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  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 Earths 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
  stargazers 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 mans 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


  PTOLEMYS 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 Assyrias 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 planets 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 20001600 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 Moons 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 Moons cycle as a time keeping device. To do this they systematically approached the Moons motion
  in a matter not unlike the way natural science is carried out today.


  Babylonian astronomers started with careful observations of the Moons 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 Babylonians 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 709649
  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 Greats 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 Nabonassars 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 Babylons, 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 Victorias 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 Assurbanipals 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.
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    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 patrons 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 Moons 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 Alexanders 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 todays practitioners from the Greeks.


  The difference between these two approaches was mainly due to the influence of two major writings from Ancient Greece, Platos Timaeus (360 BC) and
  Ptolemys 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 mans 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.
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  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 worlds 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
  Aristotles 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 Suns 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 Suns 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 Ptolemys 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 Moons 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 astronomers 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 Suns 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 Greeces 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 546404 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 Platos 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 Platos 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 Platos 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 Platos 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 Aristotles 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 Aristotles 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 Aristotles 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 Aristotles 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 Aristotles 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, Aristotles 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 bodys 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 Aristotles 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 mans 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 Alexanders 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.


  Alexanders 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 Alexanders 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 Alexanders death, the Empire was split into separate states under his generals and although the kings who succeeded him rejected most of Alexanders 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 Alexanders death, his empire was subjected
  to the greedy land-grabbing ambitions of his many generals.


  Ptolemy I (305282 BC), also called Soter, took Egypt and after disposing of Cleomenes, made Alexandria his capital. He and his descendants ruled from Alexandria
  for three centuries and made little effort to integrate the rest of Egypt into their Greek culture. The Ptolemys formed their coastal capital into the great intellectual and cultural centre of its
  age, immortalized by the magnificent library founded by Ptolemy I at the beginning of the third century BC. Its collection of papyrus scrolls  said to have numbered
  nearly half a million  attracted intellectuals from all over the Greek-speaking Mediterranean.


  According to the earliest source of information  a second century BC letter of Aristeas paraphrased by the Hebrew historian Josephus  the Library was
  initially organized by Demetrius of Phaleron, a student of Aristotle, and was modelled after the arrangement of Aristotles school in Athens. The library was closely linked to a museum built
  by the Ptolemys that seems to have focused primarily on editing texts. Initially, libraries were important for textual research in the ancient world, since the same
  text often existed in several different versions of varying quality and veracity. Later, the library took on a more important function as a repository for all the great books of the day.


  When the founder Ptolemy I asked, How many scrolls do we have? Demetrius was on hand to answer with the latest count. After all, it was Demetrius who suggested setting up a
  universal library to hold copies of all the books in the world. Ptolemy I and his successors wanted to understand the people under their rule and store Latin, Persian, Hebrew and Egyptian books,
  all of which were translated into Greek. The librarys lofty goal was to collect half a million scrolls and the Ptolemys took serious steps to accomplish this ambitious feat. Ptolemy I, for
  example, composed a letter to all the sovereigns and governors he knew, imploring them not to hesitate to send him works by authors of every kind.


  The problem of growing the collection was solved through an innovative piece of legislation by Ptolemy III (246222 BC), the third ruler of the Ptolemaic dynasty.
  He decreed that all visitors to the city were required to surrender all books and scrolls as well as any form of written media in any language in their possession. Official scribes then swiftly
  copied these writings and the reproduction was so precise that the originals were often put into the library and the copies were delivered to their unsuspecting owners. This process helped to
  create a substantial reservoir of books in the relatively new city.


  The Ptolemys engaged in further acquisitions, some in an orthodox way, like purchasing writings from throughout the Mediterranean area; and some unorthodox, like confiscating any book not
  already in the library from passengers arriving in Alexandria. They were obsessed with becoming the most important library in the Hellenistic world and carried out some shocking tactics to achieve
  this goal. Ptolemy III, for example, deceived Athenian authorities when they let him borrow original manuscripts of Aeschylus, Sophocles and Euripides using silver as collateral. He kept the
  originals and sent the copies back, letting the authorities keep the silver.


  Physically the books were not what we think of today, but rather scrolls, mostly made of papyrus, but sometimes of leather. They were kept in pigeonholes with
  titles written on wooden tags hung from their outer ends. Older copies were favoured  the older the better  since these would be considered more trustworthy. At its height, the
  library held nearly 750,000 scrolls, with works by Euclid, Aristarchus, Eratosthenes and Hipparchus. Amongst the most important documents in this vast collection were the writings of Aristotle,
  which contained his model of the heavens.


  Euclid was a Greek mathematician of the Hellenistic period who thrived in Alexandria, almost certainly during the reign of Ptolemy I. His Elements is the most successful textbook in the
  history of mathematics. In it, the principles of Euclidean geometry are deduced from a small set of axioms. Euclids method of proving mathematical theorems by logical deduction from accepted
  principles remains the backbone of all mathematics. He also wrote works on perspective, conic sections, spherical geometry and quadric surfaces.


  Although many of the results in Elements originated with earlier mathematicians, one of Euclids accomplishments was to present them in a single, logically coherent framework,
  making them easy to use and easy to reference. This includes the system of rigorous mathematical proofs that remains the basis of mathematics some twenty-three centuries later. Although best known
  for its geometric results the Elements also includes number theory and considers the connection between perfect numbers and primes  the infinitude of prime numbers 
  Euclids dilemma on factorization and the Euclidean algorithm for finding the greatest common divisor of two numbers.


  The geometrical system described in the Elements was long known simply as geometry, and was considered to be the only geometry possible. Today, however, that system is often
  referred to as Euclidean geometry to distinguish it from other so-called non-Euclidean geometries that mathematicians discovered in the nineteenth century. These
  include Riemann geometry, which was employed by Einstein in determining his general theory of relativity in the early part of the twentieth century.


  An Early Heliocentric System


  Aristarchus is an important figure in the history of astronomy even though his advanced ideas on the movement of the Earth were not incorporated into the development of
  the classic Greek model published by Ptolemy in the second century. He was certainly both a mathematician and astronomer and is celebrated as the first to propose a Sun-centred universe. He also is
  known for his pioneering attempt to determine the sizes of the Sun and Moon and their distances from the Earth. This idea survives in part because of the work of Archimedes and Plutarch, which
  further expands on Aristarchus only extant work, a short treatise called On the Sizes and Distances of the Sun and Moon.


  In this notable work, Aristarchus provides the details of his remarkable geometric argument. Based on observation, he determined that the Sun was about 20 times as distant from the Earth as the
  Moon, and 20 times the Moons size. Both these estimates were an order of magnitude too small, but the fault was in Aristarchus lack of accurate instrumentation rather than in his
  method of reasoning.


  It is due to the prestige of the great Archimedes that we are certain of Aristarchus advanced hypothesis on heliocentrism, in which the Sun and not the Earth is at the centre of all
  things. In his well-known book, The Sand Reckoner, which he addressed to his patron King Gelon in ancient Syracuse, Archimedes describes how to count the number of grains of sand in the
  universe. In passing, he mentions the latest ideas about the universe from the mainland, reporting on the innovative hypotheses of Aristarchus:


  
    
      . . . His hypotheses are that the fixed stars and the Sun remain unmoved, that the Earth revolves about the Sun on the circumference of a circle, the Sun lying in the middle
      of the orbit, and that the sphere of fixed stars, situated about the same centre as the Sun, is so great that the circle in which he supposes the Earth to
      revolve bears such a proportion to the distance of the fixed stars as the centre of the sphere bears to its surface.

    

  


  Aristarchus heliocentric system was indeed revolutionary. It was the Earth that rotates, he said, once daily on an axis of its own which causes the apparent daily motion of the stars. He
  believed that this assumption could explain all the daily motions observed in the sky. The observed angle of the paths of the Sun, Moon and the planets with the celestial equator results from the
  tilt of the Earths own axis. Annual changes in the sky, including retrograde motion of planets, were then explained by assuming that the Earth and the planets revolve around the Sun.


  In this model the previously assigned motion of the Sun around the Earth was now subverted so that the Earth moved around the Sun. The Earth essentially became just one among several planets.
  These bodies were then not made of heavenly material to house the gods but were considered to be composed of material rather like that which we think composes the Earth today. There
  is much debate by historians about why the Greeks rejected the elegant and innovative idea of a Sun-centred universe.


  The diagram shows how much Aristarchus heliocentric system could explain retrograde motion, that is reversing the orbital motion of Mars, Jupiter and Saturn, the planets outside the orbit
  of the Earth. The outer planets, assumed to be moving around the Sun in circular orbits, move more slowly than the Earth and when the Earth passes directly between the Sun and the planet, an
  illusion is observed. To viewers on Earth, the outer planet appears for a time to move backwards in retrograde motion against the fixed background of the stars. The heliocentric hypothesis has one
  further advantage. It explained the observation that the planets were brighter during retrograde motion as the outer planets were nearer to the Earth during the passing phase.


  Even with these consistent explanations, Aristarchus proposal was severely criticized by his contemporaries for several basic reasons. First, the idea of
  a moving Earth contradicted the philosophical doctrines that the Earth is different from the celestial bodies and that its natural place is in the centre of the universe as proposed by Aristotle.
  Second, a proposal that the Earth moves was considered to be somewhat immoral, given its connection to the realm of the Creator. Thirdly, this new picture of the solar system contradicted common
  sense and the common observation that the Earth certainly seems to be at rest, not rushing through space.
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    Explanation of retrograde motion in an heliocentric system.

  


  Finally, the expected displacement of the stars as a result of the semi-annual journey of the Earth from one side of its orbit to another was not observed. This is shown in the figure on page 36
  and is called parallax. The Greek astronomers never observed the parallax shift in the position of a star. Clearly, the drawing is exaggerated.


  The null parallax result could be explained either because the Earth does not revolve around the Sun and therefore no shift will occur, or because the stars are
  so far away that the shift is too small to observe. The Greeks realized that if the displacement is really too small to detect, the stars must be an incredible distance from the Earth. Given that
  the scale of the universe generally accepted at that time was only a fraction of its true size, this argument gathered little support.


  The parallax effect is in fact there, but it is very small because the stars are so far away that their parallax can only be observed with very powerful telescopes. Thus, the heliocentric idea
  of Aristarchus was forgotten and western thought about heliocentrism stagnated for almost two thousand years. Indeed, the parallax of stars was not measured conclusively until the year 1838, when
  the Prussian Friedrich Wilhelm Bessel used a high-powered telescope.


  Perhaps the most compelling reason for the rejection of the heliocentric proposal was that this scheme required such a drastic change in peoples image of the universe that
  Aristarchus hypothesis had no influence on Greek astronomy. Furthermore, there is little evidence that this prescient work applied to the solar system had any influence on the thoughts of
  Copernicus in 1543. He made similar arguments  with similar criticisms  some eighteen centuries later, quite independently.


  Finally, it is left to introduce Eratosthenes, one of the brilliant alumni of the Alexandria Library. Born around 276 BC at a Greek colony in Cyrene, Libya, he was
  educated at the academies of Athens and appointed to run the Great Library at the age of thirty-six. It is with Eratosthenes that much of what is now described as scientific scholarship began. The
  funds from the royal treasury that paid the chief librarian of the Alexandria Library and his scholarly staff provide the first example of scientific and literary grants. Commonly called the Father
  of Geography, Eratosthenes was the first to use the word geography. His studies of the planet led him to determine the circumference of the Earth.


  Having heard of a deep well at Syene in Upper Egypt (near modern Aswan) where sunlight only struck the bottom of the well at noon on the summer solstice,
  Eratosthenes determined from this that he could estimate the circumference of the Earth. He therefore measured the angle of the shadow cast by a vertical pointer at Alexandria at that same instant
  (noon on the summer solstice). He noted that the shadow made an angle of 1/50th of a circle. Thinking that the two points were separated by 5,000 stades (a stade is an ancient unit of length
  equivalent approximately to a modern measurement of 607 to 738 feet (about 185 to 225 metres)), he used a simple trigonometric argument to calculate that the full circumference of the Earth was 50
  times 5,000 stades, or 250,000 stades  amazingly close to the modern measurement of 25,000 miles (40,000 kilometres).
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    Measurement of parallax in heliocentric solar system.

  


  The Coming of the Romans


  Alexander and Aristotle died within a year of each other, and with their deaths came the threat to Hellenism. Alexander had tried to perpetuate the Greek culture
  throughout the Mediterranean but Rome, posing a threat in the southern part of the Italy and on Sicily, also flexed its imperial muscles in Magna Graecia (Greater
  Greece). With the advent of the Pyrrhic War (280275 BC)  a complex series of battles between the Greeks and the Romans  the rise of Rome became
  inevitable.


  The Italian peninsula had been undergoing a gradual consolidation under Roman hegemony for centuries, and Romes victory over Pyrrhus was an especially significant one. It was the victory
  for Rome over a Greek army that fought in the tradition of Alexander the Great and was commanded by the most able commander of its time who gave his name to the battle.


  After the defeat of Pyrrhus, Rome was recognized as a major power in the Mediterranean. This was marked by the opening of a permanent embassy of amity by the Macedonian king of Egypt in Rome in
  273 BC. New Roman colonies were founded in the south to further secure Roman domination, whilst in the north, new colonies were founded to cement Roman rule. Rome was now
  mistress of the entire peninsula: from the Straits of Messina to the Apennine frontier along the Arno and the Rubicon rivers.


  It was only at the beginning of the second century BC, after a century of fighting, that Rome intervened directly in the Orient. They began with conquests of the
  Antigonid dynasty and Antiochus III the Great, the last great political figure of the Hellenistic sovereigns.


  In a slow and complex process that lasted almost two centuries, Rome extended its rule in the eastern Mediterranean. The Roman General Pompey eliminated the Seleucid empire (which today includes
  parts of Pakistan and Turkmenistan) in 63 BC and reorganized its newly acquired eastern territory under Roman laws. This set the stage for the famous victory of the first
  emperor of the Roman empire, Augustus, over General Mark Antony, the infamous lover and ally of the last queen of Egypt, Cleopatra


  VII. This fight proved to be the last act of this conquest, as with Cleopatras defeat and suicide in 30 BC, Roman penetration into the eastern Mediterranean was
  complete.


  
    
  


  3


  PTOLEMY: THE SHAPE OF THE UNIVERSE


  The burning of the Library during the Roman occupation of Alexandria under Julius Caesar, though possibly apocryphal, has been described as the greatest calamity of the ancient
  world. The most complete collection of all Greek and near eastern literature was lost in one great conflagration. Yet in reality, the Library and its community of scholars did not really disappear.
  The collection and the society it inspired survived through the Roman Empire and the incessant turbulence of the Empires most volatile and valuable city.


  Alexandria was a cosmopolitan city, and drew Greeks, Egyptians and Romans into a unique and not entirely harmonious coexistence. The Alexandrian Library and Museum had become an ideal place for
  scholars from these different cultures to meet and exchange ideas. What is more, it served as a repository for the literature and accounts of the Alexandrian intelligentsia and Roman Empire in
  general.


  It seems probable that the Library and its facilities were still intact as a great centre of Hellenistic civilization when Claudius Ptolemy appeared on the scene in about AD 125. Ptolemy was to compile the successful elements of 500 years worth of Greek geometric astronomy into a single system. This system was then
  adopted as the standard model and was used for over fourteen centuries.


  Ptolemys origins are shrouded in mystery. As previously mentioned, there was a general in Alexanders army who made himself King of Egypt in 323 BC, Ptolemy
  I Soter. All the kings after him, until Egypt became a Roman province in 30 BC, were also Ptolemys. However, Ptolemy the astronomer was not related to this royal dynasty.
  Nevertheless, he has been confused with the dynasty and, as a result, an iconographic tradition developed lasting a thousand years in which Ptolemy was always represented wearing a crown. Despite
  being a Roman citizen, scholars have concluded that from an ethnic perspective, Ptolemy was a Greek.


  Beyond his being a member of Alexandrias Greek society during the Roman period, few details of Ptolemys life are known. He wrote in ancient Greek and is known to have used
  Babylonian astronomical data and important parts of the work of Hipparchus. In fact, Ptolemy synthesized and extended Hipparchus solar/ lunar system of epicycles and eccentric circles as
  part of his own geocentric theory of the solar system.


  By AD 150 in Alexandria, Ptolemy was poised to take advantage of the many important contributions from previous Greek astronomers that had accumulated in the great
  library. He knew he could build on many of his predecessors ideas in developing his own astronomical system. With the usual motivation of an astrologer, he wished to be able to predict the
  positions of the known planets as well as the Sun and the Moon at any time in the future. He defines the problem at the beginning of his masterwork, The Almagest (dating from about
  AD 150) clearly indicating the assumptions he had adopted as his premise:


  
    
      We wish to find the evident and certain appearances from the observations of the ancients and our own, and applying the consequences of these conceptions by means of
      geometrical demonstrations. We have to state that the heavens are spherical and move spherically; that the Earth, is sensibly spherical; and in position, lies right in the middle of the
      heavens, like a geometrical centre; in magnitude and distance, the Earth has the ratio of a point with respect to the sphere of the fixed stars, having itself
      no local motion at all.

    

  


  Ptolemy then argued that each of the assumptions cited in the passage above was necessary and, what is more, was consistent with all available observations. He continued to cite evidence, for
  example, that the world was geocentric: It is once and for all clear from the very appearances that the Earth is in the middle of the world and all weights move towards it.


  His writing further supported his interpretation of astronomical observations by citing the physics of falling bodies in the manner of Aristotle. Thus, according to Ptolemy, the observations
  made by Hipparchus, himself and others were entirely in agreement with the elaborate proposals of the great Aristotle. Though he was aware of the heliocentric ideas espoused by Aristarchus, he gave
  little credence to these. In fact, he used his mixture of physics and astronomy to disprove the idea that the Earth might rotate and revolve. In a direct attack on Aristarchus, he wrote the
  following:


  
    
      Some people [by which Ptolemy meant Aristarchus and his followers] agree on something which they think is more plausible. That there is nothing against supposing the heavens
      immobile and the Earth as turning on the same axis [as the stars] from West to East, nearly one revolution per day. But it has escaped their notice that as far as the appearances of the stars
      are concerned, nothing would perhaps keep things from being in accordance with this simpler conjecture [that is, Ptolemys system] but that in the light of what happens around us in the
      air such a notion would seem altogether absurd.

