible to establish a spectroscopie distance scale, based on the Hertzsprung–Russell diagram, which compares absolute stellar magnitudes with spectral class. Once the distance, and thus the absolute magnitude of a particular kind of nearby star was known, it was relatively simple to estimate how far away was a more distant star of a similar type by assuming it had the same absolute magnitude. This method of spectroscopie parallax is fraught with difficulties, not the least of which is the effect of interstellar absorption or extinction, which can strongly affect the apparent magnitude (and colour) of a distant star. However, the extinction, usually expressed as Av, can be measured, and the term folded into the equation for calculating the distance modulus (p. 23) to give a distance corrected for absorption.
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Only one magnitude of extinction is sufficient to produce an overestimate of the distance of a star by almost 60 per cent, so this correction is important. The dust that produces the extinction is not a ‘neutral absorber’; it changes the colour of the light passing through it. It is possible to determine this colour shift in terms of B−V, and this enables astronomers to determine the colour excess, or E(B−V). This is the difference between the observed and intrinsic B−V, thus
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The amount of extinction varies with wavelength, so that in the green-yellow ‘visual’ region of the spectrum, the extinction is about 3.2 times the colour excess:
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Of course, the colours that are recorded as simple numbers in the colour indices of stars can be seen as well as measured, irrespective of the origin of the colour change. However, black-body colours are pastel shades and the eye is a poor discriminator of colour when the light levels are low and the angular size of the source is small. This is why distinct hues are only really noticed when pairs or groups of differently coloured stars are seen close together in the same field of view. The perceived colour is then strongly influenced by a contrast effect, a topic discussed at some length by Malin and Murdin (1984). This fact was also well known to the author of the first edition of this book. Hartung’s original descriptions, many of which are preserved here, are replete with references to pairs of stars that have contrasting colours. Unfortunately, but probably driven by a long tradition, the colours described by Hartung are often given non-systematic, non-black-body names, with objects identified in the description section as ‘ashy’ (612 in the main Table), ‘slate’ (number 120), or ‘reddish grey’ (number 114). While these may be poetic, they are hardly helpful.


Classification of stars


Within these pages we occasionally refer to a star by its colour index, based on the B−V two-colour system mentioned above. While this has proved to be a very useful way of classifying stars, especially in the form of the Hertzsprung–Russell diagram, which compares colour and magnitude, it is not enough to distinguish their finer points. For this we must consider stellar spectra, a field of investigation pioneered by Angelo Secchi in the 1860s. Secchi looked at the stars through a direct-vision spectroscope of the kind used by Hartung.


With few facts known about the constitution of the stars themselves, Secchi initially divided stars into five spectral types, I–V, later expanded by E. C. Pickering into a larger number of divisions identified by letters of the alpabet. The first large photographic survey of the spectra of stars was undertaken at Harvard College Observatory initially by Pickering in 1886. The stellar classifcations were done by Williamina P. Fleming and were initially arranged from A to Q in an order largely determined by increasing spectral complexity. Pickering published the first Henry Draper Catalogue in 1890. It is from this catalogue and its successors that the HD (Henry Draper) star identifications come. Later, Antonia Maury and Annie J. Cannon continued and expanded the work and Cannon alone examined the photographic spectra of over 300 000 stars (Hearnshaw 1986, Weither 1984). They dropped some classes and reordered others into the OBAFGKM sequence that is familiar today. This is based on surface temperature, with O stars the hottest, M stars coolest. The basic characteristics of the major types are listed in Table 4.


Most stars can be classified in one of the groups mentioned above, but this still leaves about 10 per cent that cannot. As in many sciences, the study of the unusual helps to better define what is normal, so these stars are of great interest. Among the rarer kinds of stars, some have temperatures similar to the cool G, K and M stars in Table 4, but they have intense molecular absorption bands, most prominent in the blue region of their spectra, largely due to molecular carbon. The extra intrinsic blue absorption gives these stars an unusually red appearance. Initially known as types R and N, such ‘red’ stars are now known as C, or carbon stars (Keenan 1993). Another group of stars, class S, are cool, giant stars with spectra revealing the presence of refractory oxides from such metals as yttrium, zirconium and barium. Another important group are the rare Wolf–Rayet stars, named for their French discoverers. Wolf–Rayet stars are massive, hot, extremely luminous stars characterised by their unusual chemical compositions, and they are divided into subtypes WN, WC and WO, depending on which element (nitrogen, carbon or oxygen) is over-abundant in their atmospheres. Both carbon stars and the Wolf–Rayets are mass loss stars, which return material enriched in heavy elements to the mixing-pot of their host galaxy.




Table 4 The classification of stars
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In general, the higher the star’s temperature the simpler is the absorption spectrum and, though stars consist mainly of hydrogen and helium, the lines of these elements rarely dominate, either in emission or in absorption spectra. The spectra are simple in hot stars because electrons are stripped from their atoms and the resulting positive ions do not absorb visible light. With cooler stars, elements and simple compounds can form in stellar atmospheres. This is what produces the complexity of the absorption spectra of stars like the Sun and has a much more marked effect on the perceived colour of very cool stars such as Antares and Betelgeuse.


With greater understanding and better instrumentation, the main classes defined by Annie Cannon have been further subdivided by the addition of a number, so that the Sun, a G2 star is in the middle of the sequence ... F8, F9, G0, G1, G2, G3, G4, G5, G6 ... etc. The temperature difference between classes is very large for the hot O and B stars, so for these types the numerical subdivisions are further divided by a decimal. Alnitak, ζ Ori, is thus an O9.5 star. A major refinement of the HD spectral classification was made fifty years ago by Morgan, Keenan and Keilman (1943). They introduced the idea of luminosity classes, which are indicated by a Roman numeral, as shown in Table 5.




Table 5 Stellar luminosity classes for normal stars
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Note that ‘dwarfs’ refers to main sequence dwarfs, not ‘white dwarfs’, which are not considered ‘normal’ stars.





