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    George Bernard Shaw




    (Introducing Einstein at the Savoy Hotel in London, 28 October 1930)


  




  

     

  




  PREFACE




  Who has not watched nightfall, when the Sun slowly descends below the horizon and, after several minutes, is enveloped in darkness. At that moment the scattering of sunlight by

  the Earth’s atmosphere gives way to a transparent sky. Stars, galaxies, planets and moons, quasars and pulsars appear. Humans have been studying these celestial objects since the beginning of

  life itself, and it is at this hour that astronomy enthusiasts are poised with their telescopes, binoculars and cameras to study the heavens, visible in all its glory.




  Stargazers are joined in a noble and 4,000-year-old ancient tradition of exploring the night sky. This pursuit began as astrology, when our ancestors attempted to describe what they saw in order

  to read omens and prognostications. This fearful probing of the stars then developed into astronomy, and now has become cosmology – the study of the universe as a whole. Initially, the

  stargazer’s aim was to record the changing face of the skies through the days, months, seasons and years. It was only later that a more complex explanation was sought, and models and plans of

  how the planets and stars moved in relation to each other were developed.




  It was not until the Renaissance that the first scientist began to study these models against what they saw in the firmament and began asking how and why the

  universe worked? Over the course of a century, knowledge was accumulated by men who have become so famous that their surnames are instantly recognizable: Copernicus, Tycho, Kepler and Galileo.

  These first modern scientists prioritized observation above received wisdom; experience over theory; and applied mathematics and geometry to theoretical models to reproduce the actual motion of

  bodies, both heavenly and terrestrial. Most notable for this approach is Isaac Newton, who produced a synthesis of the work of his predecessors, rounding off an era known as the ‘scientific

  revolution’. This critical advance in man’s intellectual activity was able to establish principles that were missing from earlier work in science and also to point the way to the

  extraordinary, abstract concepts to follow in the nineteenth and twentieth centuries, culminating in the work of Einstein.




  The study of science had changed, and now astronomical explorers ask not just why and how, but what: Of what were these entities composed? Why did they behave as they did? These questions would

  demand new ways of looking at the universe, and the development of instruments capable of measuring and recording the heavens. It was Galileo who first pointed his telescope into the night sky and,

  in so doing, was able to revise what we know about the solar system. This technological revolution would be at the heart of the next era of exploration.




  In the British Isles, visionaries like William Herschel and later in 1845, Lord Rosse, built massive versions of this ‘optical tube’ to look at mysterious celestial objects called

  nebulae, or clouds. In the next century, inventors applied their skills to extract as much information as possible from the faint beams of light collected by telescopes. Astronomers studied the

  characteristics of individual stars using new optical techniques such as spectroscopy and photography. With these technological advances, astronomy had become an experimental science.




  Still larger telescopes were designed when it became apparent that these methods could determine not only the composition of stars, but also their distance

  from the Earth and even their speed through the cosmos. American scientific entrepreneurs took up the challenge, squeezing large endowments from private philanthropists to build gigantic machines

  in the mountains of California.




  Finally, observers such as Edwin Hubble and theorists like Einstein joined forces and the golden age of astronomy – the twentieth century – was at hand. Cosmology, the study of the

  whole universe, was no longer the abstract province of philosophers, and attracted all types of men and women to study the nature and structure of the universe.




  This book, which attempts to answer the question of how we discovered the universe, is the story about the individuals whose curiosity, patience and determination have come to characterize the

  human intellectual spirit. It is an extraordinary story that almost spans the complete history of human civilization. It begins in the ancient society of Babylon between the Tigris and the

  Euphrates, long considered the cradle of civilization, and continues up to the present day, to the high-tech observatories of the modern world. It is, in effect, the story of science itself.




  With such a vast canvas, it has been important to find a narrative through the data. Like the night sky, some stars are brighter than others, and in the history of astronomy this also holds

  true. It is the story of great people – inventors, theorists, philosophers, noblemen and commoners, librarians and technicians – who have all made their mark on the story of the

  universe. Stargazing has attracted all types of people, and each of their respective personalities shapes this narrative. Despite their many differences, they all share a determination to venture

  into the unknown, and return with new knowledge.




  Priority has been given to the art of observation, the essential characteristic of all good astronomy. Throughout its 4,000 years, stargazing has revealed new frontiers through combining observations of the heavens with a solid theoretical interpretation of the collected data. One without the other is just bad science – seeing and thinking

  must continue to go hand in hand.




  Thus silent, patient observers still stand at the horizon waiting for darkness. But now those observers are much less confused and fearful, standing upon the shoulders of countless previous

  generations. This story of how we came to be at home in our universe, is also a plea to continue to seek deeper understanding of our cosmos, our galaxy, our planet, ourselves.








  

     

  




  PART I




  PTOLEMY’S UNIVERSE




  

     

  




  1




  THE BABYLONIANS: EARLIEST OBSERVERS OF THE SKY




  Two famous rivers, the Tigris and the Euphrates, meet in the area historically known as Mesopotamia, the ‘land between two rivers’. Flowing south-eastward, the

  rivers approach each other to form a single valley before then proceeding in parallel channels for the greater part of their course. They unite again shortly before reaching the Persian Gulf. The

  delta from these rivers forms a plain about 170 miles (274 kilometres) long. Much like the Nile in Egypt, the delta offered many advantages to early inhabitants, attracting settlements for

  thousands of years. The fertile valley yielded abundant harvests, workable clay and the nutritious fruit of the date palm. Though large stone deposits were lacking, the early settlers used the

  local clay for building and writing material.