    

  


  He later wrote about the unusual phenomena that might occur if the Earth was to rotate, as heliocentric supporters believed:


  
    
      If the Earth did rotate, it would not pull its blanket in the air around with it. As a result, all clouds would fly past towards the west
      and all birds and other things in the air would also be carried away to the west. Even if the Earth did drag the air along with it, objects in the air would still tend to be left behind by the
      Earth and air altogether.

    

  


  Before introducing the details of Ptolemys system, it is important to review what was known in the mid-second century. Quite a lot was known about the motions of the heavens by the time
  of Ptolemy and it would be nave to think, in spite of the detailed description of his cosmology presented earlier, that Greek astronomy began with Aristotle. It is known, for example, that as
  early as 380 BC the Greek philosopher Plato (notably, Aristotles teacher) recognized that the phases of the Moon could be explained by thinking of the Moon as a globe
  reflecting sunlight and moving around the Earth in about 29 days.


  It is easy to see that the Moons path around this sky is close to the annual path of the Sun. Another way of understanding this is that the Moon is always near the ecliptic, or the
  imaginary line on the celestial sphere which follows the path of the Sun. But the Moons path is slightly tilted with respect to this line. If not, there would be a solar eclipse every month
  at new Moon when the Moon would be exactly between the Sun and the Earth. Likewise, at every full Moon, the Moon would be eclipsed as the Earth blocked the light from the Sun. As we know this does
  not happen, and the path of the Moon is actually known to be tilted with respect to the path of the Sun, that is, the ecliptic.


  Even without a telescope, the Greeks could see at least five bright objects that moved among the stars, in addition to the Sun and Moon. This would have been particularly true in ancient times
  with no pollution to cloud the sky and no external lights causing glare. So, the Greeks could detect the motion of the following planets: Mercury, Venus, Mars, Jupiter and Saturn. The other
  planets, Uranus, Neptune and Pluto, would only be discovered after the invention of the telescope.


  The planets generally move slowly eastward among the stars. But they have another remarkable and puzzling motion of their own which was ignored by Aristotle in
  his treatise On the Heavens. At certain times, each planet stops moving eastward among the stars and for some months moves back westward. This westward movement is called retrograde motion
  and was overlooked by Aristotle, who assumed that all heavenly objects moved uniformly across the sky, always in the same direction.


  In order to explain retrograde motion, new schemes needed to be developed. In particular, Ptolemy put forward a complicated system of wheels within wheels which used very intricate
  geometric devices, called epicycles, for predicting the positions of each planet at any time. His system notably also reproduced retrograde motion.


  Ptolemys Model


  Ptolemy went far beyond the scheme of the earlier Greeks, constructing a model out of circles and three geometrical devices, the eccentric and the epicycle, both of which
  had already been used by Hipparchus, and the equant, a device unique to Ptolemy. All of these devices were circular and therefore in keeping with the ancient tradition going back to Aristotle,
  Plato and even to Pythagoras.


  One of the first challenges was to replicate the non-uniform motion of the Sun along the ecliptic on its annual 360-degree path across the background stars. If the path is divided into four
  90-degree parts, the Sun would be at the zero point, on 21 March (when the Sun crosses the celestial equator in an ascending direction); 90-degrees further east on 21 June; 90-degrees farther still
  on 23 September and 90-degrees further on 22 December before then back in the starting point on 21 March, one full year later.


  If the Sun moves uniformly, the times between these dates should be equal. But as can easily be determined by consulting a calendar, these times are not equal. The Sun takes a few days longer to move 90 degrees in spring or summer than it does in fall or winter. So any simple circular system based on motion with constant speed is flawed. As we have
  previously seen, Hipparchus, noting that the motion of the Sun and the Moon were not uniform, had already proposed devices to compensate for this apparent discrepancy, i.e. the geometric devices,
  the eccentric and the epicycle.


  It is important to keep in mind that Plato, Aristotle and other ancient thinkers had decreed that a celestial object must move at a uniform rate and at a constant distance from the centre of the
  Earth. It is true, Ptolemy, like Plato, Aristotle and others, also believed that the Earth was at the centre of the universe, but unlike his forefathers, he did not insist that it stood at the
  geometric centre of all the perfect circles.


  Instead, he proposed that the Earth could be off-centre in an eccentric position. Thus, motion that was really uniform about the centre would not appear to be uniform when observed from the
  Earth. By this logic the annual motion of the Sun, seen from the Sun, did not divide into four equal parts.


  It is important to realize that Ptolemy was not just trying to explain the motion of the Sun and the Moon, but also the motion of all the other heavenly bodies, thus extending his work well
  beyond that of his predecessor, Hipparchus. The eccentric could be used to account for variations in the rate of motion of the planets as well as of the Sun and the Moon. However, though considered
  an important addition to the geocentric model, the eccentric alone could not describe changes as drastic as the retrograde motion of planets.


  To account for this, Ptolemy made use of another device called the epicycle as shown in the figure below, which was also used by Hipparchus. Note that the planet is considered to be moving at a
  uniform rate on the small circle, the epicycle, whose centre moves at a uniform rate around the Earth on a large circle called the deferent.


  It is a rather simple exercise to see that if a planets speed around the epicycle is greater than its speed on the large circle  the deferent
   then the planet as seen from above would appear to move in a looping motion. When these loops are viewed from a location near the centre of the rotating system slightly edge-on, the motion
  looks like the retrograde motion of a planet in the plane of the solar system.


  Ptolemys system of epicycle on the deferent not only worked satisfactorily but also provided an unexpected bonus. The scheme explained not only retrograde motion but also the increased
  brightness of the planets when they are in the retrograde loop. A planet is on the inside of its epicycle during retrograde motion and thus would appear brighter to an observer from the Earth. This
  explanation no doubt confirmed that the model was a true explanation of what was taking place rather than just a geometric model. It seems that both many of Ptolemys
  contemporaries as well as generations to follow him believed he had surpassed the Greek goal to save the appearances and had actually uncovered the true facts of the motion.
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    Epicycle travelling on a circular deferent.

  


  But there was another complication. Ptolemy could not synchronize the motions of the five planets exactly. For example, the retrograde motion of Mars is not
  always the same angular size or the same duration. To allow for this variation, he brought in another geometrical device, the equant. This point, a variation of the eccentric, mirrors the
  Earths position on the opposite side of the centre. Note the motion on the circle is not uniform around the centre. Instead (yielding to the ancient postulate), in order to incorporate the
  imperative to have some aspect of uniform motion in the system, Ptolemy proposed that motion is uniform as seen from this new point. The equant would eventually get Ptolemy into a great deal of
  trouble with future generations of astronomers who felt he had abandoned circularity.


  Thus, Ptolemy took great liberties in adjusting the values of the epicycle, the eccentric, the deferent and the equant in developing his reproduction of the motion of the Sun, Moon and planets.
  Using seven different circles centred on seven different points near the Earth, Ptolemy succeeded in doing what his Greek ancestors had only dreamed of: to explain all the observed motion in the
  heavens in terms of circles and spheres. As the accuracy was considered astounding (for naked eye observers at least), his model was not challenged for many centuries.


  Indeed it was not until the sixteenth century that anyone found serious discrepancies with Ptolemys results. Up to that point in time, Ptolemys values for the parameters of his
  geometric model  which predicted the positions of the heavenly bodies to the satisfaction of generations and generations of astrologers, navigators and astronomers  were tabulated,
  printed and made available. In order to use this complicated  albeit useful  scheme it was necessary to know the size of epicycle with respect to the deferent, the period of the
  motion of the planet in the epicycle and the period of the epicycle along the deferent.


  The Almagest


  Ptolemys model was immortalized in his book, The Almagest, a thirteen-volume mathematical treatment of the phenomena of
  astronomy that contains a myriad of information. Ranging from theories of the Earth to Sun, Moon and star movement as well as eclipses and a breakdown on the length of months, The Almagest
  also included a star catalogue containing forty-eight constellations, whose original names we still use today.


  Though generally known as The Almagest (from a hybrid of Arabic and Greek, meaning the greatest), Ptolemy originally titled his work The Mathematical Syntax, as he
  believed its subject, the motions of the heavenly bodies, could be explained in mathematical terms. In the work, Ptolemy synthesizes mathematical astronomy into a coherent whole, rendering his
  predecessors obsolete and dominating western and Islamic thought until the sixteenth century.


  The opening chapters of The Almagest present empirical arguments for the basic cosmological framework within which Ptolemy worked. The Earth, he argued, is a stationary sphere at the
  centre of a vastly larger celestial sphere that revolves at a perfectly uniform rate around the Earth, carrying with it the stars, planets, Sun and Moon  thereby causing their daily risings
  and settings. Through the course of a year the Sun slowly traces out a great circle, known as the ecliptic, against the rotation of the celestial sphere. (The Moon and planets similarly travel
  backward and were therefore also known as wandering stars rather than fixed stars.)


  In accordance with ancient Greek notions, the fundamental assumption of The Almagest was that the apparently irregular movements of the heavenly bodies were actually combinations of
  regular, uniform, circular motions. Yet how much of the published version of the tract is original is difficult to determine because almost all of the preceding technical astronomical literature is
  now lost. To his credit, Ptolemy attributed Hipparchus with essential elements of his solar theory, as well as parts of his lunar theory, while denying that Hipparchus constructed planetary models.
  He also made only a few vague and disparaging remarks regarding theoretical work over the intervening three centuries between Hipparchus and himself.


  It may be surprising to many readers, however, that Ptolemys reputation, especially as an observer, has been controversial since the time of the
  astronomer Tycho Brahe (15461601). Brahe pointed out that solar observations Ptolemy claimed to have made in AD 141 are definitely not genuine. There are, he
  continued, strong arguments for doubting that Ptolemy independently observed the more than 1,000 stars listed in his star catalogue. This charge of fraud has gained more support in recent years,
  especially after the important scholar, Robert R. Newton, concluded that Ptolemy faked his data to support his geometrical model. In 1977, Newton concluded in The Crime of Claudius Ptolemy:
  Ptolemy is not the greatest astronomer of antiquity, but he is something still more unusual. He is the most successful fraud in the history of science.


  Not all scholars agree with Newton, who, though a respectable historian of science, is considered something of a maverick by those who have examined his entire body of work. Though it is perhaps
  not particularly surprising that opposition to Newton exists, what is more remarkable is that the 1818 proof by French astronomer J.B.J. Delambre that Ptolemy lied about his observations of the
  equinox and the solstice was ignored for so long. Delambre crucially asked, did Ptolemy do any observing? Are not the observations that he claims to have made merely computations from
  his tables and examples to help in supporting his theories?


  Perhaps the final word on this issue should go to the dean of Ptolemaic scholars, Owen Gingerich. He states in his well-known article Was Ptolemy a Fraud? that the
  Alexandrians procedures in using observations available in AD 150 allowed him to correct some of the data. Gingerich points out that the correlation between the
  stated observations and the Ptolemaic theory could arise from deliberate observational selection and corrections to the data. Regrettably, Ptolemy did not bother to describe these
  corrections. Convinced of the intrinsic correctness of this theory, Ptolemy probably replaced uncertain observations with what he perceived to be
  reliable measurements, that is to say, those that fit his model. In so doing he would not be the first theoretician who clearly expressed a belief in the primacy of theory over experiment or in
  believing that theory represented nature better than individual observations, which can easily be affected by human error.


  Whatever the truth may be, it is nevertheless clear that Ptolemy was pre-eminently responsible for the geocentric cosmology that prevailed in medieval Europe. This was not due to The
  Almagest, as there was no description of the model in that book, but rather in a later treatise now known as Planetary Hypotheses. Scholars have confirmed Ptolemys authorship of
  this latter book in which his system, involving at least 80 epicycles, explains the motions of the Sun, the Moon and the five planets that were known during his time. He believed that the planets
  and Sun orbit the Earth in the following order: Mercury, Venus, Sun, Mars, Jupiter, Saturn. This became known as the Ptolemaic system.


  In all of the criticism of Ptolemy, what is not disputed is the mastery of mathematical analysis that he exhibited. After completing his geometric model, he computed the numerical tables, which
  are published in The Almagest, which enable planetary positions and other celestial phenomena to be calculated for arbitrary dates. This had a profound influence on medieval astronomy, in
  part through a separate, revised version of the tables that Ptolemy published as Procheiroi kanones (handy tables). He later taught astronomers how to use dated, quantitative
  observations to revise cosmological models.


  Gingerich, who perhaps knows Ptolemy best, dismisses the moral question of Ptolemys handling of ancient data and challenges historians to reconstruct his pioneering trail to the
  most complete mathematical achievement in ancient astronomy. He considers Ptolemy the greatest astronomer of antiquity.
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  CROSSING THE DARK AGES


  For nearly forty centuries, man has been investigating the heavens  from the intellectual pursuits of Mesopotamia in about 2000 BC to the Cosmic
  Background Explorer satellite that was launched in 1989. But this process has not been one of continuous steady progression. Implanted within this vast period of human intellectual history, there
  exists a span of approximately fourteen centuries, just about one-third of the total time period, when nothing happened to further the understanding of the movement of bodies in the heavens. In
  other words, astronomy fell into serious decline.


  With his masterwork Mathematike Syntaxis  or to use the Latin version of its Arabic name, The Almagest  Ptolemy crystallized the Greeks compulsion to
  save the appearances. In keeping with their convention, he established that predicting the position of the planets was far more important than understanding any other aspect about the
  planets, stars, Sun and Moon. In their critique of Ptolemys complicated mechanisms (for example the wheels within wheels that we have seen previously), Ptolemys
  contemporaries, along with the generations that followed, worried more about philosophical principles such as uniform circular motion rather than any real physical
  characteristics such as the composition of the planets or their true motion in the heavens.


  The sensational, agonizing rejection of this approach, initiated in the mid-fifteenth century in what is now called the scientific revolution, stands out as that part of the Renaissance which
  was not a rebirth of the ideas of the ancients, but rather the opposite. Beginning with Nicolaus Copernicus in 1543, then Tycho Brahe, Johannes Kepler and finally Galileo Galilei, the
  goal of this movement was to eliminate the incorrect postulates of Aristotle from existing models of the heavens. This was not an easy task, given the Greek philosophers importance in the
  fields of metaphysics, rhetoric, poetics, logic and science. Though he laid the foundation of subsequent studies in, for example, biology, Aristotles physics and cosmology were ultimately
  found to be faulty.


  There has, however, always been a mysterious chasm separating the Greeks and the heroes of the scientific revolution Copernicus, Tycho, Kepler and Galileo. In order for the revolution to
  take place in the sixteenth century, at least a copy of Ptolemys Almagest (amongst other ancient works surviving the so-called Dark Ages) had to have landed in the hands of men like
  the Polish cleric Nicolaus Copernicus. Copernicus would eventually make a massive assault on the ancient theories by placing the Sun at the centre of the known universe. Tracing this leap of
  fourteen centuries may seem a complicated and fascinating task, but in reality, it is quite simple. The story begins with Mohammed and the rise of Islam.


  With the death of the great prophet in AD 632, the Muslim world began a period of rapid expansion. Under the rule of the first caliphs, Muslim armies began assaulting the
  borders of both Persia and the Byzantine Empire. In the latter case, they set their sights south towards the rich provinces of Byzantine Africa, especially Egypt, which had been part of the former
  Roman Empire. The Muslim invasion of Egypt was easily accomplished because the caliphs forces were larger than any army the Byzantines could field at the time. The destruction of
  Byzantine military power at the ensuing battle of Heliopolis in the summer of AD 640 and the victory over the Byzantine defenders at Babylon
  effectively broke the Byzantine power hold in Egypt. The city of Alexandria was left defenceless, with only a fraction of provincial forces garrisoned in the city itself. On 8 November 641, after a
  fourteen-month siege, Byzantine officials at last capitulated, turning the city over to Muslim hands.


  Culturally, the city continued to function in much the way that it had under Byzantine rule and Greek, Coptic and Arabic were all spoken fluently throughout the city. With a tolerant Muslim
  administration, documents continued to be published in Greek and Coptic for some time following the takeover. These included documents about medicine, mathematics and alchemy, whose practices
  thrived under the budding advances of Islamic intellectualism.


  Later in the eleventh century, Arabic replaced Greek and Coptic as the principle language of Alexandria. Though these Arabic conquerors are historically blamed for the final destruction of the
  great Library, finishing what the Romans started with Caesar in 48 BC and the Emperor Aurelian in the third century, it is obvious that many of the great works in the
  collection were at the time translated into Arabic. Although the actual circumstances and timing of the physical destruction of the Alexandrian Library remains uncertain, it is clear that by the
  eighth century, this historic institution was no longer significant. It had ceased to function in any important capacity and the city was no longer a major research centre for the Islamic
  world.


  The Muslim population continued to migrate, and with them travelled their Arabic translations of many of the great works of the Ancient World. By AD 711, the Arabs and
  Moors had arrived in Andaluca, the southern part of the Iberian Peninsula, where they rapidly established control. They were to remain until 1492 when they were famously expelled by the
  Catholic monarchs, Ferdinand and Isabella. Yet, as early as the tenth century, Christians had launched the Reconquista, an attempt to regain control of Spain from the Muslims.


  In certain major Spanish centres of Islamic culture, like Cordoba and Toledo, Christian traditions continued to survive and Islamic intellectual pursuits were
  appreciated at the same time. Thus, the Christian Reconquista was more of an assimilation, a fusion of different races and religions. Whenever the Christian rulers needed a surgeon, an architect,
  or even a dressmaker, they applied to Cordoba and were as likely to be presented with a Moor or a Jew as with a Christian. So over a period of about three hundred years, the barbaric
  West was given glimpses of the progress that was being made in Spain. Despite these glimpses, the full extent of Islamic achievement was not realized until Toledo was retaken in 1085 and
  King Alfonso VI discovered its buildings, libraries and universities intact.