As with so many of the peculiar systems used to classify objects in astronomy, the present shorthand way of describing the basic properties of a stars originated before the nature of the stars themselves was understood. While this outline is enough to understand the information presented in this book, stellar classification is a major topic in its own right, and for more detail the reader is referred to any of the many more complete popular reviews and histories that are now available. These are listed in the references and recommendations for further reading at the end of this chapter and in the bibliography on p. 399. A table of the properties of some of the brightest stars appears in Appendix 3.


Binary stars


Much of the information about important properties of stars that has been gleaned in the last 100 years has been obtained from the study of double or binary stars, but from the outset it is important to distinguish the several different kinds. In general, binary systems are pairs of stars that, like the Earth and Moon, are trapped in elliptical orbits about their common centre of mass. They are not to be confused with optical doubles, unrelated stars that happen to appear in the same line of sight but are at very different distances.


Hartung estimated that there are about 96 000 stars in the Milky Way to apparent magnitude 9. If these were uniformly distributed over the 41 253 square degrees of the whole sky, each star would have to itself about 1500 square arcmin, so their mean separation would be about 38 arcmin. The chances of two stars of magnitude 9 or brighter being within a few arc seconds of each other is thus quite small. However, close pairs of stars are common and it is thought that most stars are members of binary systems. If the processes that formed the solar system had created a Jupiter about ten times more massive than it is, the Sun would also be a binary star and astronomy from the Earth would have been that much more difficult—and interesting.


Some binary systems are sufficiently nearby that the pairs are visible, though all but a few require a telescope to show them separately. Since the visual separation of many binaries is a challenge for both observer and instrument these visual binaries were of enormous interest to Hartung and many are listed in the main table in this book. Hartung fitted aperture masks of various diameters on the 30 cm telescope he used to make his observations. A large telescope offers higher resolving power, but he was keen to note how much could be seen with smaller instruments, and it is well known that a large instrument does not always provide the best visual display (Ashbrook 1980, Mullaney 1993). This point is discussed further in Chapter 6.


Though bigger telescopes are able to resolve ever closer binaries, some pairs defy resolution in the normal way, though the elegant technique of speckle interferometry has resolved some very close pairs. In this method, the incoming starlight is sampled very rapidly, so that separate, high resolution ‘speckles’ that make up the long-exposure image are recorded individually. The speckles can be recombined to preserve the high resolution, thus overcoming the blurring effect of the atmosphere.


However, with the aid of a spectrograph, the atmospheric seeing is of little consequence and very close pairs can be identified, but not resolved in the conventional sense. Spectra taken over a period of time will show the radial velocity of orbiting stars fluctuating as they approach and recede. Naturally, pairs of this kind are known as spectroscopie binaries, but we cannot detect them if the plane of their orbit is not inclined to our line of sight. At the other extreme of orientation are the eclipsing binaries, where we see the pair with their orbits edge-on. In this case, one star eclipses another periodically, and so, if they are unresolved, they appear as a regular variable star. These categories are not mutually exclusive and there is no reason why a pair of stars cannot be both an eclipsing and spectroscopie binary system. There are even systems where pairs are both eclipsing and visual binaries. In addition to the numerous binary pairs, some multiple systems containing three, four or even six stars are known, but these higher numbers are very rare. The more complex systems often consist of widely separate pairs or a close pair with a distant companion. The history of the discovery of binary stars and the interpretation of the observations is both long and rich (e.g. Hirshfeld and Sinnott 1985 and references it contains). Despite the simple calculation of the mean spacing of stars given above, many astronomers believed at first that most were optical doubles. The great Sir William Herschel was also of that view, but he changed his mind when he compared the separation and orientation of the pairs in his earliest measurements with later observations. Herschel recorded his observations of binaries by defining the brightest star as the primary and noting the position angle of the secondary in degrees counted counter-clockwise from north and the separation of the components in arc seconds, a system that is still used today (Fig. 2.3).
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Fig. 2.3 When recording measures of double stars, we always consider the bright component as the primary from which the separation is measured. The position angle is conventionally measured from north through east.





The physical connection between two stars is revealed when careful measurements of angular separation and position angle over a sufficient period prove that the stars are indeed in elliptical orbits around one another and not merely travelling through space together. What is actually measured is the apparent orbit of the secondary around the primary, which is assumed to be fixed. Of course, the plane of this orbit is almost always inclined to our line of sight, so the ellipse traced out by the secondary may have a very different shape from the true orbit, and the primary will not be at its focus as it would be if we saw the system face-on. Careful analysis of the measurements is therefore necessary to determine the elements of a binary orbit, and these must be very accurate for trustworthy results. But trustworthy results provide important astrophysical data.


If the distance of the binary pair is known, perhaps from parallax measures, the true dimensions of the orbit can be calculated. Armed with this and the period of revolution, Kepler’s third law enables us to calculate the combined masses of the stars. If the centre of mass of the system can be inferred from their proper motions, the masses of the individual stars can be found. With eclipsing binaries, it is possible in principle to measure the true diameters of stars as well. These are fundamental astronomical quantities that are difficult to obtain in any other way and explain the astrophysical importance of the study of double stars. However, the precision measurement of the orbits of binary stars over the years or centuries necessary to record a useful part of an orbit is a demanding business. Although more than 50 000 binary stars have been found, fewer than 900 have had their orbital elements established (Worley and Heintz 1983). We provide details on sources of information on observations of double stars in the introduction to the main table on p. 103.


It should also be mentioned here that the diameter of stars can also be measured directly by interferometry, an optical technique where Australian astronomers have made important contributions (Ward 1991).


Variable stars


Though all stars will vary in brightness at some time in their lives, most shine steadily over long periods without noticeable change. This has been established over many years by the systematic comparison of one star with another and is confirmed by the stability of light from the Sun. However, some stars are found to be intrinsically variable, and such variability may be accompanied by changes in the spectrum of the star.


Ignoring what may be regarded as ‘mechanical’ reasons for variability, such as eclipsing binaries, ellipsoidal rotating stars and stars seen through patchy dust, variation may be caused by the stellar equivalent of sunspots or solar flares, but some stars must be much more active than the Sun to produce the observed changes in brightness. Other variable stars are intimately associated with visible or invisible companions and material flows from one to the other, perhaps periodically if their orbits are not circular. This is seen as either regular or sporadic changes in light and often has a distinctive spectral signature. The most exotic star of this kind is SS 433 (Margon 1980), of which one component is perhaps the remnant of a supernova, the most dramatic kind of variable star.