  During the 1870s and early 1880s, numerous clay tablets from Babylonian archaeological sites found their way to antique dealers in Baghdad. The tablets had been found in the ruins of the ancient

  Assyrian city of Nineveh, part of the royal archive from the most famous library in the ancient near East. The library was built by King Assurbanipal who reigned during Assyria’s ascendancy

  in 8 BC. This historical treasure was completely destroyed when a combined force of two other races, the Medes and the Chaldeans, sacked

  Nineveh in 612 BC burying the library completely and robbing future generations of its royal archive. However, the flames thought to have destroyed the library are said to

  be responsible for firing the clay tablets into permanent records that lasted for centuries.




  This unique collection includes tablets found in the ruins of the royal archive from the most famous library in the ancient near East. One set of seventy tablets from Nineveh revealed a vast

  programme of astronomical observations, which had been carried out in the second millennium BC during the Old Babylonian Period. Most of the tablets deal with

  interpretations of lunar and solar eclipses, conjunctions of planets and comets, which the Babylonians took as dangerous omens. Others are concerned with planets and the stars. These old records

  had been copied and stored at Nineveh in order that the local scribes would be able to understand future signals in the heavens.




  What these tablets reveal is an unexpected link with an ancient scientific community dating back to before 1000 BC from which we can then establish a continuous link to

  modern cosmology. These early scientists were the first people whose observations and astronomical knowledge were accumulated over centuries in ancient Mesopotamia, eventually to be used by the

  Greek astronomer, geographer and mathematician, Hipparchus. Hipparchus’ work is linked to the present day via Ptolemy, Copernicus, Kepler and Newton.




  According to astral sources such as circular and tabular astrolabes and various observational reports to the kings in astronomical diaries, Babylonian astronomy goes back at least as far as 1800

  BC. It appears to be focused mainly on the problem of establishing an accurate calendar, with an emphasis on recording and calculating the motions of the Sun and Moon.




  Another motive for the compulsive observation of these two heavenly bodies did exist, namely the belief in the fateful meaning of certain alignments in the heavens, and in particular, solar

  eclipses. The extensive continuity of the Babylonian civilization enabled records to be kept over very long periods of time such that features like the gradual

  precession of the equinox and the regular cycles of solar eclipses could be recognized and studied. The Babylonians divided the sky into zones, the most important being those which lay along the

  ecliptic, the apparent path followed by the Sun, Moon and planets. These zones were limited to the area called the Zodiac. Latin names for the signs of the Zodiac as we know them today are

  translations of the old Babylonian constellations.




  Babylonians appear to have been motivated by religious-philosophical reasons to take note only of isolated events. A planet’s first and last appearances in the sky, for example, were noted

  rather than the systematic paths of the planets. Such occurrences were taken to have astrological significance because of the chance that they might foretell human fate. Though no extant evidence

  suggests that the Babylonians, unlike the Greeks, came up with any geometrical model of the cosmos, at the height of its creativity (around 600 BC) Babylonian astronomy

  could predict planetary motions with surprising accuracy.




  The Babylonian Period




  When Hammurabi, the Semitic king conquered the Sumerians, completing the unification of the region ‘between the two rivers’, Babylon became the capital city of

  his kingdom. Located on the left bank of the Euphrates, some 70 miles (113 kilometres) south of modern Baghdad, Babylon was ruled by the Hammurabi dynasty during what is referred to as the

  ‘Old Babylonian Period’ of 2000–1600 BC.




  Following this ‘Golden Age’, when Babylon became the leading centre and capital, the whole region became known as Babylonia. Thus exists the convention of calling the mathematics and

  astronomy of this region ‘Babylonian’ even if they were not always originated or developed in the city of Babylon.




  The rich heritage of literature, religion and astronomy from this period, found in the ruins of the ancient cities, would never have endured without the existence

  of a durable recording medium. The cuneiform clay tablets handed down from the Sumerians were perfect. These tablets were made from soft clay and written upon with the wedge-shaped stylus from

  which the name cuneiform is derived. The Latin word cuneus means ‘wedge’.




  A completed tablet was dried or baked until hard and usually protected by a clay case or envelope. Practically indestructible when dried, these tablets have given a wealth of information to

  modern scholars from this period, including thousands of astronomical and mathematical records. The ancient site of Nippur, once the site of an astronomical observatory in the Assyrian kingdom, for

  example, has alone produced 50,000 tablets.




  The Old Babylonian period was a time of great advancement for the region. During this era most of the religious beliefs that developed encouraged the growth of a sophisticated astrology.

  Astrologer-priests made predictions of pending disasters based on celestial omens. By the beginning of the first millennium BC, the Babylonians had a highly developed

  writing tradition, sky-watching skills that had been applied in the creation of a calendar and a system of mathematics that was used to track the motion of the Sun and Moon.




  Other studies of calendar making by ancient civilizations such as the Egyptians and the Chinese show impressive schemes of constellation maps and Sun and Moon tracking, all designed to solve the

  problem of the synchronization of the Moon’s motion with the Sun. Though the Moon provides a convenient time cycle for dividing the year, it has no bearing on the all-important seasons, which

  depend on the Sun. But the Babylonians went beyond others in their tenacity to use the Moon’s cycle as a time keeping device. To do this they systematically approached the Moon’s motion

  in a matter not unlike the way natural science is carried out today.




  Babylonian astronomers started with careful observations of the Moon’s motion. These observations were accurately recorded over long periods of time. Next,

  they searched for repeating patterns in their records. Finally, they simulated these patterns using mathematical models to predict future positions. This may seem like a description of

  modern applied mathematical science, but is in fact how the Babylonians studied the motion of the Sun and the Moon during the first millennium BC.




  Developing a lunar-solar calendar was relatively simple compared to their more ambitious goal of describing the complete movements of the primary heavenly bodies. By so doing, the scribes wished

  to anticipate as much as possible the occurrence of a lunar or solar eclipse, one of the most feared omens to appear in the sky. An eclipse of the Sun or the Moon was an awesome sight for the

  ancients. There is much evidence from early societies that they were shaken by the darkening and disappearance of the two celestial bodies which seemed to govern and sustain their existence. The

  sky was a dominating feature of that world, a fact since obscured by the prevalence of artificial lighting and different modes of time keeping. The regularity of celestial events provided order to

  early understanding of the cosmos.




