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Astronomy of Ancient Greece

The following notes are excerpted from Journey to the Cosmic Frontier by John D. Fix, and Archives of the Universe by Marcia Bartusiak.
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Thales of Miletus (c. 636–546 B.C.) is credited with being the first natural philosopher to attempt an explanation of heavenly motion without resorting to myths and supernatural forces. For this, we might reasonably call him the first man of science. He taught that the earth was a flat disk floating on water. He was also given credit for predicting a solar eclipse in 585 B.C during a battle between the Persians and Lydians that astonished them so much they ceased hostilities. Modern astronomers doubt Thales had the technical skills to predict a solar eclipse so precisely, but he may have learned of the saros cycle from the Babylonians and had a bit of luck (in addition to possibly confusing a lunar eclipse—which is much easier to predict—with a solar). A teacher of Anaximander and possibly Pythagoras. None of his writings survive.

Anaximander of Miletus, a younger contemporary of Thales, believed the earth floated in nothingness (since it did not appear to move in one direction or another). He also believed the earth to be cylindrical in shape.
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Pythagoras and his followers are believed to be the first to reason the earth is spherical. The sphere was believed to be the most perfect of the geometric solids because it can be defined by a single parameter—its radius. Since the earth was thought to occupy the center of the heavens, its perfect geometry followed. Also, the Pythagoreans noted that the earth's shadow is always a curved line on the surface of the eclipsed moon. Only a sphere always produces a curved shadow.

Eudoxus of Cnidus (c. 408 – 347 B.C.) expanded upon the Pythagoras' idea of perfect circles and accepted Plato's invention that the planets move around Earth on crystalline spheres (the spheres had to be perfectly transparent to see the more distant objects). From this, Eudoxus developed a system of 27 concentric spheres centered on Earth. The outer sphere contained the fixed stars while each “wandering star,” or planet, required four spheres. The Sun and Moon each required three spheres.

His conception of the heavens was purely mathematical and Eudoxus made no attempt to derive a mechanical explanation of these motions. Within 50 years the model had to be discarded, but his observations of the planets and stars were later utilized by Hipparchus.
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Aristotle (384–322 B.C.) studied under Plato, but unlike his teacher, believed ultimate reality existed in the physical realm and not merely in the realm of ideas. Thus, experience in the physical world could be used to understand reality. Of 150 writings, 30 of Aristotle's treatises survive. In De caelo (On the Heavens) he stated that the earth is a sphere “of no great consequence” about 45,000 miles in circumference. The number is rather high, however, and Aristotle never stated the source of his assertion.

Aristotle more successfully reasoned the earth had to be spherical based on observations that stars rise above or dip below the horizon when one travels north or south and that falling objects always fall perpendicular to the ground when dropped. Believing that like “elements” were attracted to each other, a rock should be drawn to Earth's center. Thus, the earth had to be spherical for a falling rock to always fall perpendicularly to the ground. He also argued that the heavens were immutable and that all change occurred in the earthly realm. The heavenly objects were also believed to be of fundamentally different composition than objects in the earthly realm.

Aristarchus of Samos (310–230 B.C.) made the first documented attempt to ascertain the distances to the Moon and Sun using geometry. His logic and geometry was correct, but inaccurate measurements resulted in the wrong answer. Although his results were incorrect, his realization that the Sun was many times larger than Earth probably caused him to propose a heliocentric (sun-centered) model of the heavens. Unfortunately his idea was hundreds of years ahead of its time and lack of observational evidence stopped the model from gaining acceptance. The writings of Aristarchus do not survive, but his ideas are cited in The Sand Reckoner by Archimedes.

The first accurate calculation of Earth's circumference is credited to Eratosthenes. His writings do not exist, but is summarized in On the Orbits of the Heavenly Bodies (c. 75 B.C.) by Cleomedes and many other works.
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Hipparchus of Rhodes (190–120 B.C.) observed a nova stellum (today we would call it a supernova) in 134 B.C. and this strange, new object in the heavens prompted him to construct the first accurate catalog of 850 star positions and magnitudes. Believing that an accurate accounting of stellar positions and magnitudes would be helpful for determining if a star's position or brightness changed, his observations actually led to one of the most serious challenges to Aristotle's view of an immutable cosmos. Hipparchus notices that the entire celestial sphere precessed (shifted) over time. By today's measurement, we know the precession occurs at a rate of 1° every 72 years. Astronomers had to wait nearly 1,700 years, however, until a young Isaac Newton's law of universal gravitation was formulated and could explain the phenomenon of precession.