Much smaller and less destructive variations in a star’s output may imply a state of instability within the star itself. These instabilities may manifest themselves as changes in surface temperature or surface area, or both. Such pulsations reflect the delicate balance between temperature, pressure and energy production deep within the star. So delicately poised are some stars that their pulsations are regular and the frequency of their pulsation has been found to be closely correlated to their intrinsic luminosity. Such stars can be used as distance indicators; among the best-known are the Cepheid variables, named for Delta Cephei, discovered by John Goodricke in 1784, and the RR Lyrae variables, again named from the prototype. Here we will only consider a few of the better-known kinds of variable star.


Cepheid variables are giant stars of high luminosity with diameters between 10 and 100 times that of the Sun. They have spectral types ranging from F6 to K2 and so have Sun-like colours. However, because they are much bigger than the Sun, they are much more luminous and cover a range in absolute magnitude from −0.5 to about −6. Cepheids usually vary by much less than a magnitude, a change characterised by a steep rise and slower fall, and individuals have a very regular periodicity, ranging from about one day to fifty days. Over 700 Cepheid variables are now known in the Milky Way, but they are also found in other galaxies.


The relationship between absolute magnitude and period was discovered in 1912 by Henrietta Leavitt, who was examining photographs of the Large and Small Magellanic Clouds, not then known to be galaxies. Because the period of a Cepheid is closely related its absolute magnitude, its variation can be used to determine its distance and, because the stars are intrinsically luminous, this calibration can be extended to galaxies far beyond the Magellanic Clouds (see Madore and Freedman 1991). Unfortunately, there are two types of Cepheid, which complicates the picture somewhat.


RR Lyrae stars are also pulsating variables and often called cluster-type variables because nearly all globular clusters contain a few such stars and some contain over 100. They are also found in the halo of the Galaxy and around its nucleus, so they belong to the old stellar population of the Milky Way. The periods of RR Lyrae stars are usually much shorter than those of the Cepheids and they are not so luminous; most vary by less than a magnitude over eight to eighteen hours. However, unlike Cepheids, it is usually assumed that they have about the same absolute magnitude, averaging between 0 and +1 with spectral types from A–F. RR Lyraes are important in determining the distances of globular clusters and historically were the key to establishing the distance of the nucleus of the Galaxy. Together with the much more luminous Cepheids, RR Lyraes form the first step to measuring the distance to galaxies beyond our own.


Many other kinds of variable stars are known and most are of interest for what they tell us about the interiors of stars or their near companions. Among the stars with internal instabilities are the long period variables (also known from their prototype as Mira variables). These are very luminous, giant yellow or orange stars with periods ranging from ninety to 600 days. They often vary over several magnitudes and are usually of spectral types K or M, so the brightest may show fine absorption spectra when viewed with a spectroscope. RV Tauri stars are also pulsating supergiant stars which have a series of variable maxima and a variation around 2–3 magnitudes over periods of sixty to 100 days.


Among the irregularly variable stars are those of the R Coronae Borealis (or R Cor Bor) type which remain steady for long periods before decreasing several magnitudes and then returning to normal. Their variation may be caused by occasional ejection of clouds of carbon (soot) which temporarily obscure the star itself. U Geminorum (U Gem) stars remain at minimum brightness for long periods before brightening suddenly by several magnitudes to a series of long and short maxima then returning to normal. They appear to be interacting binaries, one of which accretes matter from the other, occasionally ejecting the excess explosively as a dwarf nova. S Doradus stars are among the most luminous stars known (sometimes called luminous blue variables, LBVs) with absolute magnitudes around −10. The prototype is S Dor, in the NGC 1910, association in the Large Magellanic Cloud. One of the most extreme variables of this kind is Eta Carina, which had an absolute magnitude of −14 during the 1843 outburst. Finally we must include pulsars as among the most interesting of the variable stars. These are the rapidly spinning remnants of supernovae explosions that emit regular flashes of light. The brightest is the Crab pulsar which powers the well-known Crab nebula (M 1)


The nomenclature of variable stars is the result of an unwieldy system that has failed to keep pace with the number of examples discovered. The first variable to be identified in a constellation is known, quite arbitrarily, as ‘R’ of that constellation, R Centauri (or R Cen) for example. The next discoveries are identified as S, T, U and so on to Z. If more variables are found in Gentaurus, they are known as RR, RS, RT to RZ then SS, ST, SU and so on to ZZ Cen, after which the sequence switches to the beginning of the alphabet: AA, AB ... AZ. The letter J is omitted throughout and after QZ is reached variables are identified by the prefix ‘V’ and a number, but there are many exceptions to this messy scheme, such as variables in clusters and in galaxies beyond the Milky Way. Since almost 30 000 variables have been identified this nomenclature is likely to change to a numerical coordinate system rather like that used for radio astronomy sources. A historical outline of the study of variable stars has been published by Hogg (1984).


Variable star observations have always formed a prominent part of the activities of amateur astronomers and are an area where amateurs can and do make a considerable contribution to the professional scene, mainly by monitoring known but irregular variables for their sporadic outbursts. Hartung included a few variables in this book as being of exceptional interest or having fine spectra. The activities of serious amateur variable star observers are coordinated by several organisations, the main ones being the Variable Star section of the British Astronomical Association, the American Association of Variable Star Observers and the variable star section of the Royal Astronomical Society of New Zealand.


While individual stars are of interest for an enormous number of reasons, some of which are outlined above, when large numbers of stars appear together, the clusters of stars themselves have a new range of properties. They are of interest for reasons often unconnected with the individual stars, and we consider groups of stars in the next chapter.
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3 Clusters of Stars


There is a clear distinction between the double and multiple stars of the previous chapter and the much richer collections of stars that can be defined as clusters. They fall into two general categories, known respectively as galactic, or open, clusters and the more condensed gatherings, globular clusters. Both are among the most recognisable of stellar systems.