  Careful observations of the heavens allowed early stargazers to establish a division of time that enabled the development of calendars. Calendars, in turn, allowed for the planning of

  increasingly complex activities. Predicting the recurrence of the seasons (for agriculture) and reference points in the sky (for more extensive navigation) was essential in the development of a

  broader world view. An eclipse jeopardized this order and regularity.




  By the third millennium BC, the Babylonians had become obsessed with celestial omens. Unlike the Egyptians, who had absolutely no interest in the dozens of eclipses that

  crossed the Nile during this same period, the Babylonians seemed so concerned about eclipses of the Sun and the Moon that they developed elaborate schemes to record these occultations over very

  long periods of time. This kind of record keeping suited them well. As J.J. Finkelstein of Berkeley has explained in his paper on Mesopotamian historiography

  (1963):




  

    

      To the Mesopotamian, the crucial and urgent study was the entire objective universe, without any interposition of the self between the observer and the observed. There

      probably has never been another civilization so single-mindedly bent on the accumulation of information, and on eschewing any generalization or enunciation of principles.


    


  




  The Babylonians thus had compelling reasons for looking to the heavens. As the heavens were generally thought to be the home of the gods, Babylonians tried to read their destiny in unusual

  celestial happenings. For example, a letter from a diviner from the time of Hammurabi (about 1780 BC) reports on an eclipse of the Moon, which he suspected was a bad omen.

  During the same Hammurabi period a short manual of celestial omens appeared with the following instruction: ‘If, on the day of its disappearance, the god Sin (the Moon) slows down in the sky

  (instead of disappearing suddenly), there will be drought and famine.’




  Although celestial omens from the Old Babylonian period are known, more substantial development only came in the first millennium BC. Indeed, it was the thousands of

  artefacts of astronomical divinations that were found at the famous library at Nineveh that then produced the thousands of clay tablets referred to above.




  In 536 BC, after seventy years of supremacy, the Babylonian empire came to an end when it fell to the Persians.




  Assyrians: Warriors and Astrologers




  The Assyrians were an extremely war-like people living around Assur in the Tigris valley in about 1100 BC. These people destroyed the first

  Babylonian state and extended their boundaries towards Asia Minor and Armenia. The new capital Nineveh was the political centre of a large military empire and as such

  was adorned with magnificent buildings made of the ubiquitous clay. Babylon, the great and rich commercial centre whose wealthy citizens largely governed themselves, retained its rank as a

  venerable seat of ancient culture. The Assyrian kings recognized the importance of Babylon at first, taking their oaths of office there, but in 689 BC the Assyrians turned

  against the great city and had it destroyed.




  Yet they did not wipe out the Babylonian’s fascination with stargazing. Having already adopted the ancient and quasi-religious practice of ‘divination’, they also absorbed the

  mathematical methods carried over from the Old Babylonian Period. Their rulers employed specialists in divination to continue the tradition of recording and interpreting eclipses and conjunctions

  of the Moon with planets, planetary movements, meteors and comets. A superstitious fear of calamity coupled with the belief in negotiating with the gods led to the intense interest in predicting

  eclipses. This in turn gave birth to the development of a programme of stargazing not unlike that practised by the Babylonians before them.




  The Assyrians applied their skills of organization and discipline, building astronomical observatories with temple towers throughout the region. Over the period dating from 709–649

  BC, reports were prepared which indicate not only detailed observations, but in the case of unfavourable eclipses, attempts at prediction. As the divination cult decreed, a

  successful prediction provided an opportunity to make supplication against any anticipated danger to come.




  In time, however, the Assyrians were conquered by the Chaldeans, the last dynasty to rule in Babylon before Cyrus the Great’s conquest by Persia. According to ancient historical writings,

  Persians were also known for their predictive sky-science and their obsession with celestial observations. There are conservative estimates that these people observed 373 solar eclipses and 832

  lunar eclipses during their history, an impressive record given the rarity of this phenomenon.




  As legend has it, Nabonassar destroyed all the records of the previous kings of Babylon so that the reckoning of the Chaldean dynasty would begin with him. This

  new beginning was so effective that, centuries later, the Egyptian astronomer Ptolemy used Nabonassar’s reign to fix the beginning of an era (‘the reign of the Babylonian kings’).

  This was because he felt that the earliest usable observations began at this time. He went so far as to suggest that the era began at midday on 26 February 747 BC.




  The date of 26 February 747 BC also marked an important beginning in the history of astronomy, because from this date, highly accurate astronomical observations by the

  chaldeans were kept on a regular basis until after the birth of Christ. Although the motive for these reports was still mainly astrological, these observations became increasingly what can only be

  described as scientific. Astronomical texts reveal that through centuries of pre-eminence under the Chaldean dynasties and later even during periods of decline, the celestial observations continued

  at Babylon on a regular basis with little change of pattern.




  Modern scholars estimate the programme lasted almost eight hundred years. The most recent surviving astronomical text dates from AD 75, an almanac prepared from

  contemporary observations. Thus, from 750 BC to AD 75, the watch keepers at Babylon recorded what they saw in the heavens onto clay tablets. These

  tablets, which may be the most remarkable extant archive in history, are now stacked in the British Museum in the UK.




