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Development of Mathematical Astronomy

Most primitive societies developed some knowledge of astronomy because they needed to predict the onset of the rainy season or the best time to plant crops.  In many societies, keeping the calendar was the responsibility of a priestly class, and elaborate monuments were dedicated to track of the progress of the Sun across the sky.  Among the best known is Stonehenge, a circle of huge standing stones built on Salisbury Plain in England between 3000 and 1500 years BCE that is thought to have been used as an eclipse predictor.  The position of the Sun with respect indicated the timing of major ceremonies. 
In addition to its practical value, many societies believed in astrology, the influence of the heavenly bodies on events on earth.   To make predictions, astrologers needed to know precisely where the planets, the sun and the moon were relative to the fixed stars at the moment of a person’s birth or where they would be in the future.  This lead to the development of mechanical  models to predict the motions of the planets and the sun and moon.  Civilizations including the Sumerians, the Egyptians, the Greeks, the Chinese and the Indians (Selin 2000) developed models of the cosmos.  In particular, the Greeks and the Indians applied newly developed mathematics to determine the locations of the sun, moon and planets both in the past and the future.
When Alexander the Great (died 323 BCE) conquered the western world from Greece to India, his empire linked the scientists of all these cultures.  Alexander, who had been tutored by the philosopher Aristotle, fostered the growth of libraries and scholars. After his death, the city of Alexandria, Egypt, founded by and named for, Alexander, became a center of learning where manuscripts from societies around the world were collected and stored.  Gradually governments, established by Alexander’s generals after his death, were replaced by governors of the Roman Empire, but the work of the scholars of Alexandria continued.  
The most influential astronomer at Alexandria was Claudius Ptolemy (85-165 CE) who developed a sophisticated model of the universe with the earth at its center and the sun. moon and planets carried around it by uniformly turning spheres.  His model combined the astronomies of the Greeks and Babylonians including their use of a base 60 number system.  Unfortunately, observations had become sufficiently sophisticated so that Ptolemy was well aware that the motion of the planets was not uniformly circular about the center of the earth.  There was no way to explain the retrograde motion of planets in terms of uniform circular motion or spheres.  

Earlier Greek astronomers had introduced a two sphere system.  One sphere, the deferent of the planet, was centered close to, but not on, the center of the earth.  A second sphere, the epicycle carried the planet as it moved along the deferent.  Ptolemy realized that the speeds of the planets along their orbits could not be explained by uniformly moving spheres.  He therefore introduced the equant – an offset from the center of the deferent about which the center of the epicycle moved with uniform speed so that the planet actually does move at different speeds when it is at different points of its deferent.  Ptolemy’s model was difficult to use, but tables based on it allowed accurate predictions of planetary positions.  By adjusting parameters, astronomers could usually force the model to agree with the latest observations. (MacTutor)
The Fall of Rome, the Rise of Islam, and Astronomy
The Roman Empire collapsed under the pressure of attacks by invading tribesmen from central Asia.  The cultural center of the empire moved east to Istanbul, and the great centers of scholarship gradually declined.  In the seventh century, the prophet Muhammad (d. 632) founded Islam and began the establishment of an empire.  By 644, Islamic caliphs controlled Arabia, Egypt, Palestine, Syria and the Persian Empire, and a little over a hundred years later, Islamic dynasties ruled territory including the northern part of Africa, Spain, southern France, Afghanistan, part of Pakistan, Turkey, India and even China. (History of the Muslims)  Fortunately for the progress of science, the caliphs who ruled the Islamic Empires took a lively interest in the scholarship of the ancient civilizations they had conquered.

Caliph Harun al-Rashid (786-809 – and yes, he is the caliph from The Arabian Nights!) ruled an empire from Greece to India from his Baghdad.  In the reign of his son, Caliph al-Ma’mūn (813-833), scholars supported by the caliph worked at the great library at Baghdad (the House of Wisdom) to translate texts from Greek, Syriac, Hebrew, Pahlavi (from Persia) and Sanskrit (from India) into Arabic.  The translators worked in organized teams, checking and rechecking the translations, and were supported by a staff of copyists.  The effort was repeated in other Islamic courts until about 1500 or shortly thereafter when the great Islamic empires were politically weakened. (Sabra, MacTutor)  The Arabic translations of the written works of the great classical civilizations spread widely through the Islamic world and eventually reached Europe.  It is no accident that Ptolemy’s classic work is known by its Arabic name, The Almagest.
Astronomy was uniquely important to Islamic scholars for two reasons.  First, Islamic prayers should be said while bowing in the direction of Mecca, the quibla.  Finding the quibla from any site on earth requires astronomical reference points as well as the sophisticated use of spherical trigonometry.  Secondly, the Islamic calendar is lunar.  Days begin at sunset, and the month begins with the first appearance of the crescent moon in the western sky.  The time of the important month of Ramadan is an important item to determine and requires very careful knowledge of the orbits of both the moon and the sun.  Although Islam explicitly forbids the practice of astrology, many of the caliphs followed the earlier Greek and Babylonian practices and kept court astrologers whom they consulted before making important military or political decisions.  For these reasons, the caliphs and their courts took a lively interest in both theoretical and observational astronomy.
Contributions of Islamic Astronomy:  Mathematical Models