Claudius Ptolemy (A.D. 100–175) was one of the last in a line of Greek astronomers. His Mathematike Syntaxis (later translated into Arabic as Al-Majisti, then Latin as Almagestum and finally, the English The Almagest) decided the order of planets around Earth with as many planets on one side of the Sun as the other. Since the Sun was the source of light and heat, that balance resonated with his Aristotelian beliefs. He also estimated the distance to the fixed stars as 19,865 Earth radii, or 7.5 million miles, and refined Hipparchus' magnitude system.
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Like Aristotle before him, Ptolemy assumed a stationary Earth since no object tossed straight up into the air was seen to move eastward against the daily westward motion of the Sun. Not until Galileo and others formulated the principle of inertia was this argument satisfactorily refuted.

In The Almagest, Ptolemy proposed explanations for the length of the year and the varying lengths of the seasons. He also invoked a system in which circular motion at a constant speed was observed from a stationary point away from Earth (the equant), however, and that detail did not sit well with other followers of Aristotle's teachings or with the later Islamic and western scholars. This detail was necessitated by Ptolemy's insistence on matching his theoretical model to observations, but philosophical doubts about the correctness of a model that had heavenly motions centered on a point other than Earth resulted in numerous refinements and debates until the time of Copernicus.

Renaissance Astronomy

Nicolaus Copernicus wrote Commentariolus (Little Commentary) in 1514 and proposed a model of the heavens in which he brashly asserted that the Sun is the center of the universe. “We revolve around the Sun just as any other planet,” he wrote. Copernicus was not concerned with a moving Earth, but he objected to a celestial sphere rotating around a stationary Earth. To him, a stationary heavens with the source of light and heat resting at a stationary throne in the center was a more noble configuration than a stationary Earth. By the time of Copernicus, western scientists had rediscovered the works of ancient Greece and had come to revere Aristotle and his vision of perfect circular motion. This belief would come back to haunt the work of Copernicus as he discovered, just like Ptolemy thirteen centuries earlier, that the heavens had no need to satisfy earthly aesthetics. Much to his chagrin, he eventually had to add epicycles to his heliocentric model and even reintroduce the idea of the equant for off-center motion.
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In his completed treatise, De revolutionibus orbium coelestium (On the Revolutions of the Heavenly Spheres), a well-meaning theologian, thought to be Osiander, wishing to protect Copernicus from controversy—and possibly heresy charges—added an introduction to the book stating that a sun-centered model was merely a "mathematical convenience" and should not be taken literally. Osiander’s reasoning was that true or false, a hypothesis describing planetary motion is valuable if is saves the appearances and accurately accounts for observed motion. The theologian believed the true cause of planetary motion was known only to the Creator.

Copernicus' model provided a more elegant solution to the retrograde motion of planets (it is the motion of Earth that is the cause), but Ptolemy's model was still quite capable of providing accurate planetary positions. Copernicus' model was no more accurate than Ptolemy's and in some cases was much worse. Ironically, Copernicus' desire to restore an Aristotelian aesthetic to the motion of the heavens required a moving Earth, but resulted in simplified explanations of planetary motions.

While planetary motions were simplified, Copernicus actually complicated the lives of natural philosophers trying to unravel the mysteries of Earthly dynamics: namely, why we don't feel Earth's rotation and why objects thrown into the air are not left behind by a moving Earth.
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The last of the great pre-telescopic observers, Tycho Brahe made observations that paved the way for unraveling the mystery of planetary motions and cast doubt on the Aristotelian world view of an immutable heavens. After observing a nova stellum (a “new” star that we now realize is a dying star called a supernova) and comet, Tycho ascertained that both were located beyond the “region of Element,” or beyond the Moon's orbit. That the comet moved across the sky, and presumably through the crystalline spheres, made Tycho question the reality of the spheres.
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By making the most accurate naked-eye observation known, Tycho and his assistants were able to measure the length of the year to within 1 second, determine how the earth's atmosphere bent starlight, and refined the precession rate discovered by Hipparchus. As a transitional figure between medieval and Renaissance astronomy, Tycho could not accept Copernicus' bold, new model and stubbornly maintained that the heavens moved around Earth. His only concession was to propose that the earth was stationary and that the Sun—carrying all the planets with it—moved around Earth. In 1600 Tycho hired Johannes Kepler to be his chief assistant.

A confirmed Copernican, Johannes Kepler devoted much of his life after the death of Tycho Brahe to determining the motions of the heavens. His goal was to “demonstrate from observations” the motions of the planets. Kepler discovered a geometric rule that explained the size of a planet's orbit and its speed and published his findings in the Cosmographic Mystery in 1596. He based his fanciful ideas on the shapes of the five Platonic solids (a cube, tetrahedron, dodecahedron, icosahedron, and octahedron) nested inside each other. The mathematics impressed Tycho Brahe so much that he invited Kepler to work for him. Upon Tycho's death, Kepler set out to solve the riddle of the motion of Mars—a task assigned by Tycho prior to his death. Boasting he would solve the mystery in a week, it took nine years!