  To give this achievement some perspective, consider an equivalent project to obtain similar observations at Windsor Castle starting at about the time of its construction in the early thirteenth

  century, during the time of Richard I and the Magna Carta. If the time depth of the Windsor ‘archives’ were to match Babylon’s, sky watching would still be going on today –

  having continued through the reign of the Plantagenets and the War of the Roses, the marriage celebrations of Henry VIII, Elizabeth and the Spanish Armada, the Civil War, the Interregnum and the

  Restoration. Perhaps by the late seventeenth century observations would have been taken over by the Astronomer Royal and visited by Newton and Halley during the

  Glorious Revolution. During Queen Victoria’s reign, her husband Albert, the overseer of great civic works, would no doubt have supervised the project. In the twentieth century, scribes would

  get deferments from the Great War, survive the blitz of the Luftwaffe and even the celebrations of the end of the Millennium.




  The priests and scholars responsible for this remarkable programme of observations recorded continuously for over eight hundred years could be called ‘Babylonian watch keepers’. As

  the centuries passed, mathematical models were applied to reproduce past observations and predict future movement of heavenly bodies, and the cult of astrology became more and more like what we now

  know as astronomy.




  Though the greatest concentration of these observatories was in Babylon and the towns near it, the Assyrian records are the most complete as a result of the sacking of Assurbanipal’s great

  library at Nineveh in 612 BC. This era was recognized by later historians as a turning point in the history of science. In the centuries to follow, increased accuracy in

  observations and the applications of mathematics turned the work of the scribes in Babylon into a science.




  The Zodiac and the Celestial Sphere




  With a strong mathematical tradition dating back to the Old Babylonian Period, Chaldean astronomers began to develop mathematical theory, relegating observations to a more

  a minor role. Analysis of the records of ancient observations suggests a model of mathematical simulation based on the celestial sphere shown in the figure overleaf. This model made the prediction

  of current and future astronomical phenomena possible.




  However, more accuracy was demanded. As early as 1000 BC the scribes had recognized 18 constellations through which the Moon, the Sun and the planets always appeared to

  move. By 500 BC these constellations were systematized in such a way that they were distributed among the twelve months, individually or

  sometimes in pairs. For example, the second month of the Babylonian year (which corresponds to mid-April to mid-May), had symbols of both Taurus and the Plaeides; the third month Gemini and Orion;

  and the twelfth month Pisces and Pegasus. This ring of constellations that lines the ecliptic was called the zodiac.




  

    



    [image: ]




    The Celestial Sphere Model.


  




  In an attempt to gain precise markings for the astronomical diaries and observations, the ecliptic path on which the Sun moved was divided into 12 equal parts of 30 degrees, making a total of

  360 degrees, a complete rotation. This scheme was adopted after the Persians conquered Babylon in 538 BC but only used for the first time in a diary in 464 BC.




  By about 400 BC the zodiac constellations had become the clearly defined zodiac that is used today. Beginning with Aries (which

  corresponds to the time period of mid-March to mid-April), each covers 30 degrees of the sky. The zodiac constellations used on the celestial sphere model of the heavens to locate the Sun, Moon and

  planets is a scheme that has essentially lasted to the present day.
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    Constellations of the Zodiac on the ecliptic.


  




  Up until the seventeenth century, the main motivation for the study of the movements of the heavenly bodies was the need of astrologers to have tables listing future positions of the Sun, Moon

  and planets. As we will see, some of the greatest figures in the history of astronomy had to pander to their patron’s requests for better accuracy and improved astrological prognostications.

  For the Babylonians, this was a matter of life or death and the scribes learned to predict positions by using their sophisticated numerical system to take full advantage of the cycles revealed by

  their observational records. Columns of numbers were used to investigate special configurations of heavenly bodies such as repeating cycles of the alignments of the Earth, Moon and Sun.




  The most important achievement of this entire early period from the standpoint of the history of science was the Babylonian solution to the problem of the motion

  of the Sun and the Moon. It was their custom to designate the day after the new Moon as the beginning of each month, that is, when the lunar crescent first appeared after sunset. Originally, this

  day was determined by observation, but later they wanted to calculate it in advance – that is to say, to make a calendar.




  By about 400 BC, astrologers realized that the Sun and the Moon’s apparent motions around the ecliptic did not have a constant speed. These bodies appeared to move

  with increasing speed for half of each revolution to a definite maximum and then to decrease in speed to the former minimum. The Babylonians attempted to represent this cycle arithmetically by

  giving the Moon a fixed speed for its motion during one half of its cycle and a different fixed speed for the other half. Later they refined the mathematical method by representing the speed of the

  Moon as a factor that increases linearly from the minimum to maximum during half the revolution and then decreases to the minimum at the end of the cycle.




  With these calculations of the lunar and solar months, Babylonian astronomers could predict the time of the new Moon and the day on which the month would end. They could accordingly predict the

  daily positions of Moon and Sun for every day during the month.




  This mathematical science reached the height of its creativity during the Seleucid period. Predictions were essentially reduced to arithmetic, and though this led to highly precise predictions,

  the Babylonians never considered any geometrical models of the cosmos, (like the celestial sphere) which may have further supported their calculations. Problems were ultimately solved

  arithmetically without recourse to the cosmology that was to follow.




  The Decline of Babylon




  Inevitably, the Chaldeans did not maintain political power in Babylon. After less than one hundred years, their empire was overthrown by a powerful alliance of Medes and

  Persians in 538 BC. Babylon then became part of the Persian Empire under Cyrus the Great. Though the days of independent Mesopotamian

  kingdoms were over, astronomical observations still continued.




  During more than two centuries of Persian rule, Babylonian astronomy continued to improve in the accuracy of both observation and mathematical predictions. The city of Babylon again shifted its

  political allegiance in 330 BC when the Persians were conquered by the armies of Alexander the Great. This began one of the most significant periods of cultural diffusion in

  all of history: the Hellenistic period.