Arab mathematicians working at the House of Wisdom certainly started their work by understanding such Greek classics as Euclid’s Elements.  They also made use of Jewish and Indian manuscripts, and they added their own original ideas to the mix.  Because many of the original texts have been lost and we cannot say whether or not a particular person had actually read a particular manuscript, it is difficult to say exactly who created what.  Recent discoveries and translations of Islamic manuscripts clearly indicate that the mathematicians in the courts of the caliphs discovered several theorems and principles in mathematics that were not known in Europe until several centuries later.  Two significant examples are the introduction of decimal-based calculations including fractions and the development of algebra and its use to describe the geometry that had been the centerpiece of Greek mathematics.
The decimal system including the use of the decimal point and zero were developed in India and probably brought to Baghdad in manuscripts that were gifts to the Caliph or as trade goods.  For example, it is known that an embassy from Sind in India brought an Indian astronomical handbook, probably containing a section on how to calculate relevant numbers, to the caliph’s court in 772.  Arab astronomers soon adapted the system to pen and paper and used it for such new discoveries as extraction of roots. Mathematicians also expanded the Indian concept of the sine function to include the cotangent, and most astronomical handbooks contained surprisingly accurate sine and cotangent tables. (King)  

Abu Ja’far Muhammad ibn Musa Al-Kwararizimi, a scholar at the House of Wisdom in Baghdad who worked in the early 800s, wrote two treatises, one on algebra and one on astronomy.  Although he used no symbols and described his calculations in words, Al-Kwararizimi introduced both linear and quadratic equations and methods for solving them.  The title of his book actually gave rise to the name, algebra, which comes from al-jabr or completion in Arabic. He also used geometric methods to prove algebraic theorems.  Whether or not he borrowed geometric methods from Euclid, this work started the process of describing geometric problems in terms of equations and of using equations and mathematical calculations without reference to geometry. His handbook on astronomy was built on Indian astronomy possibly influenced by Ptolemy’s work.  (MacTutor)  The translation of Al-Kwararizimi’s book into Latin introduced decimal notation into Europe. (Gingerich)

Al-Kwararizimi’s work sparked research by many later mathematicians including the poet Omar Khayyam (1048-1131 –author of the Rubiyat) who classified cubic equations and solved them by means of intersection of conic sections.  He also developed a revised calendar that was much more accurate than the Julian calendar then used in Europe, and his calculation of the length of the day agrees with modern results to the sixth decimal place. (Islamic and Arab Astronomy)
Copernicus may well have used the work of Arabic astronomers in De revolutionibus orbium coelestium where he introduced a heliocentric model of the universe.  Certainly he cites the ninth century astronomer Muhammad Al-Battani 23 times.  Al-Battani’s observations traveled to Spain and were translated into Latin and widely disseminated in Europe.  His work was considered less significant among Islamic astronomers. (Gingerich)   Ptolemy’s model was based on the assumption that planets were carried by rigid spheres in uniform motion.  Clearly the equant violated the assumption of uniform motion, and a number of Islamic astronomer proposed ways to “fix” the model.  Their efforts lead to two theorems that formed the basis of Copernicus’s work. Although much of Copernicus’s work was based on Ptolemy and Euclid, these two theorems were well established in Islamic astronomy nearly 300 years before Copernicus. Copernicus introduces them as new theorems but even his notation follows the Arabic manuscripts, and Copernicus spent much time in Italy where he may have read the manuscripts.  (Saliba)
The first of the theorems, the Tusi Couple which used two circles one inside the other and with a diameter equal to its radius.  As the inner circle rolled uniformly around the outer, a point on the inner circle could produce a straight line from the combination of these two circular motions. (See http://mathworld.wolfram.com/TusiCouple.html for a very nice animating illustrating this.)  It’s developer, Nasir al-Din al-Tusi (1204-1271) escaped from a castle held by the radical Islamic sect, the Assassins, when it was captured by Hulegu, a grandson of Genghis Khan, who conquered and sacked Baghdad in 1258.  Al-Tusi was able to persuade his patron to build a state-of-the-art observatory in his capital Maragheh in northern Iran.  There al-Tusi led a team of about twenty astronomers at least one of whom was Chinese in making observations that lasted for 12 years and produced a set of new astronomical tables and accurately calculate the precession of the equinoxes. In mathematics, he was the first author to identify trigonometry as a discipline in its own right. (MacTutor)
The second theorem was proved by Mu’ayyad al-Din al-‘Urdi who also worked at the Maragheh observatory.  He managed to eliminate the equant from Ptolemy’s model but had to keep the center of the deferent offset from the center of the Earth. (Gingerich)  Copernicus used al-Urdi’s mathematical theorem but takes it as a given and does not offer a proof.  Kepler later asked his teacher for an explanation, and the teacher offered one. (Saliba)
While we may never discover manuscripts and other evidence showing exactly how familiar Europeans were with the mathematical models of the Islamic astronomers, it is clear that Islamic mathematical astronomy went far beyond mere transmission of Greek and Indian ideas to Europe.  Recent research has uncovered an increasing number of links both in astronomy and mathematics.  The Islamic scholars never proposed a heliocentric universe but their work provided a mathematical basis for Copernicus’s work.
Contributions of Islamic Astronomy:  Instrumentation