  Toledo soon became a centre of multilingual culture, with a large population of Arabic-speaking Christians, known as Mozarabs, as well as Jews, Arabs and Greeks. Toledos tradition of
  scholarship, and the books that embodied it, survived the Christian conquest of the city in 1085. A further factor in the preservation of this tradition was that Toledos early bishops and
  clergy came from France, where Arabic was not widely known. The cathedral consequently became a centre for translations, which occurred on a scale of importance that has no match in the history of
  western culture.


  This progress in Toledo is at odds with the common idea of the Dark Ages, the period between the collapse of the Roman Empire and the re-creation of political stability and written historical
  records in Europe. Typically characterized by a lack of central control as well as ignorance, this period is often dismissed as an intellectual black hole. However, thanks to the Arab migration,
  Spain was the most strategically placed country to weather the three hundred years that were the Dark Ages of Europe. In current historical nomenclature, this period is called the Early Mediaeval
  or Early Middle Ages.


  One of the sponsors of translations in Spain was Archbishop Raymund of Toledo (112552). A Benedictine monk, born in French Gascony, he promoted the translation of scholarly texts from Arabic into Latin during his episcopacy. Nineteenth-century historians have even gone so far as to propose that Raymund established a formal translation school.
  However, no specific evidence for such a school has emerged, and its existence is now doubted.


  Nonetheless, Raymund recruited scholars from throughout the Christian world. Among them was a young Italian, Gerard of Cremona. Gerard was the most productive of the Toledo scholars and
  translated 87 books, mostly from the ancient world. These included Ptolemys Almagest, Aristotles Physics and On the Heavens; Euclids Elements of
  Geometry and Archimedes On the Measurement of the Circle.


  Born in Cremona, Gerard was dissatisfied with the meagre philosophies of his Italian teachers, and so decided to travel to Toledo. Though no detailed information exists of the date when Gerard
  went to Castile, it was no later than 1144. In Toledo, he learned Arabic, initially so that he could read Ptolemys Almagest, which retained its good reputation among scholars despite
  the lack of a Latin translation. Gerards story is typical of many of the scholarly pilgrims to Toledo:


  
    
      . . . [He] arrived at a knowledge of each part of [philosophy] according to the study of the Latins, nevertheless, because of his love for the Almagest, which he did
      not find at all amongst the Latins, he made his way to Toledo, where seeing an abundance of books in Arabic on every subject, and pitying the poverty he had experienced among the Latins
      concerning these subjects, out of his desire to translate he thoroughly learnt the Arabic language. . .

    

  


  Gerard of Cremonas Latin translation of the Arabic text of Ptolemys Almagest remained the only version that was known in western Europe for centuries until Johannes
  Regiomontanus, a contemporary of Copernicus, translated it from the Greek original in the fifteenth century. The Almagest formed the basis of a mathematical astronomy until it was eventually
  eclipsed by the heliocentric theory of Copernicus.


  In tracing the transmission and translation of ancient texts from Alexandria to Toledo and the rest of Europe, the mystery of how Copernicus was able to obtain a
  copy of Ptolemys Almagest has been solved. Copernicus studied as a young man in the northern cities of Bologna and Padua, not far from the hometown of the prolific Gerard, the early
  translator of Ptolemys great work.


  Thomas Aquinas


  No discussion of the assimilation of the works of Ancient Greece into Europe is complete, however, without a description of the role of Thomas Aquinas in promoting
  Aristotles writings within the Catholic Church.


  Thomas Aquinas was an Italian thirteenth-century priest of the Roman Catholic Church in the Dominican Order. An immensely influential philosopher and theologian in the tradition of
  scholasticism, he was the foremost classical proponent of natural theology. His influence on western thought is considerable and much of modern philosophy was conceived as a reaction against, or as
  an agreement with, his ideas, particularly in the areas of ethics, natural law and political theory. Aquinas viewed theology, or sacred doctrine, as a science  the raw material data which
  consists of written scripture and the tradition of the Catholic Church. Faith and reason, while distinct but related, are the two primary tools for processing the data of theology. He believed both
  were necessary  or, rather, that the confluence of both was necessary  for one to obtain true knowledge of God. According to Aquinas, God reveals himself through nature, so to study
  nature is to study God.


  It can be said with certainty that the greatest influence upon the thought of Aquinas was the philosophy of Aristotle whom he simply referred to as The Philosopher. How Aquinas
  came to know Aristotles works is important in the intellectual history of the West.


  As we now know, after the fall of Rome Justinian closed Platos Academy and the Lyceum of Aristotle in AD 529. The majority of the
  most important texts of Greek philosophy therefore became unavailable. But Islamic scholars in the near East saved many of these ancient manuscripts they had found in Byzantine libraries and from
  the richest library in the ancient world, the library at Alexandria.


  By the twelfth century, these manuscripts (along with the commentaries made on them) made their way back into Europe by way of Andaluca, Sicily and North Africa. This was due to the
  reactivation of trade routes, which the end of the Crusades made possible. These texts helped to make the twelfth century Renaissance a reality and by the middle of the thirteenth century, French
  and Italian universities became inundated with these ancient texts, especially the philosophical works of Aristotle.


  Because Aristotles method for choosing fundamental principles was not based on observations of any kind, science in the Middle Ages became a theoretical subject and a branch of philosophy
  that was sometimes referred to as natural philosophy. Although the twelfth-century philosopher Roger Bacon and fourteenth-century philosopher Nicole Oresme praised the concept of
  experience and experimentation long before Tycho Brahe measured the heavens in the sixteenth century, these were not the typical activities of a natural philosopher.


  Aristotles methodology included applying a few fundamental principles to the motion of simple objects. However, the manner in which he selected these principles was not in any way
  scientific because he assumed that they could be intuitively perceived as self-evident truths, not through experiment or observation. For example, material objects came to rest in relation to the
  cosmic centre, which was the Earth. Thus an object fell because of its desire to be at the cosmic centre. A heavy object, with its greater density, would therefore fall faster than a light object.
  After performing simple experiments, Galileo would find this to be completely false. Also, Aristotles scheme proposed that in the perfect heavens, objects would move at a uniform speed in
  that most perfect of figures, the circle.


  Greek sciences fatal flaw dominated the study of nature until the Renaissance. Mostly, this was because there was no mechanism to produce consensus, the
  lifeblood of the success of modern science. Thanks to Aristotle and others, Greeks saw tests of scientific conclusions as no more necessary than tests of politics or aesthetics. Conflicting views
  could be argued indefinitely and the idea of something like a critical experiment would never have occurred.


  Later, Aquinas fitted Aristotles complete oeuvre, including his physics and cosmology, together with the Churchs moral and spiritual doctrine to create a compelling
  synthesis. In this way, concepts like motion toward the centre of the Earth, perfect uniform circles in the heavens and geocentricism became part of the Churchs teaching throughout the
  Christian world. This was the context in which Ptolemy produced his masterwork of circles within circles  with no one ever systematically checking parameters or amending models
  to improve accuracy. This lasted for centuries. From the death of Ptolemy until the birth of Copernicus in 1473 there exists in the West not more than a dozen new records of accurate planetary
  positions.


  In the eastern part of the Muslim world astronomers did begin to experiment with new planetary models by adding one or two more epicycles. But unlike the modern viewpoint, these innovations were
  not introduced to improve accuracy but rather to satisfy further philosophical requirements. These little epicyclets were therefore designed to replace the equant, the off-centre
  epicycle, in order to preserve the ancient requirement of uniform circular motion and to set up a purely mechanical model of the planetary system.


  The powerful influence of The Philosopher during the ancient and medieval worlds coupled with the persuasive skill of his disciple Aquinas, resulted in the Church adopting
  Aristotelianism as an integral part of its teaching. Consequently, Aristotelians at the universities were protected  and it was not until the Renaissance that they began to come under
  threat.
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  NICHOLAUS COPERNICUS: INNOVATOR OR TRADITIONALIST?


  It is fashionable today in certain circles of historical writing on physical science to play down the importance of the scientific revolution that occurred during the sixteenth
  and seventeenth centuries. Yet the remarkable contributions of five men, each from a different country in Europe  namely Poland, Denmark, Germany, Italy and England  changed our
  understanding of the universe unequivocally and dramatically in a period of only 144 years. So it seems sensible to use the designation revolution to describe the effects of works
  such as Copernicus De Revolutionibus (1543) and Newtons Principia (1687), since ideas on motion in the heavens and on the Earth were completely transformed. Remarkably,
  these ideas remain intact in the twenty-first century, except in situations of very high velocity and extreme gravity which were modified by Einsteins two theories of relativity in the early
  twentieth century.


  As we have seen, the important works of the ancient world, including the writings of Aristotle, were transmitted to European philosophers via Arabic translations of the originals. These
  documents surfaced in the rich Muslim culture of Andaluca in the twelfth century. After being translated again from Arabic back into Latin, these books made
  their way from Spain to Italy and became available to the next hero of the discovery of the universe, Nicholaus Copernicus.


  Only certain sporadic facts about Copernicus early life are known; sadly, a biography written by his ardent disciple Georg Joachim Rheticus remains lost. However, according to a
  contemporary horoscope, it is known that Copernicus was born on 19 February 1473, in Torun, a city in north-central Poland on the Vistula River, south of the major Baltic seaport of Gdansk. His
  father was a well-to-do merchant and his mother, Barbara Watzenrode, also came from a leading merchant family. After his fathers death, sometime between 1483 and 1485, Nicolaus, the youngest
  of four children, was taken under the protection of his mothers brother Lucas Watzenrode.


  Between 1491 and 1494 Copernicus studied liberal arts at the Jagellionian University in the Collegium Maius, a facility that had excellent specialists in astronomy and mathematics. However, he
  left before completing his degree and travelled to Italy where he resumed his studies at the University of Bologna, one of the oldest and most famous universities in Europe. Founded in the eleventh
  century, Bologna became the principal centre for studies in civil and canon law in the twelfth and thirteenth centuries. The university attracted students from all over Europe


  Copernicus uncle had obtained a doctorate in canon law at Bologna in 1473, and as a young student, Copernicus hoped to pursue the same course of studies. Nicholaus time at Bologna
  (14961500) was short but significant. By chance, he lived in the same house as the principal astronomer at the university, Domenico Maria de Novara. Born in Ferrara in 1454 and a professor
  for twenty-one years at Bologna, Novara had the responsibility of issuing annual astrological prognostications for the city, perhaps for economical reasons as was common in those times. Copernicus
  soon became Novaras assistant and helped with the production of the annual forecasts. In 1497, only a few years after Christopher Columbus arrived in
  America, Copernicus was checking the new and full-Moon times derived from the commonly used Alfonsine Tables. These were then used in Novaras forecast for the year 1498.


  It is also recorded that Novara introduced the young law student to two important books that were to frame his future as a student of the heavens. The first, Epitome of Ptolemys
  Almagest was written by Johann Mller, a German writer known as Regiomontanus, a man whom Novara declared with pride as his teacher. The second was Disputations Against Divinatory
  Astrology by Giovanni Pico della Mirandola. The first provided a summary of the foundations of Ptolemys astronomy and contained critical expansions of certain important planetary models
  which may have helped inform Copernicus heliocentric hypothesis.


  Picos Disputations offered a devastating sceptical attack on the foundations of astrology. Among his criticisms was the charge that astrologers could not be certain about the
  strengths of the powers issuing from the planets because astronomers disagreed about the order of the planets. This book influenced the young student at this critical juncture in his education.
  Picos book also had an influence on other astronomers such as Tycho Brahe and Johannes Kepler, and caused them to question the scientific aspects of astrology. One can assume
  the effect on Copernicus was similar.


  Copernicus quickly began to disregard canon law in favour of more scientific pursuits. In 1500, in the midst of the High Renaissance in Italy, he spoke before an interested audience in Rome on
  mathematical subjects, and between 1501 and 1503 studied medicine at the University of Padua. At this time medicine was closely allied with astrology as the stars were thought to influence the
  bodys dispositions. Thus, Copernicus astrological experience at Bologna was better training for medicine than one might imagine today. It is about this time that he probably came in
  contact with Ptolemys Almagest, as it was readily available in European universities in Latin translations from Arabic.


  In May 1503, Copernicus received a doctorate  like his uncle Watzenrode  in canon law. He received the degree from an Italian university where he
  had not studied but transferred into at a late stage: the University of Ferrara. By the time he returned to Poland, his uncle had become a Bishop and was able to arrange a lifetime position for him
  at the cathedral of Frombork. Copernicus actual duties at the bishops palace were largely administrative and medical. As a church canon, he collected rents from church-owned lands,
  secured military defences, oversaw chapter finances, managed the bakery, brewery and mills and cared for the medical needs of the other canons and his uncle.


  This background seems hardly compatible with a career as an astronomer. In fact, Copernicuss astronomical work took place in his spare time. He considered the study of the heavens to be a
  hobby and dabbled for forty years developing his own Sun-centred geometric system of the world. As a Catholic, he knew the Church would have denounced as heretical any attempt to remove the Earth
  from the centre of the world, so he was in no hurry to publish. In addition, he was actually in a Protestant, Lutheran, country though protected by the Alps from the excesses of the Roman
  authorities.


  At Frombork, Copernicus received an adequate income, which was derived from peasants working the farmlands under his administration, and a lifetime tenured position. He was therefore able to
  afford to indulge his astronomical interest in the structure of the universe. He probably hit upon his main idea of heliocentrism sometime between 1508 and 1514 and during those years wrote a
  manuscript usually referred to as the Commentariolus (Little Commentary). A short, handwritten document distributed anonymously to friends with astronomical interests, the
  Commentariolus is very important in understanding the canons interests.


  Here Copernicus postulated that if the Sun is assumed to be at rest and the Earth is assumed to be in motion, then the remaining planets fall into an orderly relationship. Their sidereal periods (the time it takes for them to circle the Sun as measured from the Earth) increase in magnitude as they recede from the Sun. Consider the following example:
  Mercury takes 88 days to circle the Sun; Venus 225 days; the Earth 1 year; Mars 1.9 years; Jupiter, 12 years and Saturn 30 years. Years later, Copernicus would calculate these periods using
  observations dating back to antiquity.


  Copernicus was aware that his contemporaries would not accept his groundbreaking idea with ease. Consider the following quote from his late work, De Revolutionibus (1543):


  
    
      The ideas here stated are difficult, even almost impossible, to accept; they are quite contrary to popular notions. Yet with the help of God, we will make everything as
      clear as day in what follows, and these for those who are not ignorant of mathematics . . . the first and highest of all the spheres is the sphere of the fixed stars. It encloses all the other
      spheres and is itself self-contained; it is immobile; it is certainly the portion of the universe with reference to which the movement and positions of all the other heavenly bodies must be
      considered. If some people are yet of the opinion that the sphere moves, we are of contrary mind; and after deducing the motion of the earth, we shall show why we so conclude. Saturn, first of
      the planets that accomplishes its revolution in 30 years is nearest to the first sphere. Jupiter, making his revolution in 12 years is next. Then comes Mars revolving once in two years. The
      sphere which contains the Earth and the Moon and which performs an annual revolution occupies the fourth place in the series. The fifth place is that of Venus, revolving in nine months.
      Finally, the six places occupied by Mercury revolving in just 80 days. In the midst of all, the Sun reposes, unmoving.

    

  


  At Frombork, Copernicus again tried to justify his new way of thinking:


  
    
      For a long time I reflected all the confusion in the astronomical traditions concerning the derivation of the motion of the spheres of the
      universe. I began to be annoyed that the philosophers have discovered no sure scheme for the movements of the machinery of the world, created for our sake of the best and most systematic Artist
      of all. Therefore, I began to consider the mobility of the earth and even though the idea seemed absurd, nevertheless I knew that others before me had been granted the freedom to imagine any
      circles whatsoever for explaining the heavenly phenomena.

    

  


  In addition to his own research, his studies uncovered other writers who had considered the movement of the Earth, like the second century Athenian philosopher Plutarch and the Roman orator
  Cicero. He thus felt validated in the concepts he was developing towards his own theory. Since his work was not in the public domain, and he held a position as a canon in a small cathedral
  precinct, Copernicus did not promote himself as an astronomer. Still, his reputation outside local Polish circles as a stargazer of considerable ability is evident from the fact that in 1514 he was
  invited to offer his opinion on the critical problem of reform of the calendar at the Churchs Fifth Lateran Council.


  We can therefore be fairly certain that Copernicus explored the accepted system of the heavens  that of Ptolemy  during his studies (of canon law) in Italy at the peak of the High
  Renaissance and found it wanting. He then spent a long career as a churchman in a provincial parish in Poland whilst secretly working on the orbits of planets, the movement of the Sun and the Moon
  and other questions before finally publishing his work in what was to become one of the most famous books ever printed. But what exactly motivated Copernicus to spend forty years developing an
  alternative to Ptolemys Earth-centred model  a model that seemed satisfactory to most astronomers and astrologers in the early part of the sixteenth century?


  Was the main purpose of his introducing a new system to improve the accuracy of the predictions of the planetary positions? Or was he attempting to get closer to
  the Platonic ideal by using new combinations of circles resulting in fewer uniform circular motions? Or did he wish to eliminate the troublesome equants introduced by Ptolemy? Or lastly did he
  propose his new system on aesthetic grounds of greater simplicity and beauty?


  If his own writing is to be believed, Copernicus was indeed concerned with Platos old problem, that is, to construct a system by combining the fewest possible uniform circular motions.
  Furthermore, it does appear that he was trying to rid the Ptolemaic system of that which seemed so contrary to Platos assumptions, that is the unpopular equant. As early as 1512 he wrote in
  the Commentariolus:


  
    
      . . . the planetary series of Ptolemy and most other astronomers, although consistent with the numerical data, seem likewise to present certain difficulties. For these
      theories were not adequate and unless certain equants were also conceived; it then appeared that a planet moves with uniform velocity neither on its deferent nor about the centre of its
      epicycle. Hence a system of this sort seemed neither sufficiently absolute nor sufficiently pleasing to the mind. Having become aware of these defects, I often consider whether there could
      perhaps be found more reasonable arrangement of circles, from which every apparent inequality would be derived and in which everything would move uniformly out of its proper centre.