  Alexander planned to restore some of the glory of Babylon by making the city his eastern capital. He died there in the palace of Nabuchadrezzar II in 323 BC, and in the

  wars between his successors, Mesopotamia suffered much from the passage and the pillaging of armies. When Alexander’s empire was divided in 321 BC, one of his

  generals, Seleucus, received the province of Babylonia to rule.




  With the aid of Ptolemy, Seleucus was able to enter Babylon in 312 BC. He held Babylon against the forces of Antigonus for a short time before marching east, where he

  consolidated his power. It is uncertain when he returned to Babylonia and re-established his rule there; it may have been in 308, but certainly by 305 BC he had assumed the

  title of king.




  With the defeat and death of Antigonus at the Battle of Ipsus in 301 BC, Seleucus became the ruler of a large empire stretching from modern Afghanistan to the

  Mediterranean Sea. He founded a number of cities, the most important of which were Seleucia, on the Tigris, and Antioch, on the Orontes River in Syria.




  As a result, the population of Babylon was forced to move to the newly founded metropolis of Seleucid 62 miles (100 kilo-metres) north. The old city of Babylon never recovered from the removal

  of its intellectual and political core.




  At Seleucid, a highly advanced form of Greek astronomy developed. The community made a particularly important advance by reviving Aristarchus of Samos’ hypothesis that the sky could be explained by assuming the Earth turns on its axis once every 24 hours and along with the other planets revolves around the Sun. Most Greek philosophers who could not

  believe that the big, heavy Earth could revolve around light, celestial bodies, later rejected this explanation.




  The Babylonian scribes had eventually learned to produce ephemerides, tables illustrating future positions of the Sun, Moon and planets. So in addition to the very careful record of observations

  that were available, the scribes made use of their numerical system and their knowledge of mathematics to take full advantage of the cycles revealed by their observational records. Once the

  ephemerides were completed, astrologers could make predictions without the observations and in all kinds of weather. This new mode of providing written, predictive information had hugely important

  implications to the future of astronomy, meteorology and navigation.




  The marriage between astrology and astronomy has had a strange history. There is no question that during the Babylonian era the motivation for collecting celestial data was to satisfy the

  inclination for astrological knowledge. For many hundreds of years, particularly during the late first century BC, scribes and priests increasingly obtained this data.




  The Babylonians were never attracted to the form of astrology popular today, that which is based on Greek geometric cosmology. Greek cosmology uses the celestial sphere model and the zodiac to

  interpret personality traits for horoscopes, with birth charts drawn from ancient myths and legends. With Babylonian astrology, celestial configurations were not the final word and emphasis was

  placed on the avoidance of unfavourable prognostications. This philosophy was therefore quite different than the version of astrology handed down to today’s practitioners from the Greeks.




  The difference between these two approaches was mainly due to the influence of two major writings from Ancient Greece, Plato’s Timaeus (360 BC) and

  Ptolemy’s Tetrabiblos (late second-century BC). Thereafter, classical astrology gave a naturalistic rationale for natal

  horoscopes, marking the split between astrology as ‘divination’ (Babylonian) and astrology as ‘science’ (Greek). The latter eventually split off and grew into what today is

  recognized as the science of astronomy. It is unfortunate that historians of science do not today interpret this split between astrology and astronomy in a positive way. This is undoubtedly due to

  the proliferation of untenable claims to interpret birth charts and horoscopes, which have since popularized the field of astrology, though in an unscientific way.




  There can be little doubt that without the influence of astrology, astronomical observations from the ancient world would never have existed. Though many astronomers and other scientists loathe

  the concept, astrology has made an important contribution to the history of science. The thousands of dusty clay tablets in the British Museum, a product of early man’s attempt to placate the

  gods, may hold yet more secrets of ancient celestial configurations. A major exhibition of Babylonian artefacts was mounted in 2008 at the British Museum in London and notably featured the

  importance of these artefacts in early pre-Greek Astronomy.




  

     

  




  2




  GREEK ASTRONOMY AND THE BIRTH OF NATURAL PHILOSOPHY




  The next phase of the development of astronomy shifted dramatically from the priests of Mesopotamia to the philosophers of the Aegean. These inhabitants of the Mediterranean

  set the foundation for what was to become the science of astronomy as it was passed into Western Europe and then down to the present day.




  There is a direct connection between the Babylonians and Hipparchus, the earliest of the great Greek astronomers, who proposed a geometric model for the non-uniform motion of the Sun based on

  Babylonian observations. Hipparchus lived from 190 BC to 120 BC, mostly on the island of Rhodes, and is only known by one surviving work and

  fragments from his lost star catalogue. Both of these documents later influenced the Alexandrian Claudius Ptolemy, who lived in the second century AD and helped develop the

  geometric model of the heavens that lasted until the time of Copernicus, fourteen centuries later.




  Hipparchus’ discussion of the extremely slow motion of the solstice and equinox points along the ecliptic from east to west against the background of the fixed stars is perhaps his most

  famous achievement. This is now referred to as the ‘precession of the equinoxes’. This basic idea was also adopted – virtually unchanged – three hundred years later by

  Ptolemy.




  It is clear that Babylonian astronomical records influenced Hipparchus, who made use of their methods as well as their observations to develop quantitative

  geometrical models, which describe the motion of the Sun. Though many questions remain unresolved regarding the relationship between Babylonian and Greek astronomy, Hipparchus’ work provides

  a clear link between the two. Historians argue that he was responsible for the direct transmission of both Babylonian observations and methods and the successful synthesis of Babylonian and Greek

  astronomy.




  Hipparchus was born in Nicaea, in what is now known as Iznik, Turkey and probably died on the island of Rhodes where he is known to have been a working astronomer from 147 BC to 127 BC. He is considered by many historians to be the greatest astronomer of antiquity and is the earliest Greek whose quantitative, accurate models for

  the motion of the Sun and Moon survive to the present. In order to achieve this, he had to make use of the observations and perhaps even the mathematical techniques accumulated over centuries by

  the Chaldeans from Babylonia. He thus demonstrated from the very beginning of his creative work in astronomy, that there is a fundamental importance in the interplay between observation and

  theory.