Open clusters are generally relatively young. They contain at most a few thousand stars and are restricted to circular orbits in the central plane of the Galaxy, whereas globular clusters are more isolated and they often contain millions of stars. The orbits of globulars carry them far above the galactic plane and plunge them deep into the central ‘bulge’ of the Milky Way where there are few open clusters to be seen. Open clusters are numerous and are among the most youthful features in spiral galaxies such as ours, while some of the 150 or so known galactic globular clusters are so ancient that they may have formed before the Milky Way existed. Both types of clusters are found in external galaxies as well as our own, but in the Milky Way they are vital links in establishing its dimensions and are important laboratories for studying the evolution of stars. Many of the nearby clusters are also spectacular objects in binoculars and small telescopes and some can be seen with the unaided eye.


Open clusters


Open clusters are groups of associated stars which we can distinguished visually from the starry background by their greater concentration. They range in apparent diameter from several degrees across to not more than 2 arcmin, and vary widely in the number of component stars. According to the usual convention, poor clusters contain fewer than fifty stars and rich ones more than 100, though the total number is often much greater, a contrast evident in Fig. 3.1, which compares two clusters known to be at a similar distance from us. M 11 (NGC 6705) is clearly much richer (and therefore more conspicuous) than NGC 6649. Clusters also vary widely in the apparent concentration of their component stars. Some clusters, such as M 67 (NGC 2682), which is shown in Fig. 3.2, are broadly scattered, while others show a marked gathering towards the centre, such as NGC 3603, inset in Fig. 3.2, though this is never as pronounced as it is in globular clusters. Their true diameters range from about 1.5 to occasionally 20 pc, with the more open clusters generally being the largest.
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Fig. 3.1 Both these open clusters are 1.6–1.7 kpc distant and both had similar photographic exposures on the AAT. The difference in appearance lies in their comparative richness, and the upper picture is of NGC 6705, an object conspicuous enough to be catalogued by Charles Messier as M 11. A few degrees away is NGC 6649, a much poorer cluster overlooked by Messier.
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Fig. 3.2 The scattered open cluster M 67 contrasts with the much more compact grouping of NGC 3603 (inset). Part of M 67’s ‘open’ character is because it is relatively close, at about 700 pc, whereas NGC 3603 is 8.4 kpc distant, however, in this print, the inset image has been enlarged to make it appear only four times more distant than M 67.







About 1200 open clusters have been recorded in the Galaxy and it is evident that these represent but a small fraction of the total number. The location of the Sun near the central plane of the Milky Way ensures that most open clusters in the Galaxy are obscured by clouds of dust. Thus, despite the high intrinsic luminosity of many of these collections of often very luminous stars, we see relatively few. An additional problem is one of contrast. In some directions a sparse open cluster might be invisible against a rich background or foreground of unrelated stars. So, although the Milky Way must contain tens of thousands of open clusters scattered through its spiral arms, most are found within a few thousand parsecs of the Sun.


Since clusters are often seen in starry fields, the chief criterion for membership of an open cluster is common proper motion; indeed many well-scattered outliers of prominent clusters can only be identified as cluster members in this way. The clusters are groups of stars which are loosely held together by their mutual gravitation and which are moving together through space, preserving the motion of the cloud of gas and dust from which the stars formed. The dusty cloud was originally cold enough for hydrogen and other elements to form molecules on the dust grains within. Many such molecular clouds are known and the belief that they are the source of the stars is supported by the frequent association of young open clusters with both luminous and dark nebulae. The nebulae are the remains of the material from which the stars were made and the early stages of continuing star formation can often be detected in such clouds by observations at infrared wavelengths.


In the meantime, the newly formed stars radiate sufficient energy to disperse part of the cloud, in the process creating the nebulae that we consider in Chapter 4. As the dusty gas is blown away, the group of newly formed stars is revealed. The collective motion of the stars through space, their common age and uniform chemical composition remain as a legacy of the original molecular cloud.


The gravitational association of the group of stars is not permanent because the random motion of individuals within the cluster can occasionally result in a few acquiring sufficient velocity to escape completely. As the slow departure of stars continues it lowers the mass of the cluster, so more stars are lost and the group eventually loses its identity. Depending on the initial mass and the interactions it has with other massive parts of the Galaxy, a large cluster may have a lifetime of more than one galactic rotation (about 2.5 × 108 years). At the opposite extreme would be a cluster that is so sparse that its constituent stars are never bound to each other. Its members will then gradually drift away from the place of their birth and within a few million years merge with the general Milky Way population.


Open clusters have properties that have been useful in refining the measurement of the distance scale within the Galaxy. From a determination of the spectral types of some of the cluster stars, their absolute magnitudes may be determined and the distance of the cluster established by comparing these measurements with the apparent magnitudes. Since all the cluster stars are together in space, and many stars can be measured, distances so obtained are more secure than those obtained from single stars. However, because many open clusters are located in the plane of the Galaxy where there is plenty of dust and gas, full allowance must be made for light absorption, which lowers the apparent magnitudes and erroneously gives too great a distance. Fortunately, the dust component does not behave as a truly neutral light filter and its effect is much more pronounced at the blue end of the spectrum than in the red, so it can be distinguished from dimming due to distance.


Another way of assessing the distances of open clusters is by measurement of their apparent diameters. At first sight this might appear to be impractical because the dimensions of clusters vary widely and they have no well-defined borders, so we may expect that little reliance could be placed on such a method without some attempt at classification. However, by using a scheme that is based on the central condensation and on the distribution of the stars within each cluster, some estimate of the true dimensions can be made. This was the basis of the statistical work by Robert J. Trumpler in the 1930s that finally confirmed the long-suspected existence of interstellar obscuration (Gingerich 1985). When Trumpler compared the distances to the clusters obtained from their diameters with that derived from their luminosities, he found that the more distant clusters were systematically too faint, an effect he correctly ascribed to interstellar obscuration. This story has been well told in Verschuur’s book Interstellar Matters (1989). So important are these diverse methods of distance determination applied to clusters that the whole system of distance measurement depends to a great extent on the precision with which the distance to one of the nearest open clusters, the Hyades, is known (Hodge 1988).