The observatory at Maragheh is one example of the support of observational astronomy by Islamic rulers.  The astronomers never invented the telescope and made all their observations using eyes alone.  However, they developed several observational aids that later crossed into Europe and were used by such notable observers as Tycho Brahe who provided Kepler with the data that allowed him to determine the laws of planetary motion.  Ptolemy advocated the use of observations to test models of the cosmos.  The Islamic astronomers took his advice very seriously. (Sabra)
The instruments used before telescopes look very strange to us today.  Most of them were designed to help astronomers make accurate measurements of the angular positions of the planets, the moon and the sun as shown in the painting of the medieval observatory at Istanbul where astronomers are shown using their observing instruments.  Not surprisingly, the time conscious astronomers developed sundials keyed to their own locals.  They mapped their observations onto celestial globes and used rings to mark orbits on armillary spheres.  The quadrant was a quarter of a circle that was used to measure the angular position of an astronomical object relative to the zenith whose position was determined by a plumb bob when the instrument was set up.  Quadrants were often made very large to allow accurate measurements.  Sometimes they were equipped with an alidade, that is a bar that turned through various angles.  For solar and lunar observations, alidades held vertical end pieces with small, carefully aligned holes.  By lining the sun up so its light passed through both holes, the observer could precisely fix its position. (King)
The most highly developed instrument of medieval Islamic astronomy was the astrolabe, a device invented by the Greeks that allowed the user to figure out how the sky should look at a particular time and place.  Thus it could be used to tell time based on the appearance of the sky or to predict how the sky should look at some time in the future or the past.  Construction of an astrolabe involved projecting the complete dome of the sky onto a flat plate in the plane of the celestial equator, an exercise in spherical trigonometry.  The plate was placed in a holder marked with angles so it could be turned.  Obviously plates were specific to a particular location, and instruments were often constructed with several plates for use in different locations.  Over the face of the plate was fitted a moveable indicator that was marked with the positions of fixed stars and could be turned to accurately tell time.  Islamic craftsmen made beautiful astrolabes of brass with elaborate tables engraved on their reverse sides. (Morrison)
There is no better example of the linkage of government and astronomy that the story of Ulugh Beg (1393-1449), the favorite grandson and eventual successor of the great central Asian conquerors Tamerlane.  Tamerlane carved out an empire that stretched through Persia to India.  He died on his way to invade China.  Ulugh Beg’s father, Shah Rukh, won the struggle for succession and moved his capital to Herat.  He appointed his 16 year old son governor of the old capital, Samarkand.  When he was 24, Ulugh Beg began the construction of a madrasah or school.  In modern terms, it was a mix of a university, a religious center and a think tank.  He attracted many distinguished scholars to Samarkand.  The observatory he built contained a quadrant so large that it had to be partially buried in the ground.  The observational work conducted by the astronomers working there produced the most accurate tables of the day, and the mathematicians developed new models of the cosmos and performed such feats as calculating π to the greatest accuracy of the day.
It is difficult to know exactly how much work Ulugh Beg actually performed himself since he is given great credit by the team he supported.  He seems to have participated actively in discussions of astronomy and mathematics. He is said to have determined the value of  sine of 1o with new accuracy by solving a cubic equation using numerical techniques.  He also wrote poetry and studied religion and philosophy.  He eventually succeeded his father after a bloody struggle for the succession and was shortly thereafter put to death by his own son. (MacTutor, Kennedy)

Conclusion
Islamic astronomers blended the astronomy and mathematics developed by the great civilizations of Asia and southern Europe.  In the process of reconciling them, they expanded them and produced new and important results both in observation and in theoretical modeling.  They wrote widely themselves and oversaw the translation of classical works into Arabic.
It is clear that many Arabic works passed through Islamic Spain into Europe where they were translated into Latin.  Certainly Copernicus and his contemporaries were familiar with the results of their work.  Recent research has increasingly shown that Islamic astronomy was a vital field in its own right and not a mere reworking of Greek and Indian texts.  Spain was an embattled backwater in the Islamic world so materials reaching Europe by that route generally did not represent the latest results or theories.  It remains to be discovered exactly how much of early Renaissance astronomy in Europe was directly derived from Islamic sources.  
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