    

  


  Copernicus is often described as a revolutionary figure in the history of astronomy, but in many ways he is the last representative of the old Ptolemaic tradition rather than a harbinger of the
  new. He laboured for forty years on his model, adding and removing circles (much as Ptolemy did) in an attempt to explain the structure of the universe and the motion of the planets.


  Copernicus new model was entirely within the Ptolemaic tradition  he completed his system by appropriating over thirty epicycles and eccentrics. His approach included many of the
  same philosophical methods of the Alexandrian of fourteen centuries earlier, and in many ways appeared to be writing a new version of The Almagest. Clearly,
  he was compelled by his background to consider only the constructions consistent with the philosophy of the ancients, particularly Plato and Aristotle.


  However, despite the fact that Copernicus added no new physics and seemed intent on making merely another calculating machine to predict the position of the heavenly bodies at any arbitrary
  time, he did propose a whole new world view by placing the Sun at the centre of his system. In his model, all of the planets  including the Earth  revolved around the Sun.


  Maybe it is not fair to minimize Copernicus contribution to the eventual development of the Newtonian solution to the problem of motion in the solar system. Though he was caught up in the
  use of the same non-physical devices  epicycles  invented by Ptolemy, his approach can seem quite modern in twenty-first century terms if we consider the assumptions on which his
  model was based. True, some of these merely mimic Aristarchus, but the Polish clergyman was very clear and precise in his postulates and that, in a sense, is very modern indeed. He wrote:


  
    	
      There is no one precise, geometrical centre of all the celestial circles or spheres.

    


    	
      The centre of the Earth is not the centre of the universe, but only of gravitation and other lunar sphere.

    


    	
      All the spheres revolve around the Sun and therefore the Sun has a central location in the universe.

    


    	
      The distance from the Earth to the Sun is very small in comparison with its distance to the stars [this explains why there is no parallax].

    


    	
      Whatever motion appears in the sky arises not from its motion but from the Earths motion.

    


    	
      The Earth together with its water and air performs a complete rotation on its fixed poles in a daily motion, while the sky remains unchanged.

    


    	
      What appears to us as the motion of the Sun arises not from its motion but from the motion of the Earth and we revolve about the Sun like
      any other planet; the Earth has then, more than one motion.

    


    	
      The apparent retrograde motion of the planets arises not from their motion but from the Earths. Motions of the Earth alone therefore are enough to explain so many
      apparent motions in the sky.

    

  


  
    In addition, there are two major simplifications of the Copernican system over the Ptolemaic scheme, which must have convinced many contemporaries that Copernicus had made not just a better
    calculator for predicting planetary positions, but had indeed discovered the true structure of the world. The first was an explanation for the orbits of Mercury and Venus, the morning and evening
    stars, which are bright objects that sometimes rise just before or after the Sun. That is because these are always close to the Sun.

  


  For Copernicans, this phenomenon was easy to understand. Both of these were interior planets and circled close to the Sun. When viewed from the Earth, they follow close behind the
  rising or setting of the Sun. The Ptolemaic system considers that if Mercury, Venus and the Sun travel independently with separate orbits, they should appear to be widely separated at some point in
  time. Ptolemy thus must have assumed these planets were somehow attached to the Sun, travelling with it. Why these two planets were singled out to be tied to the Sun while the others were free to
  roam remained unanswered by Ptolemy.


  The second simplification is even more dramatic. Copernicus was able to explain the retrograde motion of some planets without the use of an epicycle as shown earlier in the figure in the section
  on Artistarchus. It is evident that as the faster moving Earth passed one of the slower moving exterior planets, for example Mars, the slower planet would appear from the Earth to
  back up and then move forward again as the Earth passed it in its orbital motion. These demonstrations must have been reassuring for the Copernicans to point to
  when discussing the relative merits of the two systems.


  We know today that these differences between Copernicus and Ptolemy depend on the frame of reference. Ptolemy was standing on the Earth when making his observations and assumed that the Earth
  was motionless. Copernicus preferred to believe that he was somehow looking from the Sun. His point of view was based on watching the planets swirl in orbits 360 degrees around the Sun, that fiery
  star which illuminates and powers planets with its radiation.


  Today, in spite of our understanding of the arrangement of the heliocentric solar system, all stargazers, whether amateur or professional, still use the Ptolemaic viewpoint (a perspective taken
  from a stationary Earth). This is not surprising as coordinates and subsequent measurements are much less complicated when taken from the geocentric point of view. However, computing the position
  of the planets as seen from the Earth is still a challenging prospect.


  It was not surprising that Copernicus was reluctant to publish his book. In the mid-sixteenth century, the notion of the moving Earth seemed somewhat absurd. First of all, medieval cosmology and
  physics was based on the idea that the Earth was the centre of the universe. This assumption was a starting point for the great philosophers, including Aristotle, who postulated that objects fall
  to the Earth because, as we have seen before in his work On the Heavens, objects tend to fall to the centre of the universe. Additionally, rapid motion of the Earth (now known
  to be about 18 miles (29 kilometres) per second in the orbit around the Sun) would elicit severe criticism as it was thought at that time that objects would fly off the surface of the Earth.


  De Revolutionibus


  To some, the life of Copernicus may seem quite dull: a church official secretly writing his astronomical masterpiece over almost four decades in a corner of a tower next
  to his parish church. But a great deal of excitement is associated with the publication of his great work, which did not occur until he was near death. Strangely,
  the most interesting part of his life story could well be the intrigue surrounding the actual publication of his magnum opus in 1543, for its publication is shrouded in exceptional deception
  and betrayal amongst his colleagues.


  The writing was hidden for some thirty-six years. Copernicus himself was only given a printed copy of his manuscript a few hours before he died. But before it was printed, a few bizarre
  characters managed to find out about his work and affect its publication. The first, a twenty-five-year-old Lutheran admirer, was an academic from the University of Wittenberg named Georg Rheticus.
  He came to stay with Copernicus in 1539 and stayed almost three years, between 1539 and 1542. During that time, he managed to convince the older man into publishing the main elements of the
  heliocentric hypothesis as part of a minor document called Narratio Prima, in 1541. Rheticus even agreed to put his name on the piece instead of Copernicus though it was a joint
  endeavour.


  Narratio, a summary of the theoretical principles of the model, was a kind of trial balloon for what was to come in the full treatise. Frustrated that the work was still
  mostly unknown, Rheticus elicited Copernicus consent to full disclosure by using a clever pretext. Rheticus reasoned that the full work would demonstrate the value of the new theory for
  computing more accurate planetary tables. In addition, Copernicus work could be presented only as modification of Ptolemys.


  Rheticus was anxious to get the work into print and when the manuscript was completed, he ignored the reluctance of the author, who by now must have been frail and retiring. When Rheticus left
  Frauenberg to return to his teaching duties at Wittenberg, he took the precious text with him in order to arrange the publication at Nurenberg at one of the best printers in Germany. However,
  finding himself to be too busy to arrange the printing himself, he turned the task over to Andreas Osiander, a theologian with valuable experience of getting books through production.


  But in an outrageous breach of confidence and propriety, Osiander added an unsigned letter to the reader right after the title page. This note
  ultimately undermined Copernicus belief that his scheme was true and correct, and suggested that the model was merely hypothetical. Without referring to the author or his acolyte Rheticus,
  Osiander wrote that there was no pretence of truth in the book and that astronomy was, in fact, incapable of finding the causes of heavenly phenomena. The unsuspecting Rheticus and Copernicus found
  themselves double-crossed. Moreover, since the authorship of the letter was not indicated in the printing, the letter became the preface to De Revolutionibus. Osiander was probably motivated
  to appease church authorities in hopes that they would not block the publication of what was then a heretical viewpoint.


  The identity of the rogue writer was not known until over sixty years later when Kepler revealed what was generally the best-known secret among sixteenth-century astronomers. Though
  Osianders actions were surely unacceptable with regards to preserving the original characteristics of the work of an author, it did make it possible for De Revolutionibus to be read
  as a new method of calculation rather than as a work of natural philosophy. In so doing, this may have contributed to the initial positive reception of the book. Perhaps this was Osianders
  intention after all.


  Legend has it that a copy of De Revolutionibus was placed in Copernicus hands just after he lost consciousness from a stroke in Frombork on 24 May 1543. Even more romantic is the
  postscript to this tale, for it is said that Copernicus later awoke long enough to realize that he was holding in his hands his great work and . . . then he expired. This may be apocryphal but
  nevertheless will forever take its place as part of the folklore of the history of astronomy.


  As Copernicus expected, his theory was denounced as false and altogether opposed to the Holy Scriptures. For had it not been written in the Bible that the Sun moved:


  
    
      On the day the Lord gave the Amorites over to Israel, Joshua said to the LORD in the presence of Israel: O sun, stand still over
      Gibeon, O moon, over the Valley of Aijalon. So the sun stood still, and the moon stopped, till the nation avenged itself on its enemies, as it is written in the Book of Jashar.
      The sun stopped in the middle of the sky and delayed going down about a full day. . .

    

  


  There is an unusual coda to the publication of this historic book. According to another provocative and unsubstantiated comment made by the science historian Arthur Koestler in his well-known
  volume, The Sleepwalkers, De Revolutionibus was not widely read at the time of its first publication. However, Owen Gingerich, a widely recognized authority on Copernicus, was
  sceptical of this remark and undertook a thirty-five year-long project to examine every surviving copy of the first two editions of the work. After a heroic effort of dogged scholarship, in most
  cases personally examining the rare copies, he disproved Koestlers assumption, showing that annotations in the margins of these now expensive collector items proved that contemporaries had
  indeed read De Revolutionibus. Starting with a heavily annotated copy he found in Edinburgh, Gingerich was encouraged at the evidence of an expert readership and thus concluded that there
  was great interest and debate about the book.


  This research earned Gingerich the Polish governments Order of Merit in 1981 and his efforts and conclusions were published in a book for general readers entitled, The Book Nobody
  Read (2004). Ironically, due largely to Gingerichs work, De Revolutionibus is now researched and catalogued better than any first-edition historical text in existence except the
  original Gutenberg Bible. As regards the value of a first edition copy of this famous work, a recent sale at Christies of important scientific books brought a sale price in excess of US$2
  million.
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  RENAISSANCE ASTRONOMY: TYCHO BRAHE AND JOHANNES KEPLER


  In August 1563 a young Danish student, aspiring to be an astronomer, first noticed a significant discrepancy between his own observations of certain planets and the predictions
  of the contemporary planetary tables of the time, the Alfonsine and the Copernican ephemerides. His name was Tycho Brahe. Here is a report in his own words, taken from a short autobiography that
  appears in his well-known later work, Mecanica (1598):


  
    
      In year of our Lord 1563, on the occasion of the great conjunction of the upper planets, which took place at the end of Cancer and the beginning of Leo, I had reached the
      age of sixteen years and was occupied with studies of classical literature in Leipzig where I lived with my governor. During the evenings I began to study astronomy more and more with the aid
      of a few books, particularly Ephemerides which I bought secretly in order that the governor should not become aware. Having a natural inclination for the subject, I quickly got accustomed to
      distinguishing the constellations of the sky and in the course of a month I got to know them all.


      Soon my attention was drawn towards the motion of the planets, but when I noted their positions on the fixed stars using lines drawn between them, I noticed that their positions agreed neither with the Alfonsine tables nor the Copernican tables, although the agreement of the latter was better. I began to make measurements with a crude
      instrument I constructed myself, somewhat like a compass, and though this was not very accurate it became quite clear to me that both tables suffer from intolerable errors. This was actually
      apparent from the great conjunction of Saturn and Jupiter in the year 1563, which I mentioned at the beginning and this discrepancy is precisely the reason why I became interested. The
      discrepancy was a whole month for the Alfonsine numbers even several days compared with those of Copernicus.

    

  


  From that moment 1563, through the whole development of the scientific revolution and into the modern era, observation has guided speculation in the evolving picture of the
  universe. From Tychos self-made crude instrument in Leipzig to Galileos refinement of the telescope; from the advent of the spectroscope to the orbiting of the Hubble Space Camera;
  from simple radiometers to the x-ray detectors studying black holes, new phenomena have been followed by new theories of explanation that continually transform our understanding of the universe. It
  is not an overstatement to suggest that the primacy of observations over theory that has characterized science for four hundred years began with Tycho in 1563.


  Tycho is famous to many thousands of casual followers of the history of astronomy as the eccentric aristocratic who lived on a desolate island and famously wore a metal plate on the bridge of
  his nose. Only a few of those who have heard of the eccentric Dane know anything at all about his contribution to the history of the discovery of the universe. In fact, the significance of the
  contributions of Tycho to the story of the discovery of the universe cannot be over emphasized.


  Nevertheless, to all but historians and astronomers, his importance is generally unknown. He didnt invent a new solar system like Copernicus or a new force, like gravity, as discovered by
  Newton. But in concert with his protg Kepler, he started the new physics of the sky based on observation and instrumentation rather than theory.


  The meeting of these two eccentric characters at the very beginning of the seventeenth century is remarkable in its providence. The symbiosis was perfect as one could not excel without the
  other. And it began that evening in 1563 when Tycho first noticed the large discrepancies between his observations and the predictions recorded in Ptolemys (from AD
  150) and Alfonso Xs (from AD 1250) tables.


  Life of a Noble Astronomer


  Tycho was born three years after Copernicus received the first copy of De Revolutionibus on his deathbed. A self-determined and confident stargazer from his
  university days, in 1563 he found himself frustrated by the inaccurate prediction of a Jupiter-Saturn conjunction which was the result of using the accepted tables of Ptolemy, now over one thousand
  years old. The young nobleman knew he could do better and secretly began recording the positions of the planets in the night sky when he was supposed to be studying jurisprudence. He pursued his
  interest despite strong resistance from his aristocratic family, who expected him to follow a career as a court diplomat  not a lonely stargazer.


  After his foster father died, however, he became fiercely independent, travelling in Germany and Switzerland and meeting other astronomers. By 1572 with his mothers brother he had set up
  a laboratory in an old abbey for the scientific study of astronomy and alchemy. It was here that he realized his first break: a new bright star that appeared in the constellation Cassiopeia. In a
  matter of months, Tycho became known throughout Europe for his precise determination of the position of the new star, now called a supernova. And not only did he prove that it was indeed a star,
  but also that it was positioned well outside the orbit of the Moon. Tycho can therefore be credited with demonstrating that the starry heavens were not immutable, as Aristotle had insisted.


  A few years later, when King Frederick heard that the now-famous Tycho was planning to leave for the better astronomical facilities in Basel, he made Tycho an
  offer he couldnt refuse. The king would give Tycho an island in the middle of the sound near Copenhagen, called Hven, on which he could build his own observatory. The island would also be
  his personal fiefdom for perpetuity with all appropriate incomes.


  Naturally, Tycho accepted the offer at once and moved to the island to supervise the construction of Uraniborg, his private palace and observatory. He wasted no time in starting his careful
  astronomical measurements. The indefatigable Dane not only supervised all the measurements with a ferociousness of a tyrant, but he also designed and constructed the massive instruments that were
  necessary to obtain the accuracy he demanded.


  For the next twenty years, he and his slavish assistants carried out systematic observations of the sky, amassing a treasure of data on the motion of the planets and the position of the
  stars.


  When his benefactor Frederick died suddenly in the middle of his historic tenure, Tycho managed to wrangle an agreement to secure the fiefdom for his heirs from the Regency Council. This was in
  spite of the illegitimate status of their birth, a result of Tychos marriage to a commoner, which was not recognized by the nobility.


  Eventually, in 1597, Tycho fell out with the new king, Fredericks son Christian IV, who was now coming of age. Apparently, the Lord of Uraniborg had been treating the island inhabitants
  harshly and neglecting the upkeep of a chapel where the young kings father and grandfather were interred. Difficulties with Christian continued and soon Europes best-known astronomer
  fell into disgrace with the Danish court. He left Hven the next year, threatening to travel into voluntary exile.


  Much to Tychos surprise, the young king let him go, banishing him from his own homeland. The arrogant and determined astronomer was then forced to transport all his movable instruments
  and extensive entourage to Germany while earnestly seeking a new sponsor and a place to work.


  While he was waiting on the continent, promoting his services to several European courts, Tycho received a startling book describing the structure of the
  universe from Johannes Kepler, a teacher of mathematics in a provincial Austrian town. Struck by Keplers boldness and obvious mathematical prowess, Tycho immediately invited Kepler to join
  him as an assistant. However Kepler had just married a local widow in Graz, and a move to northern Germany was too far away for him to consider.


  Nevertheless, Tycho and Kepler soon got together, almost by chance. When the Dane accepted an invitation as Imperial Mathematician to the court of Emperor Rudolf II in Prague, it brought him
  much closer to Kepler. What is more, the Lutheran schoolteacher in Catholic Styria was under increasingly severe persecution by the Counter Reformation, and was now in a position to take
  Tychos offer more seriously. In 1599, after he refused to become a Catholic, Kepler was finally banished from his home. Frantically, he accepted Tychos invitation. As the new century
  dawned, the two exiles in Bohemia were destined to start the golden age of astronomy.


  They finally met on 3 February 1600 in Benatky Castle, 22 miles (35 kilometres) northeast of Prague, where Tycho was attempting to build another Uraniborg. Radically different backgrounds and
  temperaments meant that the meeting between the two men was tense. In Arthur Koestlers words, they . . . met face-to-face, silver nose to scabby cheek . . . opposite in every respect
  but one: the irritable choleric disposition which they shared.


  Once they started working Tycho decided to challenge the young upstart by assigning him with the research pertaining to the difficult orbit of Mars. Passing out only small bits of orbit
  information at a time, Kepler argued regularly with Tycho for several months. Aware that he was being patronized as a beginner, Kepler decided to leave. He pleaded with his former professors for an
  academic position at his old University in Tbingen but was refused. This left him no other option but to continue under the thumb of the overbearing Tycho,
  Imperial Mathematician to the Hapsburg Emperor.


  Not the least of Keplers frustration was Tychos constant nagging him to use the strange cosmological system the Dane had devised in which most of the planets circle the Sun, but
  the Sun and Moon went around the stationary Earth. This was almost too much to bear for the headstrong German who had been convinced of the validity of the Copernican heliocentric system during his
  student days.