As well as their different distances, the clusters are also of different ages, though the stars within each one were born at essentially the same time. Since they were all formed from the same cloud of material, they also have the same composition. Any observed differences between individual stars in a cluster must therefore be due to their individual masses. By studying clusters we can establish the mass-luminosity relationships, which shows how closely the mass of a star affects its luminosity. Thus the beautiful and distinctive clusters of stars are invaluable guides to unravelling the mystery of stellar evolution. It becomes evident that the youngest clusters, often those still associated with nebulae, contain stars of a kind that we do not find in clusters that are free from gas and dust and therefore presumably older. As the cluster evolves, the most massive O and B stars vanish, first becoming short-lived ‘red’ supergiant stars and then, presumably, supernovae. No supernova has ever been seen in a Galactic open cluster because supernovae are transient events, but it is known that the red supergiants found in small numbers in young clusters such as NGC 4755 (Plate 18) and NGC 3293 are the unstable precursors of supernovae. These clusters are seen easily with small telescopes. Older clusters do not have O and B stars, nor do they have red supergiants; their light is dominated by stars of intermediate mass, and they are less conspicuous.


Supernovae are often seen in external galaxies and seem to occur in the regions rich in luminous stars that mark the bright arms of spiral systems. Less dramatic changes in the stellar populations of open cluster stars are also easily followed as clusters of different ages are compared. The relatively short lifetime of the luminous stars and the relatively brief association of the stars in the form of clusters create the bright bands of star formation that are the arms of spiral galaxies and give them their distinctive appearance.


Many open clusters are attractive telescopic objects, especially with moderate magnification and a sufficiently wide field. The interest and beauty of some of them is enhanced by their association with bright nebulae, others by the knowledge that we are looking into a series of stellar laboratories that have told us much of what we know of stars in general. Some, such as the Pleiades and the Hyades, can be seen with the unaided eye, while others, such as the Beehive cluster (M 44, Praesepe, NGC 2632) which are on the threshold of naked eye detection, spring to life in binoculars. Even a seasoned observer such as Sir John Herschel was moved to describe the famous Kappa Crucis cluster (NGC 4755) as ‘a casket of various coloured precious stones’ from which it derives its popular name as ‘The Jewel Box’.




Globular clusters


As we have seen, globular clusters are comparatively isolated aggregations of stars well scattered throughout the Milky Way. They are much larger and more symmetrical than open clusters and far richer in stars. In general, they also show a much greater central condensation which gives most of them a quite characteristic appearance in the telescope. Practically all globular clusters are visible to southern observers, who also have access to the finest, Omega Centauri (NGC 5139) and 47 Tucanae (NGC 104), objects that are difficult or impossible to see from northern latitudes. Both these clusters would have been early inclusions on Messier’s list if he had lived further south, and we know from personal experience how easy it was for beginners to confuse ω Cen with Halley’s comet in 1986. The most northerly cluster in our listing is NGC 6229 in Hercules, too faint for Messier to notice during his comet hunting.


Most globular clusters are very interesting telescopic objects, the larger and brighter ones being the most beautiful in instruments capable of resolving them. The myriads of clustering stars revealed are always a pleasure for the experienced observer and are a wonderful surprise for the novice. The amateur interest in globular clusters is mirrored in professional astronomy. These fascinating objects have an astonishing range of attributes which can be exploited to reveal more about the most exotic kinds of stars, the origin of galaxies, the ‘missing mass’ of the Milky Way and the age of the Universe itself. Some interesting facts and fallacies about globular clusters appear in an article by White (1991).


Most globular clusters tend to have very high space velocities relative to the Sun. Many have orbits that carry them far away from the plane of the Galaxy on highly eccentric paths. In their passage around the galactic nucleus they pass through the inner regions of the Milky Way every few hundred million years or so, and no doubt many have disintegrated in the process, their scattered stars contributing to the faint ‘halo’ of the Galaxy. The orbits of those that have survived seem to be oriented at random and most do not partake of the Galactic rotation; some clusters even appear to orbit in a direction opposite to that of spiral arms … As a consequence of the time that globular clusters spend remote from the galactic plane, comparatively few are found in the same telescopic fields as open clusters, though this is no doubt in part because of the obscuration in these fields. Their orbits, their apparent avoidance of star-forming regions and young clusters and their freedom from gas and dust suggest that globular clusters are generally very old.


The distances of globular clusters are obtained primarily from a study of their variable stars, mainly the RR Lyraes, as described in the previous chapter. As with open clusters, the distance problem is complicated by interstellar absorption, particularly near the galactic plane. In the early years of this century, the American astronomer Harlow Shapley and later workers were able to devise secondary distance indicators, based on the apparent diameters and central condensation of the clusters, rather in the way that Trumpler did with open clusters. Distances have also been determined from the apparent brightness of their more luminous, non-variable stars, so the distances of most clusters are now quite well known. Most are found to stray no more than 30–40 kpc from the Galaxy but a few are found well beyond 60 kpc, a distance equal to the diameter of the Galaxy itself. The current record holder is AM 1, 120 kpc distant, well beyond the Magellanic Clouds.


Careful study reveals that there may be two slightly different subpopulations of globular cluster-like objects, those at exceptional distances and a few that orbit nearer to the plane of the Galaxy. As some of the distant clusters and some dwarf galaxies are the most remote members of the Milky Way system, their orbits are of considerable interest, revealing as they do the dynamical mass of the Galaxy. From an analysis of the radial velocities we can derive some idea of the orbital motions of globular clusters and dwarf galaxies, suggesting that the mass of the Galaxy is equivalent tö about 1011 (a hundred billion times) that of the Sun. Interestingly, this is much more than can be accounted for by the stars, gas and dust we know to exist in the Milky Way, and the discrepancy is another manifestation of the so-called missing mass, currently a hot topic in astronomy and cosmology.


Despite their sometimes enormous distances from us, all known galactic globulars may be resolved into stars, given adequate optical means. A large instrument such as the Anglo-Australian Telescope (AAT) will also resolve the globulars in nearby galaxies such as the Magellanic Clouds, but even the AAT will not resolve all the faintest stars even in nearby galactic globular clusters. As we might expect, many external galaxies beyond the Magellanic Clouds also have globular clusters. Except for the nearest, most are unresolved into stars, but they are clearly non-stellar, and can be identified by their colours. The populations of globular clusters in some other galaxies are interestingly different from those found in the Milky Way. For example, many Magellanic Cloud globulars have much bluer colours than their Galactic counterparts, suggesting that they are much younger.