  During his lifetime he formulated the world’s first accurate star map, a catalogue of over 850 stars with estimates of their relative brightness. He also developed the system of epicycles

  that preserved the Earth-centred universe of Aristotle and supported the motion of all heavenly bodies in perfect circles. This system was in approximate agreement with the observations of the

  time, almost three hundred years before Ptolemy, who is introduced later in this book. Perhaps what is more surprising to any student of the history of astronomy is that Hipparchus also produced

  the first eccentric orbital construction to predict the motion of the Sun. This simple construction was used almost unaltered (but acknowledged) by Ptolemy three centuries later as part of the

  elaborate model published in The Almagest, which was then handed down to Copernicus in the sixteenth century.




   In Hipparchus’ simple geometry the Sun orbited the Earth on a circle, moving about the centre of the circle at a uniform speed (and therefore satisfying

  Aristotle’s conditions). But Hipparchus knew unquestionably, probably from his access to Babylonian records, that seasons are different lengths and that this must be accounted for in any

  orbital model. Clearly, the Earth could not be located in the centre of the Sun’s orbit, but must be eccentric (i.e. off centre) in order to reproduce its non-uniform motion. He was able to

  calculate just how far the Earth had to be displaced from the centre of the Sun’s orbit in order to give agreement with the speeding up and slowing down of the Sun during its journey around

  the ecliptic – the path of the Sun as seen from the Earth on the background of the stars. This single off-centre eccentric was sufficient to reproduce the motion of the Sun throughout the

  year.




  Incorporated directly into Ptolemy’s model, the eccentric later became quite controversial as Copernicus and Kepler began undermining geocentrism, as we will see in subsequent chapters.

  The Moon has a more complicated motion than the Sun. It is in Hipparchus’ model for the Moon’s motion, that we begin to more clearly recognize the shift to geometric astronomy that the

  Greeks began through their assimilation of the Babylonian commitment to observations. Hipparchus used astronomical records and parameters derived from Babylonian sources in his development of

  quantitative geometric models for the motion, of both the Sun and the Moon. In so doing he ultimately demonstrated the fundamental importance of the interplay of observation and theory for the

  future development of astronomy




  Hipparchus’ Star Catalogue




  Study of the Babylonian records produced other rewards for Hipparchus. As a systematic observer himself and one of the few Greek astronomers who valued the early records

  of the Babylonians, he was able to compile a remarkable catalogue of stars. By combining his own observations with the older, more extensive measurements from

  Mesopotamia, he was able to observe the movement of any one star over the centuries. He continued to pursue the historical plotting of stars and was eventually able to distinguish the slow movement

  of the entire sky, including the drifting of the equinoctial points, the astronomer’s main reference frame, from east to west among stars. Equinoctial points are the places where the

  celestial equator is crossed by the path of the Sun, i.e. the ecliptic. The Vernal, or spring equinox, is the point at which the Sun’s path crosses the celestial equator in the ascending

  direction. This precise crossing had, for centuries, been understood by astronomers to mark the beginning of the celestial year. On the autumn equinox, the Sun crosses in the descending

  direction.




  Hipparchus’ discovery, that this particular point is steadily moving, indicated that the measured position of a star varies with the date of the measurement. This is called the precession

  of the equinoxes and is now known to be approximately 1 degree every 70 years. To detect such a small change without a telescope was quite an achievement for an observer in the second century

  BC.




  This was Hipparchus’ single most important discovery. Knowing as he did that very long-term observations would be necessary to confirm this phenomenon, he recorded the positions of

  hundreds of stars. This enabled successive astronomers to measure and compare the future movements of stars. In the process Hipparchus compiled the first comprehensive catalogue of stars in the

  western world. His star catalogue has been since lost, although a few partial star positions are recorded in his only surviving work, the Commentary (c.276 BC). In

  addition, Professor Bradley E. Schaefer of Louisiana State University in Baton Rouge, Louisiana has found evidence of an image of Hipparchus’ star catalogue on a marble celestial sphere, part

  of an extant ancient Roman sculpture now in the Farnese collection of the National Archaeological Museum in Naples.




  The Greek Philosophers




  Though Hipparchus may with some accuracy be called Greece’s first astronomer, he was not the first philosopher from the Aegean to

  contemplate the heavens. Nearly all historians give the ancient Greeks credit for introducing the idea that numerical relationships can manifest themselves in the physical world. As we have seen,

  they did so by using arithmetic and geometry combined with logic to provide an explanation for astronomical events. On another level, Greek metaphysics implored humans to be curious, to seek truth,

  to look for patterns and to use reason to solve problems. These ideals remain the central tenets of science and scientific exploration today, in the twenty-first century.




  Perhaps the first man to call himself a philosopher was Pythagoras, who was born on the island of Samos, close to the mainland of what is now known as Turkey. Pythagoras made influential

  contributions to philosophy and religious teaching in the early sixth century BC. He also exercised a marked influence on another important Greek philosopher, Plato.

  Pythagoras founded a religious movement based on the belief that everything was related to mathematics and that numbers represent the ultimate reality.




  Pythagoras taught that all observable phenomena could be measured and predicted based on rhythmic patterns or cycles. Unfortunately, very little is known about the man himself because none of

  his writings have survived. Some historians believe that his colleagues and successors may actually have made many of the accomplishments credited to Pythagoras. Nevertheless, his name has come to

  symbolize the order, harmony and simplicity of numbers that have applied by subsequent generations to the structure of the universe.