  And then something unexpected happened. During a banquet on 13 October 1601 at the home of Petr Vok in Hradcany Palace, Tycho was indulging in his usual excessive eating and drinking. Feeling
  the urge to relieve himself, he waited in customary deference to his host who was still seated at the table. Suddenly, the corpulent nobleman collapsed on the banquet floor with a severe bladder
  ailment. By the time he returned home he could not urinate. After five days of sleepless agony caused by the acute uraemia, he found himself on his deathbed surrounded by his wife Kirsten and a few
  associates, including Kepler.


  As fate would have it, Tychos two closest colleagues, the trusted long-term assistant Christian Longomontanus and Tychos son-in-law Franz Tengnagel, were both away from Prague.
  Realizing he was dying, the fifty-six-year-old Dane had no option but to promise the legacy of his astronomical treasure of measurements to the unsuspecting Kepler. He implored Kepler to use his
  hybrid system of the world  half ancient geocentric and half heliocentric  in calculating the planetary orbits: Dont let me have lived in vain, he cried,
  as he sank into unconsciousness. In spite of the Danes pathetic plea, Kepler had no intentions of considering Tychos world system. The cumbersome model could not possibly be
  reconciled with the Germans idea of a physical force emanating from the Sun, which then moves the planets.


  Kepler had long believed that if he could only get his hands on the volumes of accumulated data which Tycho had been hoarding all these years, he could prove
  that the heliocentric scheme and his own physical ideas were correct. He would be in luck. Following Tychos elaborate burial ceremony in the grand Tyn Church on Pragues Old Town
  Square, the Emperor Rudolf II shocked the Habsburg Court by appointing the inexperienced Kepler as Imperial Mathematician. Rudolf charged him with completing the colossal task begun by Tycho of
  generating the complete elaborate mathematical tables for predicting the planetary positions for all time. With the autonomy of his prestigious position and access to all the measurements from
  Uraniborg for the very first time, Kepler now set out to revolutionize mans view of the universe. He hoped to develop a correct description of the motion of the planets, which he believed
  was caused by the force of the Sun. This was to be a new conceptual framework, a physical astronomy.


  Johannes Kepler


  In the quiet medieval town of Weil-der-Stadt in Germanys Black Forest, the impressive monument to Johannes Kepler dominates the main square. The statue shows Kepler
  sitting enthroned on an octagonal pedestal supported by relief carvings depicting his teacher, Michael Maestlin, his predecessor, Nicholaus Copernicus and his collaborator, Tycho Brahe.


  Today hardly anyone visits Weil, remote as it is from any major cosmopolitan centre and removed from the main tourist trail. Unlike the beer halls of Heidelberg or the castles on the Rhine,
  there is no special reason to detour to this backwater  unless one knows the story of Kepler and his triumphant programme to overthrow ancient astronomy that began at the beginning of the
  seventeenth century. Kepler died at Regensburg in 1630 during the ravages of the Thirty Years War and his grave was overrun by marauding troops. Its exact location is unknown  a far
  cry from the elaborate tombs of Galileo in Florence or Newton in London.


  Fortunately, during the twentieth century a passionate group of cognoscenti in Weil-der-Stadt have acted to preserve Keplers legacy in the town and
  in 1930, at ceremonies in Weil commemorating the three hundredth anniversary of Keplers death, the famous English astronomer Arthur Eddington travelled to Weil to pay his respects with a
  special address. Later, in 1971, an astute group of scholars from all over the world descended on the little town for a conference on Keplers work to mark the four hundredth anniversary of
  his birth. Today, as appreciation for his work grows, tributes continue. In August 2009 in Prague an international conference called Keplers Heritage in the Space Age
  was organized on the occasion of the four hundredth anniversary of the publication of Keplers major work Astronomia Nova.


  Strolling through the narrow streets of the provincial town today, one can imagine the scene on Christmas Eve, 1571, in the crowded little house on the corner of what is now called
  Keplerstrasse. If Johannes Keplers diary recollections of his family can be believed, the Yuletide was accompanied by the heavy drinking of home-made brews and secret potions, violent
  arguing and praying as well as bizarre incantations.


  In a corner of the warmest room was a young woman sipping one of her own infusions, concocted to keep away evil spirits from the foetus growing in her womb. Three days later, an infant boy would
  be born prematurely into a world where alchemy, astrology and witchcraft were still taken seriously. Johannes mother, Katherina Guldenmann, the daughter of an innkeeper, and his father
  Heinrich Kepler, a mercenary soldier, lived with her parents and several other relatives in the small house in the centre of the provincial town.


  The Kepler family was part of the Lutheran community in Wttemberg, a Protestant enclave surrounded by the Catholic Habsburg Holy Roman Empire. Yet Luther did not impress Keplers
  father, Heinrich. Records tell us he was a lustful soldier of fortune who could never settle down, repeatedly disrupting the Kepler household. When Johannes was only three, Heinrich joined a band
  of mercenaries fighting Protestant rebels in the Netherlands.


  Johannes was a sickly and frail child who suffered from physical ailments throughout his adolescence. But his spiritual, philosophical and intellectual lives
  were as rich as his physique was poor. When the young man started his schooling, only one generation had passed since the death of Luther and the movement, which was to become known as the Counter
  Reformation begun. The Jesuits were in the process of developing an advanced educational system, which is still in evidence today. The clarion call had come from Ignatius Loyola in Spain: If the
  Muslims had used the sword for conversion, the Jesuits would use the classroom.


  To compete with the Jesuits, the Lutheran Dukes of Wttemberg had created an excellent school system of their own which they administered in the towns and villages of Germany. After winning
  a scholarship to one of these schools, Kepler thrived on a full academic programme in history, mathematics and science. The school curriculum also demanded intensive study of classical Latin with
  composition, grammar and public speaking. The boys in the Latin schools were forbidden to speak to each other in any other vernacular, thus becoming fluent in the ancient language. This superb
  education was cost-free, which was just as well, as the Keplers would not have spared a penny from their meagre resources for something as non-essential as schooling.


  Given the opportunity to use his exceptional intellectual gifts, at the young age of eleven Kepler passed an important competitive examination in Stuttgart and gained a place in the
  Wttemberg scholarship system. This assured his further education in the states monastery school in Adelberg and, most importantly for the future, his higher education at the
  prestigious Tbingen University.


  Having shown exceptional ability at an early age, he was given further special consideration by the authorities, who were only too pleased to encourage the development of a devout young Lutheran
  who may one day be preaching to the faithful. Taking his vocation as a theologian quite seriously, the young Kepler did not complain about the strict regime of the
  upper Latin school.


  By the age of fifteen, he was already an intellectual who lived most of his life above his shoulders. The rest of his body seemed to be only a source of pain and distraction. The confusion and
  depression of adolescence turned into high-minded spirituality, expressing itself in the intense discipline of study. The incisive highbrow thinking that produced awe in his dealings with powerful
  men in his later years, not surprisingly caused resentment and even hatred in the minds of his adolescent classmates.


  The 25th September 1588 was an important day for the fervent teenager, now hungry for academic success and acceptance by his school supervisors. During this fateful year, in which his father
  also abandoned the family forever, Kepler passed the baccalaureate examination for admission to the prestigious Tbingen University.


  Tbingen University, and in particular its theological seminary, was one of the most renowned centres of German learning. Here Kepler thrived as an excellent university student,
  enthusiastically attending lectures in ethics, dialectics and rhetoric as well as Greek and Hebrew, which were necessary to decipher the original biblical texts. In addition, there was astronomy
  and physics, which would later become so important to the unsuspecting seminarian.


  In time, some of his teachers noticed a more developed interest in astronomy and mathematics than would be expected of a theology student. Of these teachers, Michael Maestlin was the most
  important. An esteemed member of the Tbingen faculty at the time of Keplers arrival, Magister Maestlin was twenty years older than his young charge, and one of the most capable
  astronomers of his time. He taught Ptolemys system of the world in his lectures but also discussed the Copernican system. He was perhaps the only academic in Europe to give serious attention
  to heliocentrism and deserves a great deal of credit for introducing Kepler to Copernicus. It has been reported that the professor met secretly with a small group
  to discuss the new system, fearing the repercussions of any public espousal of the Copernican system.


  Maestlin had a curious attitude concerning the two world systems. For example, his personal copy of Copernicus De Revolutionibus is the most heavily annotated copy in existence.
  Yet in 1582 he wrote a major work on Ptolemaic Astronomy, Epitome Astronomiae, in which there was no mention at all of the heliocentric system. Even years after Kepler had established the
  validity of the Copernican model with his work on the orbit of Mars, Maestlin still had not openly advocated the new system. Nevertheless the ever-generous Kepler acknowledged his
  great debt to Maestlin from his university days in many of his letters and books:


  
    
      Already in Tbingen when I followed attentively the instruction of the famous Magister Michael Maestlin, I perceived how clumsy in many respects is the hitherto
      customary notion of the structure of the universe. Hence I was so very delighted by Copernicus, who my teacher very often mentioned in his lectures.

    

  


  In August 1591, Kepler received his MA from the University and entered the three-year theology course based in The Stift, the most prestigious seminary for aspiring Lutheran theologians in
  Europe. Reports on Keplers behaviour in these years indicate that he focused solely on the pulpit and the subject of astronomy had little importance to him. Kepler himself later wrote about
  his courses in science and mathematics  the prescribed studies  but said nothing to indicate any particular inclination for astronomy.


  From Magister Maestlins initial lectures on the various world systems, Kepler seemed to instinctively glean that Copernicus was right. The beauty and simplicity of the heliocentric model
  appealed to his aesthetic sense of how God had made the universe.


  Twenty years earlier, the worlds most accurate astronomical observer, Tycho Brahe, had rejected Copernicanism because he could not detect any stellar
  parallax, which should result from viewing the stars from a moving Earth. Keplers opponents at the university did not need such proof  the idea of humanitys home in the
  universe flying through space at the speed required by the heliocentric model at 67,000 mph (108 kph) or about 1,000 times faster than the speed of an auto on a highway, was ridiculous to most.
  Still, Kepler argued with his cynical fellow students and demonstrated the consequences of such motion using the practical astronomy he had learned from Maestlin.


  Religious conflicts haunted Kepler throughout his life, and this had a very particular impact on his passion for astronomy. He was sure Copernicus system was correct; however, at
  Tbingen he was left with no other choice than to support the Ptolemaic geocentric model adopted by the Lutherans. He had not been censored within the safe confines of Wttemberg and had
  not yet faced the animosity of the Catholic scourge of the Counter Reformation that was otherwise rampant in other parts of the Holy Roman Empire. This movement would attempt to dictate not only
  what he could believe about the motion of the planets, but also how he could practise his faith. To Kepler, whose life was built around his relationship to his creator, such dictates would prove to
  be intolerable restrictions on his personal freedom.


  Reading the diaries and letters which Kepler wrote during his years as a seminarian, it would seem that in addition to science, he had a complex and well-reasoned opinion on just about
  everything. In the later years of his life  and centuries later, by the historians who assessed him  this penchant would bring both admirers and detractors. But Kepler was not
  pretentious; he simply could not ignore any challenge to his formidable intellect, particularly in matters of religion and science.


  If intellectually Kepler was clearly blessed then physically he seemed to carry a curse. In addition to the catalogue of ills that fill his personal horoscope of
  1597, he also complained of terrible haemorrhoids, which often required him to work standing up rather than sitting at the table. According to his diary, he only chanced a bath once in his life.
  Against his better judgment and after constant nagging from his wife, he reluctantly immersed himself in a hot tub when he was about thirty years old. Its heat affected me and constricted my
  bowels, he wrote.


  Many historians have noted on Keplers remark that as a child he never felt any particular inclination towards astronomy. However, recollections made in his mid-twenties give a fascinating
  record of what did impress Kepler as a child, namely seeing a comet in the sky at the tender age of six years. The schoolboys mother had roused him from sleep and led him to the slope of a
  hill to see the rare star with the hairy tail spread across the sky. Kepler remembered this incident with clarity and wonder, even if during his university years he may not have been
  aware of the intensity of his interest in astronomy.


  A New Direction


  In the spring of 1594 the earnest seminarian was looking forward to becoming a Lutheran minister. However, Georgius Stadius, the mathematics teacher at the Lutheran
  Stiftsschule in the provincial Austrian town of Graz in Catholic Styria, died suddenly. As established procedures dictated, the Lutheran authorities in Graz immediately sent a request to
  Tbingen University for a teaching replacement. In one of the most bizarre shifts among many in Kepler fortunes, he was selected by the University senate to fill the post.


  After much soul-searching and tense discussions with the university authorities, the theology student accepted the teaching position as a temporary assignment, no doubt with humble gratitude for
  the entirely free education he had received under the patronage of the Lutheran Dukes. Kepler collected his belongings, his books and his pride and set off for Graz. Could he survive in the outside world, completely responsible for himself for the first time in his life? He would be travelling to an unfamiliar land, one dominated by the Catholic
  Habsburgs.


  In Graz, the strong-headed, opinionated teacher would face a new adversary, the Roman Catholic Church. Here in the late part of the century, the pressures of the Counter Reformation were
  intensifying as Catholic rulers schemed to rid their lands of heretics and to nullify the concessions that Emperor Maximilian had made to the Protestants many years before. Controversy began to
  swirl amongst the Lutherans in Graz as the Counter Reformation gathered momentum.


  Given the tensions between Catholics and Protestants during the final decade of the sixteenth century, Graz would seem the last place to send a young seminarian who was inflexible and outspoken
  in his religious beliefs. Nevertheless, on 11 April 1594 (according to the Gregorian calendar) Kepler arrived in the provincial town, entering a religious and political atmosphere quite different
  from the Lutheran enclave of Tbingen.


  Just over a year after his arrival, a remarkable incident occurred while he was lecturing to his astronomy class. He made a discovery, which he believed revealed how God had made the universe.
  This vision would affect everything he did in astronomy from that day forth. On that fateful morning in July 1595, Kepler was introducing his small class to the unusual notion that the outer
  planets Jupiter and Saturn produce a conjunction every twenty years. That is to say that the two planets, one behind the other as viewed from the Earth, appear to be at the same point in the
  sky.


  The conjunction first appeared in the constellation Aries and then appeared in Sagittarius; next in Leo and then back to Aries, albeit not in the same exact location as the original conjecture.
  Each conjunction was seen to move about 9 degrees forward in the direction of the movement of the zodiac. If straight lines are drawn connecting these points, an interesting symmetric diagram is
  generated.


  
    

    [image: ]


    Keplers model of the spacing between planetary orbits, 1595.

  


  At a time when there was no distinction between astrology and astronomy, such recurring conjunctions of the two major planets, eight zodiac signs displaced from each other, was noteworthy.
  Kepler, who had some respect for astrology, proceeded to draw straight lines connecting the successive points on the zodiac circle where the conjunctions were observed over many years.
  Surprisingly, this formed a series of equilateral triangles, each rotated 9 degrees from the other around the zodiac. Stepping back, he observed that an inscribed circle had been generated by the
  outline of the points where the triangles intersected. The symmetry of the final diagram could be represented by a single equilateral triangle inscribed within the two circles. Suddenly, he noticed
  the ratio that the diameters of the circles were close to the ratio of the diameters of the orbits of the two planets as published by Copernicus. Inspired by his discovery, he imagined that by
  inserting different geometric figures between the planetary shells he might explain the spacing between the orbits of the planets.


  He immediately considered other geometric figures bearing high symmetry relative to their sides. Further calculations showed that simple two-dimensional figures like a triangle and a square did
  not give very good agreement with relation to the spacing between planets. So he considered three-dimensional solids. Is not the universe three-dimensional, he asked, reassuring himself. The
  triangle therefore became a tetrahedron; the square became a cube, etc.


  He also interchanged the various geometric figures in order to get the best agreement. He replaced the original triangle, the two-dimensional figure between Jupiter and Saturn, with a cube, a
  three dimensional figure, which gave a better result. Proceeding in this manner, he used only the regular polyhedra known to Euclid, Pythagoras and Plato, the five so-called perfect
  solids (a perfect solid is one whose faces are all identical). As there were only five interplanetary spacings, his scheme could thus only accommodate six planets, no more or less. However, at that
  time, there were only six planets known to exist in the universe, excluding the Moon, which in the Copernican scheme is a satellite of the Earth, and not a planet.


  Thus, his model accounted for the number of planets thought to exist at that time, and he was hopeful that it would also predict the spacing between the orbital shells in some agreement with
  contemporary values. In any case, Kepler believed he had discovered Gods blueprint. This remarkable conclusion he described in his first scientific publication, Mysterium
  Cosmographicum (The Secret of the Universe), in 1596. In his attempt to understand the structure of the universe, it is arguable that this may have marked the beginning of Keplers
  transition from astrology to astronomy.


  Had the schoolteacher seen in a flash how God created the universe? If so, this revelation suggested to him that the secret had been revealed for a purpose, to help him serve his god as an
  astronomer if not as a clergyman. The resulting model of creation, developed from the inspiration of that summer morning and full of spiritual and mystic overtones, would haunt him for the rest of his life. In spite of much evidence to the contrary, he would never  even on his death thirty-five years later  accept that his model was wrong.
  But since Kepler was guided by this first concept of the universe to other, correct, astronomical discoveries, the Mysterium Cosmographicum is very important to the history of modern
  science.


  Kepler, the former seminarian, was thus proposing that he knew how God had built the universe. This idea can be taken as either utterly profound or totally ridiculous.