The number of known Galactic globular clusters is currently over 140 (see Djorgovski and Meylan 1993), but they seem to be most concentrated in a large area of the southern sky in the constellations of Ophiuchus, Scorpius and Sagittarius and are therefore well placed for southern observers. This concentration was also noted by Harlow Shapley in 1917. Shapley sought to visualise the space distribution of the 90 or so globular clusters then known in three dimensions. He was able to do this because he could determine the distance of a few of them from the RR Lyrae variable stars they contained. Other distances he derived from measuring the magnitude of the brightest stars, or by using the apparent magnitude and angular diameter of the cluster (Hirshfeld 1984). Despite the rather shaky distances he obtained, Shapley conceived of the globular clusters as a ‘framework’ of objects in orbit around the Galaxy and, with an astonishing leap of the imagination, surmised that the hidden Galactic nucleus was the centre around which they wandered. Thus the distance and distribution of the clusters was used to derive the distance of the centre of the Galaxy.


Shapley found the centre of the system lay in a part of Sagittarius that is heavily obscured by dust and estimated its distance from the Sun as 15 kpc, which gave the first reasonable assessment of the overall size of the Galaxy. Later work showed this to be an overestimate and the currently accepted distance is about 8 kpc. Shapley’s work on globular clusters placed the Sun in the galactic suburbs and nothing has occurred since to change that view.


Though showing a considerable range in size, globular clusters are in the main very large systems, the average diameter being about 20 pc. The apparent angular diameters of those in our Galaxy range from about 30 arcmin downwards, but the diameters are often difficult to estimate if the clusters have widely scattered outliers, as many of them do. The same difficulty applies to their integrated visual magnitudes which range from 3.5 to 12.0 for the clusters which were discovered visually, (i.e., those in the NGC), though much fainter examples have been discovered on photographic plates. Even fainter examples have been found on infrared photographs, which penetrate the Galactic obscuration. Integrated magnitudes are only a general guide to visibility in the telescope, which is strongly influenced by the degree of central condensation and angular diameter. For example, one of the most difficult to see in a small telescope is NGC 5053 in Coma Berenices where an integrated magnitude of 9.5 is combined with an apparent diameter of 5 arcmin and little central condensation, whereas NGC 6517 in Ophiuchus with integrated magnitude 10.3 and apparent diameter of 1.5 arcmin and considerable central condensation is relatively easy.


Galactic globular clusters are mostly spherical or slightly ellipsoidal and the most elongated example also happens to the second brightest, Omega Centauri. Resolution in the telescope depends on the apparent magnitudes of at least the brighter stars being within the capacity of the instrument. If all the stars are below this limit, the cluster looks rather like an elliptical galaxy and it will have a very similar continuous spectrum if examined through a direct-vision prism. Though the cluster light is always dominated by ‘red’ (actually yellow) giant stars, there are myriads of fainter, blue ‘horizontal branch’ stars to dilute their colour, so the integrated light of Galactic globular clusters covers a surprisingly narrow range of colour, from F2 to G5, slightly bluer to slightly yellower than the Sun.


Most globular clusters are very rich in stars, with a stellar population equivalent to between a few hundred thousand to a few million solar masses, although some of the faintest have a mass only a few thousand times that of the Sun. The upper end of this scale of mass overlaps with that of some of the smallest dwarf galaxies, but the dimensions of the galaxies are always much greater. None the less, some globular clusters can be very large systems indeed. Globular clusters show a great range in central condensation, as we can see by comparing a similar exposure of the two nearest, and brightest, 47 Tucanae and Omega Centauri (Fig. 3.3). To contain so many stars in a small volume such as the inner regions of 47 Tue (Fig. 3.3, top), the true density of stars must be very high. The average distance between the stars in the richest clusters is only about 0.1 pc, one-tenth the distance of the Sun to the nearest star, so from within a globular cluster the night sky would be very spectacular, with thousands of first magnitude stars affecting, perhaps obliterating, the view of the wider Universe. The closeness of the stars also has other, unexpected consequences.


It was from an analysis of the brighter stars in M 13 (NGC 6205) and other globular clusters that in 1944 the German-American astronomer Walter Baade proposed a distinction between two broad stellar populations. He noted that the stars in globular clusters were similar to those found in vast numbers in.the central regions of the Galaxy and in its outer halo. He identified these as Population II. Bright stars found in the Galactic plane and in open clusters were described as Population I. The distinction between these two populations depended on differences in colour-magnitude relationships and it essentially differentiated between young, very luminous stars that have relatively short lives and much older, cooler stars that are intrinsically faint. Though a sharp differentiation into two populations was later shown to be an over-simplification, it still remains useful for distinguishing the main stellar components of spiral galaxies.
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Fig. 3.3 Two of the most famous globular clusters, 47 Tucanae (upper) and Omega Centauri (lower) are about 5 kpc away and are best seen in the southern sky. They can both be seen with the unaided eye but in a telescope the difference in their central condensations becomes very obvious.







As with open clusters, globulars are stellar systems in which the individual stars are all at about the same distance from us and presumably much the same age but are seen at different stages of evolution, depending on their initial masses. The difference is that in globular clusters all the highly luminous, massive stars found in even the oldest of open clusters have long vanished, and most of the remaining, relatively bright stars are cool ‘red’ giants. Careful analysis of their spectra reveals small differences from cluster to cluster in the abundance of elements heavier than helium, but heavy element abundance is always much lower in globular than in open clusters. All this strongly suggests that globular clusters were among the first star systems to form from ‘primordial’ hydrogen and helium; this makes them very ancient. Some contain stars that have been shining for over 15 billion years, a time comparable to the age of the Universe itself. The longevity of globular cluster stars thus imposes an important constraint on speculation about the age of the Universe.