  We can be more certain about the existence of the next giant of classical philosophy. Socrates lived and taught in Athens during the Golden Age of Greece (circa 546–404 BC). The age began with the unlikely victory of a badly outnumbered Greek army over a vast Persian army. Following this victory, significant advances were made in a number of fields,

  including the formulation of the structure of democracy, art, philosophy, drama and literature. Some of the Greek names most familiar to us, such as the renowned military and political leader

  Pericles, lived in this exciting and productive time. It was an era marked by such high and diverse levels of achievement that classical scholars coined the term

  ‘the Greek miracle’.




  Although Socrates did not leave any written work, he is included in this listing because his ideas were documented by his student Plato and later transmitted to Aristotle, the man who first

  documented a theory of science. Plato witnessed the notorious death of Socrates, a result of being charged with ‘corrupting the youth of Athens’. In spite of this, Socrates’ views

  on morality and his disdain for the physical world set the stage for Plato and his prize student Aristotle to build wide reaching and coherent world views. These later provided the foundation for

  much of western thought.




  Early in the fourth century BC, Plato adopted an intellectual approach to the study of celestial motion. He defined the problem to his students in the Agora in Athens. It

  is with Plato that we find the birth of the notion of the ‘perfection of the heavens’ that was to hinder astronomical thinking for two millennia.




  In terms of quality and importance, Plato contrasted bodies in the heavens with objects on the Earth. The stars, he said, represent eternal and divine unchanging things that move with uniform

  speed around the Earth in the most regular and perfect of paths, the circle. This idea took root even though it was well known that while the motion of the Sun and Moon seemed regular, the planets

  – which are also celestial objects – wandered across the sky in complex paths, occasionally veering back before moving forward again in their orbits.




  Plato contended that if the motions of heavenly bodies do not move in a perfect circle then the movement must be described by some combination of perfect circles. This planted the idea for the

  Greeks that the motion of all heavenly objects could only be described by perfect circles and uniform speed. And thus Plato’s devastating legacy took root. This principle, which was clearly

  inspired by the strong influence of Pythagoras, became a major restriction on the thinking of generations of philosophers and scientists in Greece and beyond.




  Aries (which corresponds to the time period of mid-March to mid-April), each covers 30 degrees of the sky. The zodiac constellations used on the celestial sphere model of the heavens to locate

  the Sun, Moon and planets is a scheme that has essentially lasted to the present day.




  Aristotle




  Not long after Plato’s pronouncements, the principle of uniform circular motion in the heavens was further ingrained into Greek philosophy. This was achieved as a

  result of an elaborate scheme for defining the natural world pioneered by Plato’s most famous student, Aristotle. The legendary Athenian – soon to become the master of Greek thinkers

  and famous as the teacher of Alexander the Great – set forth a detailed list of the ‘natural conditions of things’ which included Plato’s heavenly principle as well as many

  other ideas on what we would today call ‘science’. Much of the subsequent thinking of Greek philosophers on nature would follow from his ideas.




  Here is a summary of his postulates:




  

    	

      There is order in the universe: the baser elements lie at the bottom and the nobler elements at the top.


    




    	

      The Earth is the basest of all objects in the universe, therefore it is at the bottom.


    




    	

      The Earth is composed of four elements: air, water, fire and earth. These elements always seek each other. Thus, air and fire rise and water and earth fall.


    




    	

      Once the materials have regained their rightful place, their natural tendency is to remain motionless.


    




    	

      Sideways motion is caused by violence (or force). Eventually this violent motion runs out and the object either rises or falls according to its nature.


    




    	

      Violent and natural motion affects only the four elements.


    




    	

      Celestial bodies are made of a fifth element called quintessence and their natural behaviour is to move uniformly in circles indefinitely around the Earth (which does

      not move) either by spinning or by moving through the heavens.


    




    	

      The heavens are eternal and unchanging, whereas the Earth is subject to decay and change.


    


  




  

    Most students today can easily recognize the flaws in Aristotle’s ‘science’ and it might seem strange that these ideas found acceptance

    amongst both his contemporaries and the many later generations who read and accepted his works as absolute wisdom. To understand this it is important to remember that Aristotle’s concepts

    of astronomy and physics were intertwined with his ideas on philosophy and logic as well as his concepts of social and political order. The important concept of geocentrism, the Earth at the

    centre of all things, therefore slipped into Aristotle’s cosmology without much alarm. If to Plato it seemed self-evident that heavenly bodies move uniformly in perfect circles, to

    Aristotle and his contemporaries, it was self-evident that the Earth was stationary at the centre of these circles.


  




  Because Aristotle’s cosmology has had a long lasting – albeit regressive – effect on the progress towards our modern view of astronomy, it is helpful to review its details. A

  great philosopher he may have been, but as a physicist or cosmologist he relied too much on an a priori approach to the natural world, relying on intuition rather than insisting on testing

  nature with observations and experiments. Some historians of science would say that although Aristotle may have been wrong, he was not ‘unscientific’ and should still be credited with

  the birth of science. This view may have some validity if one considers Aristotle’s starting point. However, his view is ultimately flawed given that the observational verification of theory

  is so fundamental to what we call ‘science’ today. Given that the history of science demonstrates many examples of phenomena in the physical world contradicting intuitive learning or

  ‘common sense’, the necessity for experimentation is now generally accepted.




  From its inception around 350 BC, Aristotle’s cosmological work On The Heavens was the most influential treatise of its kind, accepted as truth for more than

  eighteen centuries. In this work, Aristotle discussed the general nature of the cosmos and the physical properties of individual bodies, essentially defining the field of ‘science’ for

  the first time.




  Since Aristotle had postulated that all bodies are made up of four elements: earth, water, air and fire; he further theorized that composite objects have the features of the dominant of these elements in its composition. Most things are of this mixed variety since few objects on Earth are totally pure substances. From this, Aristotle concluded that

  things on the Earth are imperfect.