  He found that optimum agreement with the spacing between planets as published by Copernicus would be obtained if the perfect solids were placed in the following order between the planetary
  spherical shells:


  
    	
      Between Saturn and Jupiter  a cube (6 sides)

    


    	
      Between Jupiter and Mars  a tetrahedron (4 sides)

    


    	
      Between Mars and the Earth  a dodecahedron (12 sides)

    


    	
      Between Earth and Venus  an icosahedron (20 sides)

    


    	
      Between Venus and Mercury  an octahedron (8 sides)

    

  


  
    Taking the radius of the Earths orbit as unity, the relative radii of the other planetary orbits determined by Kepler compare quite favourably to Copernicus values and to modern
    values, as the table below demonstrates:

    


  


  
    
      	
        Planet

      

      	
        Copernicus

      

      	
        Kepler

      

      	
        Modern Values

      
    


    
      	
        Mercury

      

      	
        0.395

      

      	
        0.429

      

      	
        0.387

      
    


    
      	
        Venus

      

      	
        0.719

      

      	
        0.762

      

      	
        0.723

      
    


    
      	
        Earth

      

      	
        1.000

      

      	
        1.000

      

      	
        1.000

      
    


    
      	
        Mars

      

      	
        1.512

      

      	
        1.440

      

      	
        1.524

      
    


    
      	
        Jupiter

      

      	
        5.219

      

      	
        5.261

      

      	
        5.203

      
    


    
      	
        Saturn

      

      	
        9.321

      

      	
        9.163

      

      	
        9.539

      
    

  


  Table 1: Radii of Planetary Orbits


  
    Everything seemed to fit within about 510 per cent, somewhat astounding for a first attempt at a theory of the entire known universe. If a twenty-first
    century research astronomer investigating a parameter as uncertain as the relative size of the planetary orbits lived during Keplers time, such agreement would be considered
    remarkable.

  


  Encouraged by his mentor Maestlins surprising interest in his discovery, Kepler asked for a short leave from the school authorities in Graz to travel to his homeland in order to confer
  with Maestlin regarding his creation model of the nested solids. With more than his usual abundance of excitement, he also privately discussed the completion and publication of his book with his
  former teacher.


  Both Maestlin and the University Senate gave their support, albeit with some comments regarding the book. They suggested that he present the ideas in a more simple and clear language and
  reminded him not to assume that everyone was already a Copernican and totally familiar with the complexities of a Sun-centred system. Kepler accepted their advice with enthusiasm. In the first
  chapter in particular, he presented a clear and detailed exposition of the advantages of the heliocentric scheme over the old-fashioned epicycle wheels of Ptolemy. The elucidation of
  Copernicus theory found in this first chapter alone would mark him as the most important advocate of the new system during the Renaissance.


  The year 1595 was a momentous one for Kepler. In early December Kepler had become attracted to a local young woman, Barbara Mueller, who had been presented to him as an ideal match. The
  first-born daughter of a wealthy mill owner, she was described as being pretty and plump and was twenty-three years old when she met Kepler. She had already been married twice, with
  both of her husbands dying after a few years of marriage. Her father, Jobst Mueller was sceptical of a third marriage, particularly to an astronomy teacher with a meagre salary. But Jobst had few
  alternatives, and so his daughter and Kepler were married on 27 April 1597 with the great splendour that befit the custom of the time. Thereafter, Kepler moved into
  the comfortable home of the mill-owners daughter in the Stempfergasse in the centre of Graz. This increased his income by a significant amount, as he was no longer required to pay rent for
  accommodation at the Stiftschule.


  Shortly after, in the spring of 1597, Kepler got his hands on printed copies of Mysterium Cosmographicum, the final version of his book. He was then quickly thrust into the front
  ranks of European astronomers after sending fifty copies to Maestlin to distribute in Tbingen and individual copies to the leading scholars in Europe, including Galileo and Tycho. His
  reputation spread.


  Sadly Mysterium Cosmographicum is full of so many radical ideas about the heavens and written in such an unusual style it was easy for his contemporaries to ignore, and even ridicule
  Keplers work. Mysterium Cosmographicum is today no more considered a fundamental breakthrough by most contemporary historians than it was upon its first appearance in the sixteenth
  century.


  The Danish science historian J.L.E. Dreyer considers Mysteriums first chapter, which Kepler wrote to satisfy the Tbingen Universitys request to explain the Copernican
  system more clearly, a major piece of elucidation. There in a simple, popular style are set down the reasons for abandoning Ptolemy in favour of Copernicus. Over three hundred years after its
  appearance, Dreyer stated in his classic treatise The History of the Planetary Systems that it is difficult to see how anyone could read this first chapter and still remain an adherent of
  the Ptolemaic system.


  So what exactly was in Keplers book? Kepler was suggesting not only how the Creator had made the universe, that is with the perfect solids, but also how the Almighty had set
  the universe in motion. He was offering physical explanations for celestial phenomena. Starting from the obvious fact that planets further from the Sun move more slowly, he assumed that the Sun was
  not just a lamp in the centre of the universe giving off heat and light. He postulated that the Sun also provided a driving force that diminished with distance and
  that it also moved the planets in their orbit. This was the first time in history any physical role was attributed to the Sun.


  But what was the nature of this force from the Sun? This proposed interaction between the Sun and the planets was an attempt to modify the thinking that had prevailed for fifteen centuries.
  Previously the heavens and the Earth were thought to be completely different, separated into their own distinct realms and composed of different substances: one heavenly and perfect,
  the other Earthy and corruptible. In order to study the sky, astronomers had been content to construct mathematical models  mere calculating devices  that could predict
  the position of the planets. Thats why for centuries, astronomy was considered a branch of mathematics. But these ideas were beginning to be challenged.


  Tycho had questioned this dichotomy when he discovered the Nova in 1572 and Kepler was now causing more doubt. Though Keplers geometric solar system  constructed of perfect
  Platonic solids  made many scientists and historians (both then and now) wary of his model, his book is important for its clear and convincing justification of the Copernican scheme.
  Furthermore, Keplers insistence on a physical role for the Sun in moving the planets made Mysterium one of the seminal books in the history of science. Up until this time, astronomers
  believed the Sun merely provided light and heat for the Earth. Now Kepler was implying that the Sun caused the actual motion of the Earth, as well as the other planets. This was essentially
  the beginning of enquiry into the physics of the skies.


  Kepler never lost faith in his geometric model, and his incessant strive to prove it led him to other major discoveries throughout his career. In his last important work Harmonice mundi
  (Harmony of the World), Kepler still claimed that the direction of his life, his studies and his work had in fact originated from this one book, Mysterium Cosmographicum.


  When Kepler did begin to receive responses and opinions on the Mysterium, he found himself gaining in confidence, especially from the endorsement of his
  own mentor, the much-respected Maestlin. But there were two other important and well-known scientists whose responses would cause him great anxiety: the Italian Galileo and the Dane, Tycho Brahe,
  who would significantly influence Keplers future career.


  Unbeknownst to Kepler, Tycho had already left his island observatory in a dispute with the young Danish king, Christian IV. He and his family, as well as his astronomical assistants, were on
  their way to Prague with a commission as Imperial Mathematician to the Holy Roman Emperor, Rudolf II. It was only here that Tycho became aware of the Mysterium.


  But Kepler had other problems. The Catholic Counter Reformation was gaining the upper hand in Styria and by September 1598 most Lutheran schools, including Keplers Stiftschule, had been
  closed. The hapless mathematics teacher was now unemployed and unsure how to proceed. He did have some good fortune, mainly due to his reputation as an impressive intellect and the successes he
  gained from his astrological predictions. Government authorities allowed him  as one of only a few Lutherans  to stay in the city and the school continued to pay him his modest
  salary. It is clear that the inspectors did not want to limit his great scientific career and even encouraged him to use his philosophical leisure for the advancement of mathematical science. In
  the end, he saw the situation as an opportunity to return to his contemplation on the harmony of the world. Yet knowing that the Catholics and the Jesuits had more oppressive tactics planned,
  Kepler could not fully relax. He knew he would eventually have to leave.


  By now, Kepler knew Tycho was in Prague as he had received word from a friend at court that the Emperor Rudolf had brought the famous Dane to the Habsburg court. This raised Keplers hopes
  of a position with Tycho in Rudolfs Prague. It would also provide a double fulfilment: in a cosmopolitan city ruled by a liberal and tolerant ruler, Kepler would find a haven from the
  extreme persecution conducted by the Styrian (southern Austrian) Catholics. Secondly, he would be able to obtain the observations he needed to resolve the
  uncertainties in his astronomical studies. In addition, he found out that Tycho was being paid a magnificent salary of 3,000 gulden, fifteen times that which Kepler received from the school
  officials in Graz.


  It was another stroke of luck when, in early 1600, Johann Friedrich Hoffman, a member of the Styrian diet and a counsellor to Emperor Rudolf, was planning to visit the Prague court. Already
  impressed with Kepler for his work as district mathematician, he offered to take Kepler with him to Prague and personally introduce him to the new Imperial Mathematician, with whom he had
  previously been in contact. They left for the Bohemian capital on the first day of the new century, 1 January 1600. Upon arriving in Prague, Kepler stayed as Hoffmans guest where he
  immediately received an exciting welcoming letter from Tycho:


  
    
      You will not come so much as a guest but as a very welcome friend and highly desirable participant and companion in our observations of the heavens.

    

  


  Meanwhile, technical help for Tycho had arrived from his native Denmark. Though his facilities were certainly not ready, his most respected assistant from Hven, Longomontanus, was in Prague and
  ready to work.


  With Kepler on his way and his experienced associate from Hven already in Bohemia, Tycho was itching to begin a new golden age in his adopted homeland of Bohemia under the
  patronage of the Holy Roman Emperor. He decided to push ahead with the most complex problem, determining the shape of the orbit of Mars from previously unused measurements taken on Hven.


  When Longomontanus arrived he was therefore immediately assigned the problem of calculating the orbit of Mars. He was instructed to use Tychos data as well as the Danes awkward
  hybrid system of the geocentric universe. It was a tough assignment. Mars had never revealed its secrets to previous investigators but it seemed it would be different this time. Working in Prague
  with the Uraniborg observations, Longomontanus quickly accounted for the longitude positions of Mars entire orbit to an accuracy of two minutes of arc. This
  might seem impressive were it not for the limited parameters of his procedure. First of all, he used only Tychos observations taken at opposition, that is when Mars, the Earth and the Sun
  were aligned. This simplified his analysis.


  Secondly, he paid no attention to the latitude variation of the planet, assuming that positions above and below the ecliptic were observational errors. This highlighted the assumption that all
  the planets moved almost exactly along the same path as the Sun and that latitude values were therefore always small. Using this logic, the only coordinate to worry about was the longitude. So a
  full description of a heavenly bodys position on the celestial sphere required that only the planetary longitude be known. Identifying the planetary longitude meant measuring the angular
  position around the ecliptic, taken from some arbitrary point called the Vernal Equinox, which was a kind of Prime Meridian of the Sky. (To be exact, this is the point in the sky where the
  Sun annually crosses the ecliptic on its northerly path from the southern hemisphere of the celestial sphere to the northern hemisphere.)


  However, it was also important to understand the latitude, the angular distance above or below the ecliptic, which Longomontanus chose to ignore. The latitude has a much easier reference point
  or zero value  namely the ecliptic itself. Prediction of the longitude is a far more important and difficult task. Indeed, accounting for the apparent non-uniform path of Mars around the
  ecliptic, especially considering its retrograde motion in the sky, had first compelled the ancient astronomers like Ptolemy to introduce equants and epicycles into their models of the heavens.


  A single theoretical model that could predict the longitude and latitude for each planet would therefore be preferred. Such a model could be used to generate ephemeris tables that gave
  the two angular co-ordinates of each planet for all time, past and future. Navigators at sea could observe any two planets in the sky, find their angular positions from the tables and by
  triangulation, then determine the position of the observer on Earth.


  This task was at the centre of Tychos service as Imperial Mathematician to the Emperor  especially given that Emperor Rudolf was constantly seeking
  the most reliable astrological prognostications. Consequently, his support for Tycho was boundless. Thus, in Prague at the beginning of the seventeenth century, thousands of the most accurate
  observations that Tycho had accumulated at Uraniborg stood ready to test any theoretical model that could predict the longitude and latitude of Mars or any of the other planets.


  In order to complete his task, Tycho needed a very clever mathematician who could analyse the observations. Someone had to derive order from the endless numbers recorded in the giant leather
  volumes that Tycho had transported across Europe from Hven. Longomontanus didnt seem to be up to the task.


  Tychos decision to take the problem of resolving Mars orbit away from Longomontonus and re-assign it to Kepler was one of the great moments in the history of astronomy. Using the
  astronomical observations carried out by the Dane, Kepler would eventually solve the orbit by discovering a single general law of elliptical orbits for all the planets. It is recorded that Kepler
  made a wager with Longomontanus that he would crack the problem in a week. The stakes were not known, but the Danish astronomer won easily. It took Kepler five years to find the solution.


  For his own part, Kepler had not planned to focus on an individual planet, and was still interested in obtaining better values for the orbital eccentricities of all the planets. He wished to
  complete his own project on the harmony of the world, one which had begun with the Mysterium Cosmographicum in 1597. He described the situation in a letter:


  
    
      I would have completed my research on the harmonies of the world if Tychos astronomy had not fascinated me so much that I almost went out of my mind . . . One of the
      most important reasons for my visit to Tycho was the desire to learn from him more correct figures for the eccentricities in order to examine my Mysterium and Harmony for comparison. For these
      speculations a priori, must not conflict with the experimental evidence; moreover they must be in accordance with it. But Tycho did not give me the chance to
      share his practical knowledge except in conversations during meals . . . today something about the apogee, tomorrow something about the nodes of another planet. But when he saw that I had a
      daring mind, he decided perhaps the best way to deal with me was to give me my way with the observations of a single planet, namely Mars.

    

  


  Kepler immediately applied his own radical ideas to his new assignment. Not only did he ignore the various geocentric models in use by Tycho and his acolytes, but he also introduced a totally
  new role for the Sun in the heliocentric scheme.


  Kepler started with Copernicus basic idea that the Earth spun about its axis while moving in an orbit about the Sun. As with everyone else before him, he first tried to plug the data into
  a circular orbit, adjusting the position of the Sun to get the best fit for a possible orbit. Unlike the others however, he had rejected the use of epicycles, which to him made no physical sense;
  he found the concept of motion around an empty centre (that is, with no object within to produce the curved motion) unacceptable. If this process of curve fitting had been easy, he would have
  succeeded immediately and won the bet he had made with Longomontanus.


  However, the calculations were very complicated. He had to translate Tychos determination of the angle made by the planet with respect to the fixed stars as seen from the Earth into
  another geometric system. And this other geometric system could not be more different in its consideration of a space defined with respect to a fixed Sun about which the Earth was moving. He made
  some seventy separate attempts, each of which involved long and time-consuming calculations that slightly adjusted the position of the Sun to optimize a fit.


  Finally, he managed to produce a curve that agreed fairly well with the observations. This he named his vicarious theory. However, when he included additional measurements from some of Tychos other records, he was disheartened to see the agreement shattered. After all this hard work, he was about to give up even though the difference
  was very small, only 8 minutes of arc or 2/15ths of one degree.


  Yet Kepler had unshakable faith in the accuracy of Tychos measurements. These were, after all, accurate to within only 2 minutes of arc and so he accepted the observations over the
  mathematical curves he had constructed. Kepler decided to throw out his vicarious theory, and with it all of the other ancient theories of planetary orbits to start anew. In so doing, Kepler made
  the right decision  for Tychos measurements were correct. In a spectacular testimonial to the spirit of the Renaissance, he wrote in his journal:


  
    
      If I had believed that I could ignore these 8 arc-minutes, I would have patched up my hypothesis accordingly. But, since it was not permissible to ignore, those 8
      arc-minutes pointed to a complete reformation in astronomy. Upon this 8-minute discrepancy, I will yet built a new theory of the universe.

    

  


  Kepler began once again, carrying out agonizing analysis on Tychos measurements of Mars by using an ingenious scheme for finding the positional points of the orbit. He knew the period of
  Mars orbit around the Sun to be 687 days. The planet would thus be in the same position every 687 days. He could then take sight lines from the Earth against the fixed stars in order to
  locate points on the Mars orbit.


  Using this method, he found he could not fit all of the measure positions to the uniform motion of the planet in a modified Copernican orbit that was perfectly circular. Again he was
  faced with a small but persistent discrepancy of about 8 minutes of arc, only a fraction of the degree. Kepler knew Tychos accuracy was such that only an error margin of much less than that,
  perhaps only 2 minutes of arc, would have been tolerated. On this basis, he decided to discard the entire ancient system of cosmology and start anew. With great conviction he wrote:


  
    
      After the divine goodness had given us in Tycho Brahe so careful an observer, that from his observations the error of calculation amounting
      to eight minutes betrayed itself, it is seemly that we recognize and utilize in thankful manner of this good deed of the Gods, we should take the pains and search out at last the true form of
      the heavenly motions.

    

  


  Keplers Laws of Planetary Motion


  So Kepler began again, changing the speed of the planet as it moved in its orbit around the Sun and thus discarding another ancient and cherished belief. As a guide, he
  used an imaginary spoke on a wheel connecting the Sun to the planet. In experimenting with this arrangement he made his first great discovery. He found a surprising fact: This imaginary spoke,
  driven by the data of Tycho, swept through equal areas in equal time periods.


  This came to be known as Keplers second law of planetary motion though it was discovered before the so-called first law. With this discovery of the area law, Kepler finally
  abandoned once and for all his attempt to simulate planetary motion with combinations of circles as the ancients had done and began to experiment with ovals as orbits for Mars.


  After more calculations, he achieved his most important result, the law of ellipses, now known as his first law of planetary motion. Using the law of areas he was able to show that all
  planets, beginning with Mars but extending to all the others, moved on elliptical orbits with the Sun at one focus of the ellipse. After years of effort, he was elated with this result, and saw the
  hand of God in the ellipse, which to a mathematician like Kepler was as perfect as a circle.


  Thus it was that Kepler found the simple curve  known even to Euclid  which fit the observed motions of all the planets. He was able to confirm that the planets moved on elliptical
  paths in such a way as to sweep out equal areas in equal times. Keplers successful plotting of the orbit of Mars was to become the most important event in the explanation of motion in the
  heavens at the dawn of the seventeenth century. However, it was not until 1605 that Kepler was able to announce his new discovery.