Extreme age may imply that globular clusters are unlikely to spring any surprises, especially in view of the long history of observation, but that expectation has turned out to be quite wrong. In the 1970s X-ray sources were discovered in several globular clusters, and the properties of the radiation strongly suggested that close, interacting binary stars were involved. While close binaries might not be unexpected in the crowded centres of these cities of stars, pulsars most certainly were. Rapidly rotating neutron stars emitting flashes of radiation are normally found as the remnants of the extreme Population I stars that have exploded relatively recently as supernovae in the Galactic plane. To find them in ancient clusters of Population II stars was a considerable surprise, but they seem to be an extension of the interacting binary process, where one member of the pair exploded long ago, turning itself into a neutron star.


As material is sucked by gravity from a ‘normal’ star to its rapidly rotating neutron star companion, it emits characteristic X-rays. In the process, the neutron star is sometimes ‘spun up’ so that its rotation becomes detectable as radio pulses at millisecond frequencies. These pulsars emit their signals with astonishing regularity and over periods of a year or so are better timekeepers than the best atomic clocks on Earth. Thus, rather surprisingly, radio sources in some of the oldest objects in the Universe provide a much more accurate reference frame for celestial and terrestrial co-ordinates than the bright ‘clock stars’ of traditional astrometry.
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4 Nebulae


Nebula is the generic name for any extended object that cannot be resolved into stars. It is now used to describe clouds of both bright and dark gas and dust, but it was also a term originally applied to galaxies until their stellar nature was established, and it still lingers on in references to the Andromeda nebula and the Magellanic Clouds. The word derives from the Latin, meaning cloudy or misty, which is how many of these objects appear in the telescope. Today we describe such diffuse objects as simply ‘extended’.


We saw in Chapter 2 that the space between the stars is not completely empty, but it contains tenuous gas and widely separated solid particles. This is the interstellar medium. There are places in the Galaxy where dust and gas is concentrated into much denser clouds that are distinctive enough to be known as nebulae. Where these clouds of gas and dust are illuminated by very hot stars, emission nebulae are found, dominated by the light of excited hydrogen. Such nebulae often mark the place of star formation and are known as H II regions. Nebulae can also appear when stars eject some of their mass as they evolve and die, either as supernovae or as planetary nebulae, but most of the nebulae we see are associated with the birth of stars.


Nebulae may be thought of as intrinsically luminous, but they can also reflect or absorb starlight, often seeming to change its colour as they do so. When the absorption of light is total, the nebula might appear dark against the more distant background. As telescopic objects, both bright and dark nebulae are a source of endless fascination for the amateur observer. The faintest are a real challenge to find or photograph, while some of the brightest are visible to the unaided eye, showpieces of the sky, often containing groups of brilliant stars. Not surprisingly, nebulae fall into several distinct kinds that are largely determined by their origins.


Nebulae from stars


Stars are mostly hydrogen and helium and are formed by the collapse of clouds of gas which are contaminated with traces of heavier elements, some of which are in the form of solid particles—dust. During the brief first and final parts of their lives, stars occasionally throw off substantial amounts of their outer layers, still composed largely of hydrogen and helium. There is sometimes enough ‘star-stuff’ ejected to produce a visible nebula. The most common of the nebulae from stars are the planetary nebulae, so named by William Herschel because of the planet-like appearance that many of them show in the telescope; indeed one of the brightest, NGC 3242 in Hydra, is so planet-like that it is known as the ‘Ghost of Jupiter’. However, these objects are typically thousands of times larger than the solar system and have nothing to do with planets, as Herschel well knew. They mark the end-point in the long evolution of Sun-like stars of relatively low mass. More massive stars end their much shorter lives as supernovae, creating nebulae of a different kind, and may also eject nebulous material as they evolve through their ‘Wolf-Rayet’ stage.


Planetary nebulae often appear as small rounded or elliptical bodies, sometimes with a surface brightness high enough for their colours to be seen, appearing pale blue or blue-green to the eye. Many have fairly well-defined bright rims while some are thick rings (‘annuli’) with fainter central regions. Yet others appear as bipolar nebulae rather like butterflies with structured wings and one well-known planetary nebula is known as the Dumb-bell (M 27, NGC 6853, Plate 64). When we observe planetary nebulae, they seem to shine with a fairly even light, but photographs taken with large instruments sometimes reveal irregular or filamentary structures which suggest turbulence.


The full range of visible structures cannot be explained by simple shapes seen at various orientations, though many planetaries seem to be more or less transparent spheres with luminous surfaces. However, establishing the three-dimensional structure of planetary nebulae is made more difficult just because they are mostly transparent and can be seen in any orientation (Balik 1987). It may well be that the well-known Dumbbell nebula would look like the Helix nebula, NGC 7293, if seen from a different orientation. It has also recently been found that the outer parts of some planetary nebulae, including the Helix, are distorted by their interaction with the interstellar medium, an indication of the space motion of the original stars.


These beautiful and intriguing objects range in apparent diameter from almost stellar points, only distinguishable by their spectra, to objects that appear 100 or more arc minutes across. By far the largest observable visually is the faint annulus of the Helix nebula, which is in Aquarius and 15 arc minutes in diameter (Fig. 4.1). The distance of the Helix, like that of most planetary nebulae, is poorly determined, and recent values range from 50 to 300 pc.






[image: ]

Fig. 4.1 In common with many planetary nebulae, the well-known Helix nebula shows remarkably different structures when photographed in red light (top) or in blue light (bottom). This difference reflects both the composition and distribution of elements in the nebula itself and the amount of energy available to excite them.







In contrast to the often high surface brightness of planetaries, the nebulae left by supernovae are generally faint, and, apart from the Crab nebula and parts of the Vela supernova remnant or the Cygnus Loop, they are not generally telescopic objects, though some make fine photographs. The youthful Crab nebula is the only example of its type where optical synchrotron radiation, the blue haze in Plate 57, is visible through the telescope. This light is produced by electrons spiralling in a magnetic field. However, much of the nebulosity in older supernova remnants arises from the interaction of the expanding shock wave from the explosion with the tenuous interstellar medium. The resulting nebula is usually a very thin but highly convoluted shell, and often appears to be filamentary where we see into any great thickness of the crinkled shell (Fig. 4.3).
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Fig. 4.2 The light echo of a supernova is a rare kind of reflection nebula only because nearby supernovae are rare. This image of the light echo of supernova 1987A was made by photographically subtracting a pre-explosion image from a similar picture taken in 1989, two years after the supernova appeared. The two rings are from two sheets of dust crossing the line of sight and scattering the light of the supernova towards us. Because the path lengths are different the light is detected long after the source has faded.
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Fig. 4.3 Part of the Vela supernova remnant shows the complex structures revealed when the energy of a supernova interacts with the tenuous interstellar medium. The star that produced this nebula exploded about 12 000 years ago.