  The natural tendency of objects was all-important to Aristotle and his idea that all bodies, by their very nature, have a natural way of moving is central to Aristotelian cosmology. Movement is

  not, he states, the result of the influence of one body on another (as we understand it today from Galileo and Newton) but the result of the simple premise that bodies have natural movement: some

  naturally move in straight lines, some naturally move in circles and others naturally stay put. We know today that the natural state of a body’s motion is at uniform speed in a straight line

  unless acted upon by an external force. This is called the principle of inertia, which was not discovered until the careful experiments of Galileo twenty centuries after Aristotle.




  The most important of the natural movements that Aristotle identified is the circular motion. Since he assumed that for each natural motion there must be a particular corresponding body,

  Aristotle presumed that heavenly bodies move naturally in perfect circles, as Plato had taught. He accordingly then postulated that heavenly bodies are made of a more perfect substance than earthly

  objects. Finally, as a last a priori conclusion about heavenly bodies, Aristotle stated that since the stars and planets are so special and move in circles, it is also natural for these

  objects to be perfectly spherical in shape.




  Another of the fundamental propositions of Aristotelian philosophy is that there is no effect without a cause. Applied to moving bodies, this proposition means that there is no motion without a

  force. Speed, then, is proportional to force and inversely proportional to resistance. This notion is not at all unreasonable if one takes an ox pulling a cart as the defining case of motion: the

  cart only moves if the ox pulls, and when the ox stops pulling, the cart stops.




  When Aristotle applied his rule to falling bodies, he found that the force was equal to the weight pulling a body down and the resistance is that of the medium

  (air or water, for example) through which the body falls. When a falling object gains speed, Aristotle attributed this to a gain in weight. So, if weight determines the speed of fall, then when two

  different weights are dropped from a high place, the heavier will fall faster than the lighter, in proportion to the two weights. A 10-pound weight would reach the Earth by the time a 1-pound

  weight had fallen one-tenth as far. This concept was yet to be refuted when, according to the well-known but probably apocryphal story, Galileo dropped different weights from the Tower of Pisa in

  the sixteenth century.




  If we were to accept Aristotle’s theory we must consider the cosmos to be made up of a central Earth (accepted as spherical) surrounded by a Sun, Moon and stars all moving uniformly in

  circles around it – a conglomerate he called ‘the world’. Note the strange idea that all celestial bodies are perfect, yet they circle the imperfect earth. Going further,

  Aristotle hypothesizes that the initial motion of these spheres was caused by the action of a ‘prime mover’ who acts on the outermost sphere of the fixed stars, with the motion then

  trickling down to the other spheres. Though one might argue that the great man’s logic was sound, Aristotle was wrong in many of his initial assumptions. Particularly misleading is the thesis

  that different objects have different natural motions.




  In his description of the heavens, Aristotle created a complex system containing 55 spheres – an elaboration on the original sphere of an earlier astronomer Eudoxus of Cnidus. This system

  had the virtue of explaining and predicting most of the observed motions of the stars and planets and all of the characteristics of a scientific theory. He painstakingly modified the model,

  matching it to the observations available, until all these could be accurately explained.




  Yet he did not consider the model a work-in-progress subject to continuous testing and experimentation, as is the norm today. He simply wished to use the model to make predictions, such as the

  position of a planet a year into the future, satisfying the Greeks’ compelling goal to ‘save the appearances’. In spite of these imperfections,

  this was the start of the development of the celestial sphere model later developed by Ptolemy, which came to be accepted and utilized by generations of astronomers and astrologers after

  Aristotle.




  Alexander the Great




  Aristotle inspired an avid hunger for knowledge among the Greeks. Against this background his pupil Alexander the Great launched his global enterprise of conquest in 334

  BC. This was accomplished with meteoric speed until Alexander’s untimely death about a decade later in 323 BC at the age of thirty-three. This

  was a year before Aristotle, who had lived twice as long.




  Alexander’s aim was not restricted to conquests, but also included explorations. He dispatched close companions – generals as well as scholars – to report to him in detail on

  regions previously unmapped and uncharted. His campaigns therefore resulted in a considerable expansion of empirical knowledge of geography. The reports he acquired stimulated and motivated an

  unprecedented interest in scientific research and the study of the natural qualities and inhabitants of the Earth. His Age was charged with a new spirit of enquiring.




  Scholars have long seen Alexander’s conquest of the Persian Empire as opening the floodgates for the spread of Greek culture in and around the Mediterranean. He attempted to create a

  unified ruling class of Persians and Greeks, bound by marriage ties, and used both in positions of power. He tried to mix the two cultures, encouraging intermarriage, adopting elements of the

  Persian court and also attempting to insist on certain Persian practices. Alexander also unified the army, placing Persian soldiers into the Greek ranks.




  After Alexander’s death, the Empire was split into separate states under his generals and although the kings who succeeded him rejected most of Alexander’s cultural changes, other

  less definite policies were continued. The founding of cities was a major part of the struggle for control of any particular region, and the independence of Greek

  cities was a political right that his successors sought. They used the existing systems of government within their individual states, but often placed Greeks in the top levels of power. Not

  surprisingly, the spread of the Greek language also increased, and was often used in tandem with the native language for administrative purposes.




  Four main kingdoms maintained Macedonian and Greek rule over native populations, and while they allowed the flourishing of native culture and religion, this was ultimately mixed with their own

  Greek culture.




  The Library of Alexandria




  On a visit to Egypt in 330 BC Alexander founded Alexandria, one of the many cities that were to bear his name. Leaving his administrator Cleomenes

  to build the new city as he made further conquests, Alexandria was destined to become the most important city in his new realm. However soon after Alexander’s death, his empire was subjected

  to the greedy land-grabbing ambitions of his many generals.
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