  Over the next decade Kepler went on to formulate his third law of planetary motion, which he called the law of periods, which related the periods of planets to the sizes of their orbits.
  In essence, this is really a relationship that describes the structure of the solar system. Initially conceived in his first book on cosmology in 1596, it did not appear until twenty-three years
  later after he had left Prague when he published his Harmony of the World in Linz in 1619. As he explains:


  
    
      . . . if you want the exact moment in time, the correct form of the law was conceived mentally on 8th March in this year 1618, but submitted to calculation in an unlucky
      way, and therefore rejected as false, and finally returning on the 15th of May and adopting a new line of attack, stormed the darkness of my mind. So strong was the support from the combination
      of my labour of seventeen years on the observations of Brahe and the present study, which conspired together, that at first I believed I was dreaming, and assuming my conclusion among my basic
      premises. But it is absolutely certain and exact that the proportion between the periodic times of any two planets is precisely the sesquialterate proportion of their mean distances . . .

    

  


  Since the time of the Greeks it had been known that the planets with the largest orbits took the longest time to complete a cycle. Kepler was always hoping to discover a more quantitative
  connection and finally, after many trials over several years, he found the regularity between time and distance he was searching for, the ratio of the average distance of each planet from the
  Sun, cubed, to the period of revolution for each planet, squared, is the same constant value. This was something like an exercise in numerology, but once he happened upon this ratio, the
  regularity was striking, fulfilling his predilection for hidden resonances in Gods creation. The regularity in the value of this ratio suggested that there must be an underlying law of
  nature yet to be discovered. (Newton found this law in 1687, the law of universal gravitation).


  
    

    [image: ]


    Confirmation of Keplers 3rd law

  


  The table above shows the ratio of the average distance cubed to the period squared for the planets, using modern values of one-half of the major axis of the ellipse in Astronomical Units and
  the period in seconds.


  This was a momentous result. Twenty years of observations and thousands of measurements were condensed into a simple system of curves and rules. Thereafter, anyone trying to construct a system
  of the heavens must reproduce these three laws in order that their theory gives the correct motion of the planets. Kepler wrote of his own result in his journal:


  
    
      What sixteen years ago I urged as a thing to be sought, that for which I joined Tycho Brahe . . . at last I have brought to light and recognize its truth beyond my fondest
      expectations . . . The die is cast, the book is written, to be read either now or by posterity, I care not which  may well wait a century for a reader as God has waited six thousand
      years for an observer.

    

  


  Astronomia Nova


  Keplers most important work Astronomia Nova, published in 1609, contains the results of the astronomers nine-year long investigation of Mars. The full
  English title of his work is New Astronomy, Based upon Causes, or Celestial Physics, Treated by means of Commentaries on the Motions of the Star Mars,
  from the Observations of Tycho Brahe  quite a mouthful. This work represented a real departure point for modern astronomy. Where previous astronomers had relied on geometric models to
  explain the observed positions of the planets, Kepler sought for and discovered physical causes for planetary motion. What is more, he described the motion with algebraic laws. In 1543 Copernicus
  proposed that the Earth and other planets orbit the Sun, but Kepler was the first astronomer to prove this conjecture with rigorous scientific arguments.


  At over 650 pages in English translation, Astronomia Nova is a lengthy and difficult work from the perspective of a modern reader, much as it was in 1609. Kepler walks his readers
  step-by-step through his process of discovery, including the false starts, the dead ends and the mistakes. In the process of so doing he was trying to dispel any impression of cultivating
  novelty, or doing anything original with Tychos data. But there were other reasons for Kepler to employ this particular narrative technique.


  We know now from recent research why is it so difficult to follow the sequence of arguments in Astronomia Nova by which Kepler progressed from a modified Copernican model based on uniform
  circular motion to the non-uniform elliptical motion and the discovery of his first two laws of planetary motion. He wished to demonstrate to his critics at the time, and in particular to
  Tychos supporters and heirs, that he had tried at the outset to use Brahes hybrid geocentric/heliocentric model, as per the conditions that Tycho outlined in using the legacy of the
  Hven measurements.


  But this was a deceit. Cleverly disguising his unwavering acceptance of the Copernican scheme, Kepler had tried to show in the final manuscript how he had attempted to align Tychos data
  with the world systems of Ptolemy and Tycho before considering the heliocentric model. He also pretended that he had simply stumbled across the discovery of his planetary laws. This was a ploy to
  write his way around the obstinate resistance of Tychos heirs and supporters, most notably Tychos son-in-law, Junker Tengnagel and the
  faithful assistant Longomontanus, in order that he be able to proceed with the publishing of his conclusions on the perplexing orbit of the planet Mars.


  Clearly, this has led to criticism of Astronomia Nova, which has divided scholars from Galileo  a contemporary of Kepler  up to the present day. Keplers main
  biographer Max Caspar, writing in German in 1937, for example, thought that Keplers confusing journey had been an interesting story of discovery in which he tried to tell events as they
  happened. Later, Arthur Koestler, working mainly from the translation of Caspars German text in a widely read popular account titled The Sleepwalkers (1959), concluded that Kepler was
  simply unable to write in an orderly manner. Yet other scholars tried desperately to string together the logical sequence in Astronomia Nova. The American scholar Curtis Wilson completed an
  article in the Scientific American on How Kepler Discovered His Laws of Motion. Like him, many other scholars were puzzled by the conundrum in the structure of Keplers
  writing.


  However, thanks to the careful research of James R. Voelkel, whose doctoral thesis exposed Keplers intentionally rhetorical writing in Astronomia Nova, we now know the difficult
  style and approach in the book was probably done purposely to mislead readers, particularly Tengnagel and Longomontanus. There is no doubt amongst experts today that the threat of editorial
  interference was responsible for Astronomia Novas unusual narrative form. Kepler sought to nullify objections to its publication by showing that all other possible approaches had been
  tried and that the heliocentric scheme with elliptical orbits was the only one possible.


  Keplers Astronomia Nova ranks with Copernicus De Revolutionibus, Galileos Two World Systems and Newtons Principia as the seminal works of
  the scientific revolution. In fact, a deeper appreciation of Keplers role in this development is now evident in the scholarship of contemporary historians of science.
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  GALILEO GALILEI: THE ITALIAN CONNECTION


  Since the period over which the scientific revolution took place was only 144 years  from Copernicus Revolutionibus in 1543 to Newtons
  Principia in 1687  it is not surprising that many of the great discoveries came as a result of resource collaboration and data sharing. We have already seen how Keplers work
  was entwined with that of Tycho Brahe, resulting in their fruitful collaboration in Rudolf IIs court in Prague. A wonderful symbiosis existed between these two men; one was a great
  experimentalist, the other a great mathematician. On the other hand, Galileo  the astronomer of Pisa  had no collaborators, at least none that he ever acknowledged.


  In many ways Galileo was a blend of Tycho and Kepler in that he contributed to both observation and theory. Like Tycho he knew the importance of careful experimentation. He also designed his own
  apparatus and single-handedly carried out many of his own measurements; thought of himself as a rough-edged aristocrat; married a common-law wife (probably for the same reasons as Tycho, that is
  that no noblewoman would have him); and possessed the same irascible and aggressive manner in his dealings with others as did the Lord of Uranibourg. Yet Galileo, unlike Tycho, also
  possessed the genius of mathematical reasoning that Kepler possessed. Like Kepler he understood the application of theory in the physical world and was intent on
  developing laws that could be tested  either in a laboratory or in the heavens  by experiments that he himself designed.


  Keplers main theoretical contribution to planetary theory was to devise laws based on Tychos observations. Not withstanding his remarkable discoveries using the telescope, Galileo
  did likewise. He was more than an astronomer, and focused his attention on new ideas, which comprised elements of physics. These include such concepts as time and distance, velocity and
  acceleration, force and matter. In his studies and hypotheses of free-falling bodies and relative motion, his methods became the prototype for future science.


  Historians of science admire Galileo for asking crucial questions about motion that no one else seemed to think were important. The answers to these questions jarred dramatically with the
  accepted view espoused by scholastic Aristotelians who spoke of essences, philosophies, metaphysics and causes, while Galileo discussed proofs and demonstrations. Furthermore, in keeping with
  Keplers new method of applying mathematics to physical reality, Galileos studies were innovative in his insistence on applying concepts and mathematics to strictly observed facts that
  could be tested.


  The approach of the Italian was therefore ultra-pragmatic and totally new. In one experiment, a preliminary to understanding free-fall, he observed the motion of a ball accelerating down an
  incline which was set at different angles. He timed the balls motion with a crude water clock. This led to a clear concept of acceleration, the rate at which the speed of an object changed.
  Galileo saw the fundamental importance of understanding the exact details of phenomenon such as acceleration without being distracted by the philosophical problems that most academics believed
  still needed to be solved.


  Early Life


  Galileo was born in 1564 at Pisa, an important city on the River Arno in Tuscany, Italy. He was the eldest of six children born to a
  famous musician, Vincenzo Galilei. When Galileo was quite young, his father moved the family to Florence and enrolled his eldest son in a monastery at Vallombrosa near the city.


  As a young man Galileo was expected to become a priest, but this vocation did not suit him so he left the monastery and registered for a medical degree at the University of Pisa. However, he did
  not complete the degree, switching to the study of mathematics instead. This subject suited him and as his knowledge grew so did his interest in scientific problems such as physical measurements
  and applied mathematics.


  However, it was during the years that he was in Pisa that Galileo became fascinated with the work of the ancient Syracuse scholar Archimedes. This interest would eventually lead to an improved
  version of the hydrostatic balance for measuring specific gravity. In addition, he developed an understanding of the principle of the pendulum, which he suggested could be used to regulate clocks.
  It seems that during this period, he also started his careful analysis of the motion of freely-falling bodies. Although there is no evidence that he actually carried out experiments from the top of
  the Leaning Tower, as is commonly thought, he did devise an ingenious experiment to study objects falling almost freely by rolling them down an incline.


  Remarkably, even before finishing his degree, at the age of twenty-six, Galileo was appointed Professor of Mathematics at Pisa. As a professor, he was constantly provoking the older academics
  and earned himself the nickname of The Wrangler. Not surprisingly, the university did not renew his contract and by the summer 1592, he was out of a job.


  By this time, his father had died leaving him with the care of his younger brother Michelangelo. Galileo was thus pressured into finding a new position as soon as possible, in order to provide
  for his siblings and later his own children. This task he seemed to accept with some resentment. Fortunately, he had established a reputation in the fields of mathematics and mechanics and was able to secure an important appointment at the University of Padua. He carried his reputation with him out of the Duchy of Florence and into the territory governed
  by that great maritime power, the Serene Republic of Venice, relatively free of the rigid regulations of the Roman Catholic Church.


  The eighteen-year period that Galileo spent in Padua he called the happiest of his life. It was in Padua that he made significant discoveries in both pure science and applied science, including
  testing the strength of materials and improving the telescope. As a lone professor in this field, he taught himself new ways to study the physical world, defining original concepts as he went
  along.


  Furthermore, his personal life changed dramatically in the exciting and wealthy Republic of Venice. He quickly became friendly with a number of Venices leading citizens. After surviving a
  bout of financial trouble in early 1593, when the demands of his family and particularly his sisters dowry almost overwhelmed him, he began to prosper. He eventually moved from a small
  cottage into a larger three-storey house whose grounds included a walled garden where he often entertained students and other guests. In 1599, at the end of his first seven-year term, the
  university offered to renew his appointment, and Galileo accepted. It is reported that by this time he was one of the highest paid professors on the university faculty.


  Although he professed to be a devout Roman Catholic, Galileo fathered three children out of wedlock with a commoner, Marina Gambi, a courtesan from Venice. They had two daughters, Virginia
  (1600) and Livia (1601), and one son, Vincenzio (1606). Despite their illegitimate status, Galileo recognized his children as his heirs, but he considered the girls unmarriageable, leaving them
  with only one alternative. Both girls were sent to the convent of San Matteo in Arcetri, outside Florence and remained there for the rest of their lives.


  Virginia took the name Maria Celeste upon entering the convent and maintained contact with her father throughout her life by letter. Though none of
  Galileos letters survived, Maria Celestes 120 letters are extant. These heart-felt letters, written between 162334, depict Maria Celeste as a woman of brilliance, industry,
  sensibility and a deep love for her father. She died on 2 April 1634, and is buried with Galileo at the Basilica di Santa Croce in Firenze.


  Galileos Universe


  Galileo had learned the traditional Aristotelian view of the universe as a student at the University of Pisa. However, by the time he arrived at Padua, the work of Tycho,
  Kepler and others were beginning to undermine Aristotle. As we have seen, a new way of approaching science, using mathematics, was developing. Galileo would be a lone explorer, using this new map
  to chart the unknown heavens. Many of Galileos academic peers still endorsed old ideas, and strict battle lines were drawn within the university.


  Galileos first priority was to describe mathematically the motion of simple ordinary objects, like that of a ball rolling down an incline. This led to experiments on bodies falling freely
  in air and soon Galileo developed his particular ability to isolate and focus on the prominent or important aspect of an experiment. For example, closely examining different bodies falling freely
  from the same height through large distances may indeed show that the bodies do not reach the ground at exactly the same time, a finding seemingly consistent with Aristotles theory. However,
  the important point is not that the arrival times are slightly different, but they are very nearly the same.


  Galileo thus tried to prove that the slight differences in the arrival times of objects could be attributed to differences in the size, shape and weight of the bodies, which in turn cause
  unequal air resistance. Ignoring the effects of air, the underlying motion was the same, or so he wished to prove.


  Suppositions such as these are counter-intuitive and defied common sense. One experiment to observe the speed at which a penny and a feather would fall in a glass tube from which the air had been evacuated would have shown that the two objects fall at the same rate and land simultaneously at the bottom of the tube. This simple experiment would
  eventually prove that Galileo was right about free fall, but not until a few years after his death when the vacuum pump was invented. Astronauts dropping objects in the empty atmosphere of the Moon
  demonstrated that it is air resistance that causes differences in such motion. Since the time of Galileo, the phrase in free fall has been used in physics to refer to objects falling
  when the only force acting is gravity and when air friction is negligible.


  Using a mixture of intuition and mathematical reasoning, Galileo would come to define uniform acceleration as the constant rate of change of velocity over time, which he believed was how freely
  falling objects moved. The next task was to show that this definition was useful for describing observed motion. It is possible to see how Galileos simple experiment like that of a ball
  rolling down an inclined plane, which involved only crude apparatus, turned into a major breakthrough in the study of motion and an important part of the legacy that Galileo left for Isaac
  Newton.


  His commonplace studies of simple motion helped prepare the way for a new kind of physics and later, a new cosmology. Galileo planted the seeds of doubt about the basic assumption of
  Aristotelian science and by 1609, in addition to his famous free-fall hypothesis, he had determined other new laws of motion. These include his finding that the distance a body falls is
  proportional to the square of the elapsed time (the law of falling bodies) and that the trajectory of a projectile is a parabola. In addition to his fundamental work on the motion of bodies, he
  added original work on two major concepts that are fundamental to the final formulation of classical physics as defined by Newton: the subtle idea of inertia and the strange theory of relative
  motion.


  In experiments using a pair of inclined planes facing each other, Galileo observed that a ball would roll down one plane and up the opposite plane to approximately the same height. If smoother planes were used, the ball would roll up the opposite plane even closer to the original height. Galileo reasoned that any difference between initial and final
  heights was due to the presence of friction. He further postulated that if friction could be entirely eliminated, then the ball would reach exactly the same height.


  Galileo further observed that regardless of the angle at which the planes were oriented, the final height was almost always equal to the initial height. If the slope of the opposite incline were
  reduced, then the ball would roll a further distance in order to reach that original height. He persisted with his reasoning: if the opposite incline was elevated at nearly a zero-degree angle,
  then the ball would roll indefinitely in an effort to reach the original height. To put this in different words, if the opposing incline was oriented horizontally, then an object in motion would
  continue to move indefinitely.


  This radically modified the generally accepted (including Kepler) notion that a force is required to keep an object in motion. Galileo found the opposite to be true: An object in motion does not
  come to a rest position because of the absence of a force. Rather, it is the presence of a force  that force being the force of friction or something else  which brings the object to
  a rest position. In the absence of a force, the object would continue in motion with the same speed and direction  forever!


  The natural state of motion  the simplest of physical laws  is therefore that of a body moving with a constant speed in a straight line. Newton would later adopt this principle
  directly from Galileo as one of his three laws of motion.


  The Theory of Relativity


  Using his new law of inertia, Galileo was able to explain the natural motion of falling objects on a rotating, or moving, Earth. Galileo proposed that there is no
  difference between dropping an object from a tower on the surface of the moving Earth and dropping a similar object from the mast of a moving ship. Because the
  falling object in both cases shares the horizontal motion of its starting point, the Earth in the first case and the ship in the second case, it appears to drop straight down to an observer who
  also shares the horizontal motion. The object therefore lands at the base of the tower or the base of the mast, as is expected. But to be exact, the object on the ship has two horizontal motions,
  that of the ship moving through the sea and the moving Earth. This argument can be taken one step further if you consider that the solar system is not at rest, but is itself moving through
  intergalactic space.


  Galileo ultimately realized that all motion is relative. To be more precise, he helped confirm that it is necessary to select individual frames of reference for each particular experiment
  involving motion. The French philosopher Pierre Gassendi carried out an experiment in 1640 to show that Galileo was right. This would prove to be the starting point for Albert Einstein, who in 1905
  proceeded to demonstrate the bizarre consequences of this principle when the speeds involved in experiments are close to the speed of light. He called this case special
  relativity.


  Galileos work supported one subtle misconception. To him, a horizontal surface was one that was totally perpendicular to the direction of the centre of the Earth. Thus, his law of inertia
  would mean that in the absence of any outside force, an object set into motion would ceaselessly continue moving in a circle around the Earth. And this is where Galileo went wrong. Objects set in
  motion tend to continue moving with a constant speed in a straight line, not in a circle. At a crucial point in Newtons study of planetary motion the English polymath, Robert Hooke, solved
  the problem. Hookes discovery was notorious for not being acknowledged by his archenemy in Newtons classic work The Principia, as will be seen in the next section.


  Galileo and the Telescope


  The use of instruments to probe the cosmos is now considered to be fundamental. Early stargazing inspired theorizing which in turn led
  to new observations  and consequently more theorizing. The early use of the telescope, most famously by Galileo, is a major new chapter in mans ability to explore the universe.