The expanding nebulae around supernovae are rare because most Galactic supernovae occur in places where young stars and open clusters are found. As we saw in the previous chapter, this is the Galactic plane, which is mostly hidden from us by dust. The supernovae that might have left visible remnants occurred so long ago that their energy has been dispersed, and they are no longer visible. Both old remnants and those that are out of sight can still be detected at radio wavelengths. We have never witnessed the development of a supernova remnant in the Milky Way, and supernova 1987A in the Large Magellanic Cloud, the only naked eye supernova since the invention of the telescope, is too far away and too recent for us yet to see any but the most indirect evidence of a visible supernova remnant. However, the supernova has produced another kind of nebula, the beautiful light echo, light reflected from the dust between the stars. The light echo (Fig. 4.2) remains visible long after the supernova has faded away and can be revealed by a simple photographic subtraction technique (Malin and Allen 1990).




       All spectra of planetary nebulae in the visible region show relatively few bright bands from the so-called forbidden lines of elements such as oxygen, nitrogen and neon, together with lines of hydrogen and helium. ‘Forbidden’ is an unfortunate term because clearly such forbidden lines are plentiful. The name arises because the quantum electronic transitions that occur within an excited atom that produce the forbidden lines are theoretically extremely unlikely to occur, and many have never been seen under laboratory conditions. But in the tenuous gas between the stars, laboratory conditions do not prevail and the vast size of some nebulae produces sufficient forbidden radiation for it to dominate the light of these rarefied clouds of gas.


       The luminosity originates because atoms of the gas absorb energy, usually in the form of ultraviolet photons from hot stars or sometimes from shock waves in the interstellar medium originating from supernovae. The absorption of energy forces one or more electrons orbiting the atom into an unstable state of higher energy. Eventually, the absorbed energy is released, often in several stages as the electron returns to its ‘ground’ state. Each stage produces photons with a very narrow range of energies, which are lower (i.e. have a longer wavelength) than that which was originally absorbed. In this way unseen ultraviolet radiation is transformed into visible light by a mechanism known as fluorescence, and the glowing gas is an emission nebula. In the case of planetary nebulae, the energy comes from the exposed core of the central star, while in supernova remnants the energy of the nebula is usually from the blast wave from the star that exploded. It interacts with the relatively stationary interstellar medium, exciting it into fluorescence, so it too is an emission nebula. A very approachable account of the physics of gaseous nebula (and much else discussed in these chapters) appears in the excellent book by Shu (1982).


       The central stars of planetary nebulae are often visible in the telescope and many more appear on photographs, though some remain elusive. All are extremely hot, with surface temperatures ranging from 30 000 K to over 200 000 K, making them some of the hottest stars known and their radiation very rich in ultraviolet light. They appear at the upper end of the spectral class O sequence, but are quite unlike the ‘normal’ massive and youthful O stars, because these are usually tiny, elderly dwarfs at the end of billions of years of evolution. Though these stars have the mass of the Sun they may be a few times the diameter of the Earth, and their small size gives them absolute magnitudes of about zero, although the integrated magnitude of the surrounding nebula may be as high as -3 or -4, again showing that most of the energy of the star is emitted in the ultraviolet range. Fortunately, most of the energy in the nebula comes from the forbidden lines of oxygen which are in the blue-green part of the spectrum where the dark-adapted eye is particularly sensitive.


The diminutive central stars are the exposed nuclear reactors of stars that have ejected their outer layers, and in doing so have shed most of the material that could give them a further lease of life. These depleted stars will slowly shrink under the force of their own gravity, no longer supported by energy production in the core. As the star shrinks it maintains its temperature, but appears to fade as its surface area decreases. Eventually the star will stabilise again, and it will have become a white dwarf, by which time the distinctive nebula will have dispersed. By the standards of the billion-year-old star that preceded it, planetary nebulae are very short-lived objects, usually vanishing in a few tens of thousands of years. A useful recent book by Hynes (1991) provides much more background of special interest to the amateur observer of planetary nebulae.


Optical supernovae remnants are similarly ephemeral but they arise from young, massive stars and often leave behind some of the most bizarre astronomical objects known, neutron stars, pulsars and black holes, all of which are of enormous observational and theoretical interest. However, the brightest pulsar, the rapidly spinning neutron star in the Crab nebula, is about fifteenth magnitude, while the next brightest pulsar is associated with the Vela supernova remnant. At magnitude 23.5, it is among the faintest stars ever studied in detail, and detection of its optical pulses in 1976 was one of the early triumphs of the Anglo-Australian Telescope.


All stars blow material into space during their lives; indeed the Earth orbits within the tenuous atmosphere of the Sun. However, mass loss can be much more dramatic for massive stars as they seek to balance the outward flow of radiation against the inward pull of gravity. This instability, at least in its most obvious phases, is so violent that it cannot last for long, so visible nebulae from massive stars are rare. Among the best examples are the twin lobes of NGC 6164-65 (Fig. 4.4) and the curious spherical nebula NGC 2359. Both of the central stars involved are rare, unstable, massive objects known as Wolf-Rayet stars, or are similar massive, extremely hot stars. Other nebulae from Wolf-Rayet stars are NGC 3199 in Carina, NGC 6888 in Cygnus (the Crescent nebula) and Sh 2-308, in Canis Major. A useful review of these nebulae is by Chu et al. (1983). By far the most dramatic recent example of mass loss is the peculiar star Eta Carinae (Fig. 4.5) whose massive outburst in the 1840s briefly made it one of the brightest stars in the sky.
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