  With the exception of primitive eyeglasses, the telescope was the first optical instrument ever constructed; yet its origin is surrounded by controversy. The most likely story places its
  invention just after 1600, in the shop of an obscure Dutch eyeglass maker named Hans Lippershey. According to an often-repeated story, Lippersheys apprentice was playing with two glass
  lenses that he had shaped and polished for spectacles. Holding one lens close to one eye and the other at arms length, the young apprentice inadvertently peered through them in the direction
  of a distant church steeple. Initially what he saw was a blur, but after adjusting the two lenses and changing the distance between them by moving his arm, the image of the church steeple suddenly
  snapped into focus. Stunned by the sudden clarity of the steeple, the young man realized that the steeple seemed closer than when he looked at it without the lenses. In excitement, he handed the
  two lenses to his master, who looked for himself and immediately recognized the significance of the discovery. Lippershey later placed the two lenses at the opposite ends of a long tube, creating a
  device that he called a looker.


  In 1608, Lippershey tried to sell his looker to the Dutch army, but his offer was turned down because of prior claims for the invention. News of the invention spread rapidly.
  Before the year was out, the French ambassador at The Hague obtained one for King Henry IV and in the next year, lookers were being sold in Paris and some cities in Germany. Soon they appeared in
  Milan and Venice and shortly after, they were being made in London.


  Within a month of Lippershey trying to sell his looker to the Dutch Army, word of the invention reached Venice. It was here that an unidentified stranger tried to sell one to the Venetian
  Senate, who referred the matter to its scientific adviser, one Paolo Sarpi, who examined it. When the stranger and his instrument then disappeared, Sarpi went to
  see the citys most respected instrument maker, none other than Galileo himself, and described the instrument.


  Galileo quickly worked out some of the optical principles involved in the looker and set to work, grinding lenses in order to build such an instrument himself. His first telescope made objects
  appear three times closer than when seen by the naked eye. By the time he had made his third version of the instrument, he was convinced of the tools groundbreaking ability and considered
  turning it to the sky.


  During a few short weeks in 1609 and 1610 Galileo used his telescope to make several major discoveries, beginning when he turned his telescope to the Moon. Consider the conclusions he was able
  to draw:


  
    
      . . . the surface of the Moon is not smooth, uniform and precisely spherical as a great number of philosophers believe it to be, as with other heavenly bodies. But it is
      uneven, rough and full of cavities and prominences being not unlike the face of the earth, relieved by chains of mountains and deep valley.

    

  


  The first telescopic observations of the Moon on record were carried out by the Englishman Thomas Harriot (ca. 1560 1621), on the evening of 26 July 1609, only weeks before Galileo.
  However, based on his extant correspondence as well as entries in his notebooks, Harriot did not appear to have drawn any particular significance from what he saw, namely, that the surface of the
  Moon is imperfect. Galileo, on the other hand, was inspired by these simple observations, contrary as they were to the Aristotelian idea of heavenly perfection. But he did not stop there. He
  supported his observations with several types of evidence, including careful documentation of what he was seeing. For example he worked out a method for determining the height of the mountains of
  the Moon from the length of their shadows. His value of about 4 miles (6.4 kilometres) for some lunar mountains is not far off modern results.


  It is from this reporting that the qualities of investigation which make Galileo stand out from his counterparts become evident. For by insisting on the careful collection of evidence to support
  his observations, Galileo may be considered the worlds first true scientist. In addition, he seemed able to anticipate the criticisms that many would wager against him, that he was creating
  optical illusions with his telescope and the images in his tube could not be trusted.


  Turning from the Moon, the Italian excitedly looked at the stars, only to make another astonishing discovery. Wherever he pointed his telescope in the sky, Galileo saw many, many more stars than
  appear to the unaided eye. He found that the fuzzy line across the heavens, which we now know as the Milky Way galaxy viewed edge-on, was not a continuous blotchy band of light as it appears to the
  naked eye, but consisted of thousands of faint stars when viewed through the telescope.


  But Galileos most important discovery was yet to come. He had become obsessed with using his new instrument to view the entirety of the heavens, recording all he saw on each clear night
  during the winter of 1609. He discovered hundreds of new stars that he knew had never been seen before by another human being. He continued into the New Year and on the evening of 7 January 1610 he
  made a discovery that he considered to be his most important. Looking through his telescope in the vicinity of the planet Jupiter, he noticed the following:


  
    
      That besides the planet there were three starlets, small indeed, but very bright. Though I believed them to be among the host of fixed stars, they aroused my
      curiosity somewhat by appearing to lie in an exact straight line.

    

  


  When he looked again the following night, the starlets had changed their position with respect to Jupiter but remarkably, were still aligned in a straight line. With each clear evening for weeks
  after, he observed and recorded the position of these starlets in simple sketches. Within days he concluded that there were four in total and that they were not stars, but satellites
  of Jupiter.


  
    

    [image: ]


    Galileos notes on observation of Jupiters moons, December 1609January 1610.

  


  Of all of Galileos discoveries, Jupiters satellites caused the most controversy. However despite this he continued to point his telescope towards
  other discoveries. By projecting an image of the Sun on a screen he was able to observe sunspots, indicating that the Sun, like the Moon, was not perfect in the Aristotelian sense, and is as flawed
  and covered with imperfections. Galileo also found that Venus showed all phases, just as the Moon does, indicating that this planet could not always stay between the Earth and the Sun as Ptolemaic
  astronomers assumed but rather that it must move completely around the Sun as Copernicus and Tycho believed. He also saw that Saturn seemed to carry bulges around the equator. The next generation
  would confirm this as Saturns ring, but Galileos telescope was not yet strong enough to show any detail.


  In March 1610, he published his description of his observations of the night sky in a book entitled The Starry Messenger. The book was an immediate success, with copies selling as fast as
  they were printed. This result provoked a great demand for telescopes and great fame for Galileo. Although it contained only twenty-four pages, it astonished and troubled the learned world with its
  reports that the Moon was not smooth as previously believed, but rather rough and covered with craters; that the Milky Way was made up of faint stars; that Jupiter had its own set of
  moons, or satellites; and that Venus exhibited phases.


  In Galileos opinion, his most important discovery was the previously unidentified four planets that orbit about Jupiter. This discovery contradicted the Aristotelian notion that the Earth
  is the centre of the universe and therefore the centre of all motion of revolution. Unfolding before his eyes was a miniature solar system with its own centre of revolution.


  Galileo was rewarded for his discoveries with life tenure at Padua and a doubling of his salary for his success with the telescope. On 14 April 1611, about a
  year after the publication of his sensational Starry Messenger, he was feted at a banquet held in his honour near Rome. After showing the guests how he had made his discoveries, an
  unidentified Greek poet-theologian proposed a name for the instrument, one borrowed from ancient Greece. His suggestion was quickly accepted and that same night the host, Federico Cesi, officially
  christened Galileos instrument the telescope.


  Kepler and Galileo, Four Hundred Years Ago


  UNESCOs celebration of the joint contribution to astronomy of Kepler and Galileo begs us to consider whether these two Renaissance figures ever met. The answer is
  no. They were separated both by the Alps and that more formidable of barriers, religious intolerance. However, a study of their well-documented lives reveals some remarkable aspects of their
  differing personalities.


  Though Kepler and Galileo lived during the same era, their lives were completely different. The Italian was born in 1564, seven years before Kepler and outlived the German by twelve years, dying
  in 1642. As we have seen, Kepler was raised in near poverty and, as an adult, was driven from city to city by religious wars. His work was unknown by his contemporaries and even today he is not
  fully appreciated for the contribution he made to the scientific revolution.


  Galileo, by contrast, came from an aristocratic family and spent his whole life in Catholic Italy: Florence, Pisa, Padua, Rome and finally under house arrest at Arcetri, just outside Florence.
  Another important difference was in the way the two reported their work. Kepler wrote complicated books in scholarly Latin that demanded expert knowledge from his readers. The Italian, on the other
  hand, wrote his essays and books in the vernacular, making them accessible to most readers. Their personalities could likewise not be more different. Kepler was a kind, sensitive, almost mystical
  character who never felt the need for competition, selfishness or self-promotion. Galileo was opposite in all of these respects.


  Such utter disparity between these two giants of Renaissance science is most pronounced when reviewing their correspondence, which began in 1597 when Kepler sent Galileo a copy of Mysterium
  Cosmographicum. Their interaction ended during the 1609, the year that Kepler published his Astronomia Nova and Galileo reported on his telescopic investigations.


  In 1597, Kepler had sent copies of his Mysterium to astronomers all over Europe, including Tycho and Galileo, who was at that time establishing himself at Padua. After waiting months for
  an opinion of his book from Italy, Kepler received a reply on 4 August 1597:


  
    
      Your book, most highly learned gentleman, has just reached me not days ago but only a few hours ago and I should think myself indeed ungrateful if I should not express to
      you my thanks by this letter. I thank you especially for having deemed me worthy of such a proof of your friendship . . . So far Ive read only the introduction, but have learned from it
      in some measure your intentions and congratulate myself on the good fortune of having found such a man as a companion in the exploration of the truth. For it is deplorable that of that there
      are so few who seek the truth and do not pursue a wrong method of philosophising. But this is not the place to mourn about the misery of our century but to rejoice to few about such beautiful
      ideas proving the truth. So I add only this promise that I will read your book in peace, for Im certain that I will find the most beautiful things in it . . . I would certainly dare to
      approach the public with my ways of thinking if there were more people in your mind. As this is not the case, I shall refrain from doing so. The lack of time and the ardent wish to read your
      book make it necessary to close, assuring you my sympathy. I shall always be at your service. Farewell, and do not neglect to give me good news of yourself.


      Yours in sincere friendship,


      Galilaeus, Mathematician at the Academy of Padua.

    

  


  The letter offers little suggestion of Galileos later scandalous treatment of Kepler. Unfortunately, the naive and trusting German had no idea he was
  being conned by one of the great self-promoters in history. Galileo, it transpired, had no intention of being always at your service.


  Nevertheless, the unassuming Kepler attempted to continue his correspondence with Galileo and the following month wrote:


  
    
      I received your letter of August 4th on the first day of September. It was a double pleasure for me. First because of [becoming] friends with you, the Italian, and second
      because of the agreement which we find ourselves concerning Copernican cosmography. As you invite me kindly at the end of your letter to enter into correspondence with you, and I myself feel
      greatly tempted to do so, I will not let pass the occasion of sending you a letter with the present young nobleman. For I am sure, if your time has allowed it, you had meanwhile obtained a
      closer knowledge of my book. And if so a great desire has taken hold of me, to learn your judgment. For this is my way, to urge all those to whom Ive written to express their candid
      opinion. Believe me, the sharpest criticism of one single understanding man means much more to me than the thoughtless applause of the great masses . . .

    

  


  Kepler continues the letter, encouraging Galileo to join the public debate on the validity of the Copernican scheme. In a somewhat prescient phrase he makes reference to problems with the Roman
  Church which were to famously torment the Italian in later years:


  
    
      Be of good cheer, Galileo, and appear in public. If I am not mistaken there are only a few amongst the distinguished mathematicians of Europe who dissociate themselves from
      us. So great is the power of truth. If Italy seems less suitable for your publication and if you have to expect difficulties there, perhaps Germany will offer us more freedom. But enough of
      this. Please let me know privately if you do not want to do so publicly, what you have discovered in favour of Copernicus. Farewell and answer me with a very
      long letter.

    

  


  Galileo never answered with a very long letter or indeed with any other length of letter. He ignored Kepler completely, though it was later reported that the Italian incorporated
  some of the new ideas from Mysterium in lectures at Padua as if they were his own. Many years later, he ridiculed Keplers style of writing and mocked his notion that tides were caused
  by the attraction of the Moon  a theory later shown to be correct. Galileo was clearly never one to accept anothers ideas as superior to his own.


  Over a decade after this exchange of letters, when Kepler was Imperial Mathematician in Rudolfs court in Prague, he wrote in support of Galileos remarkable telescopic
  observations of the heavens (The Starry Messenger). Yet, this did not move the ambitious Italian ever to answer Keplers requests for one of his telescopes. These Galileo mostly
  distributed to his many aristocratic patrons; naming the newly discovered Moons of Jupiter after his patrons, the Medicean princes, as well.


  The ambitious, calculating scientist was too busy with his own self-promotion to exchange any new scientific ideas or instruments which someone whom he knew to be a scientific genius and who one
  day might compete with him for a position of patronage from his own benefactors. Generosity was a completely foreign concept to Galileo  Kepler would certainly be the last person to receive
  any of Galileos unpublished work or a telescope. It is fair to say that the Italian was intimidated by Keplers brilliance, and once admitted that there was only one man who knew more
  than he did about the principles of the telescope.


  At this point, even after Keplers enthusiastic support for Sidereus Nuncio, the personal contact between the two ceased. In subsequent months, Kepler wrote several more letters
  that Galileo left unanswered. Furthermore, in his work Galileo rarely mentions Keplers name. When he does it is only with the intent to refute certain
  ideas, as we saw in the earlier example of the effects of the Moon on the tides. Keplers three laws, his physical astronomy and his work on optics were all ignored by Galileo,
  who, until the end of his life, defended the idea that circular orbits and epicycles were the only conceivable form of heavenly motion. He thus ignored the whole basis for the development of modern
  astronomy: Keplers elliptical orbits of the planets and the concept that the Sun emits a physical force which in turn causes the planets to move in their orbits.


  Albert Einstein was one of only a few important scientists who ever criticized Galileo for his treatment of Kepler, remarking near the end of his life that:


  
    
      It has always hurt me to think that Galileo did not acknowledge the work of Kepler . . . alas, that is vanity. You find it in so many scientists.

    

  


  Galileos Final Battle


  Galileos problems with the Church had little to do with developing any understanding of the universe. In 1612, just after cutting himself off from Kepler,
  opposition to the Sun-centred theory of the universe arose. Though Galileo did support the theory, the version he supported was a primitive Copernican form that didnt include any of the new
  ideas from Keplers Astronomia. In 1614, from the pulpit of Santa Maria Novella, Father Tommaso Caccini (15741648) denounced Galileos opinions on the motion of the Earth,
  judging them dangerous and close to heresy. He had to be careful.


  This started a most distressing chapter of the Italians life, for rather than accepting the censure, Galileo went to Rome to defend himself against the accusations levied against him.
  Despite his best efforts, in 1616 Cardinal Roberto Bellarmine handed Galileo an admonition enjoining him neither to advocate nor teach Copernican astronomy. During 1621 and 1622 Galileo wrote his first book, The Assayer (Il Saggiatore), which was approved and published in 1623. In 1630, he returned to Rome to apply for a licence to print his most
  important work, the Dialogue Concerning the Two Chief World Systems, which was then published in Florence in 1632. In October of that year, at the age of sixty-eight, he was ordered to
  appear before the infamous Holy Office in Rome.


  Popular mythology sees Galileo as a martyr of science, a man persecuted by the Church for his scientific beliefs and, in particular, for teaching that the Earth moves around the
  Sun. Yet historical research shows that this is not true. Galileo, we must not forget, was a provocative and proud man, with an established track record of rows and lawsuits. But it was not until
  1616 that the Church expressed any opinions about science, and only in 1632 that the Inquisition questioned Galileo. This was eighty-nine years after Copernicus ideas had been in free
  circulation across both Catholic and Protestant Europe.


  That Galileo was an astronomer of the greatest importance is beyond any doubt. After 1610, bishops and cardinals applauded Galileos telescopic discoveries, and Galileo travelled to both
  Florence and to Rome as a celebrity. So what happened? In 1616 he got into trouble for beginning to teach Copernicus as the sole acceptable truth. The heresy for which he was condemned in 1632 was
  therefore one of academic disobedience, not religious. Until the day he died in 1642, no one doubted the sincerity and orthodoxy of his Christian beliefs. So if we insist on seeing Galileo as a
  martyr of science, we must not forget that he also courted controversy with the Church. The Wrangler could simply not walk away from an argument.


  Nevertheless, following a papal trial in which he was found vehemently suspect of heresy, Galileo was placed under house arrest and his movements restricted by the Pope. From 1634 onward he
  stayed at his country house at Arcetri, outside of Florence. He went completely blind in 1638 and after suffering from a painful hernia and insomnia, was permitted to travel to Florence for medical advice. He continued to receive visitors until 1642, when, after suffering fever and heart palpitations, he died on 8 January 1642.


  The Grand Duke of Tuscany, Ferdinando II, wished to bury him in the main body of the Basilica of Santa Croce, next to the tombs of his father and other ancestors, and to erect a marble mausoleum
  in his honour. These plans were scrapped, however, after Pope Urban VIII and his nephew, Cardinal Francesco Barberini, protested. He was instead buried in a small room next to the novices
  chapel at the end of a corridor from the southern transept of the basilica to the sacristy. He was reburied in the main body of the basilica in 1737 after a monument to Michelangelo had been
  erected there just opposite the tomb.


  The Inquisitions ban on reprinting Galileos works was lifted in 1718 when permission was granted to publish an edition of his works (excluding the condemned Dialogue in
  Florence). In 1741 Pope Benedict XIV authorized the publication of an edition of Galileos complete scientific works, which included a mildly censored version of the Dialogue. In 1758
  prohibition against works advocating heliocentrism was removed from the Index of Prohibited Books, although the specific ban on uncensored versions of the Dialogue and Copernicus
  De Revolutionibus remained. The Churchs last traces of official opposition to heliocentrism disappeared only in 1835, when these works were finally dropped from the Index.


  Within a few months of his election to the papacy in 1939, in his first speech to the Pontifical Academy of Sciences, Pope Pius XII described Galileo as being among the most audacious
  heroes of research . . . not afraid of the stumbling blocks and the risks on the way, nor fearful of the funereal monuments. Pius XII was very careful not to close any doors (to science)
  prematurely. He was energetic on this point and regretted what had occurred in the case of Galileo. On 15 February 1990, in a speech delivered at the Sapienza University of Rome, Cardinal Ratzinger
  spoke of the Galileo affair as forming what he called a symptomatic case that permits us to see how deep the self-doubt of the modern age, of science and
  technology goes today. On 31 October 1992, Pope John Paul II expressed regret for how the Galileo affair was handled, and officially conceded that the results, of a study conducted by the
  Pontifical Council for Culture, show the Earth is indeed not stationary.
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