Because Tycho's observations were so accurate, Kepler was able to plot Mars' position at every degree along its orbit and realized that simply moving the Sun off-center of a circular orbit did not make observations match the predicted positions. Only be making the orbit elliptical did the measurement of equal areas swept out in equal time intervals work out. What we now consider to be Kepler's second law of planetary motion was actually solved first.

It was the very observations of Mars that convinced Kepler that Copernicus was correct and that Aristotle's Earth-centered worldview could not stand. Kepler realized that Tycho's observations sometimes placed Mars nearer to Earth than the Sun. If crystalline spheres existed, Mars would actually smash through the Sun's sphere.

The laws of planetary motion he formulated are

1. A planet follows an elliptical orbit about the Sun with the Sun occupying one focus of the ellipse.

2. During equal time intervals, a Sun-planet line sweeps out equal areas.

3. The square of a planet’s sidereal period is proportional to the cube of the orbit’s semi-major axis.

Much of Kepler's work was inspired by William Gilbert's claim that the Earth was a giant magnet and that the Sun emitted magnetic rays that moved the planets. Though completely wrong, the theory moved the science of astronomy towards physics and away from geometric principles. Kepler came to a different conclusion and eventually concluded that there were two forces acting on planets: one spiraling outward from the Sun that pushed the planets along in their orbits and a second magnetic force of a attraction that pulled the planets towards the Sun. The combination of these two forces was thought to create the elliptical orbits of the planets. Though wrong, the idea that motion was the result of forces had been planted.

In 1627, Kepler produced the Rudolphine Tables, a far more accurate resource for calculating planetary positions based on his own laws of planetary motion. In his own time, this tome ensured Kepler's renown. By doing away with the need for fictitious circles and geometric figures, however, Kepler realized that his successors' task would be to solve the riddle of the underlying physical principles that govern the cosmos.

Galileo began his study of moving bodies in 1600. At the time, the most widely accepted theory of motion was the impetus theory—a concept that had been around for 200 years and shared its roots with the teachings of Aristotle. The central idea of the theory was that an object would remain in motion only as long as a force was at work on the object. Galileo, however, reasoned that mathematics and experimentation were the best tools for unraveling the mysteries of nature instead of relying on common sense.

Believing as others did, that heavy object fall faster than lighter ones and that the speeds of fall was proportional to the weights, Galileo set out to investigate the concept of free-fall using balls of various weights rolling down inclined ramps. The rolling balls moved much slower than ones dropped vertically and could thus be measured more accurately. He also used more accurate clocks than his predecessors. What Galileo found is that the distance a ball traveled was proportional to the square of the time it had been in motion. This was true no matter what the slope of the ramp or the weight of the ball. Reasoning that all objects would fall at the same rate in the absence of air, he concluded that heavy objects fall faster in air because the air resistance is negligible to them.

Galileo's experiments also lead him to conclude that motion was as natural a state as rest. Contrary to the impetus theory—in which an object remains in motion only until its impetus was used up, Galileo theorized that an object set in motion would continue in a state of motion forever or until something acted upon it. In other words, nothing was required to keep an object in motion once started; only stopping it required a force.

Galileo's observations with a telescope further convinced him of the validity of Copernicus' heliocentric model of the universe. The observations that cast doubt on the Aristotelian world-view of Ptolemy's geocentric cosmology were:

· Four starlets that followed Jupiter and continually orbited it.

· Earth-like features on the moon: mountains, valleys, and “seas”

· Spots on the surface of the Sun and evidence of the Sun's rotation

· Countless stars in the Milky Way

· Changing phases of Venus that indicate it orbits the Sun

Galileo's work on motion was continued by the French philosopher René Descartes, who believed that all motion resulted from collisions with tiny particles called corpuscles. If no collisions occur, an object remains at rest. An object in motion remains in motion at the same speed in the same direction. Descartes' conceptualization is a clear statement of inertia. Not only did he believe that an object would remain in motion unless something acted upon it, but he also believed the objects natural motion would continue in a straight line. The circular motion that formed the basis of both Ptolemy's and Copernicus' theories was not possible since they assumed no forces were present. According to Descartes, any deviation from linear motion required the application of a force.

The Birth of Physics
In the geocentric cosmology of Aristotle and Ptolemy, the planets, Sun, Moon, and stars were located on crystalline spheres and the rotation of the one shell drove the rotation of the next innermost shell. Copernicus's heliocentric model did away with this quaint explanation of celestial motion but offered no theory to replace it. Perpetual circular motion was “natural” although Descartes theorized that circular motion could only result from the presence of unbalanced forces. Kepler's empirical discovery that planets vary their orbital speeds while traveling along ellipses implied that forces are continually acting to modify the direction and speed of planets. As stated in the supplemental notes on Renaissance astronomy, Kepler believed two forces were responsible for planetary motion: one (the anima motrix) that emanated from the Sun and rotated with it and a second magnetic force of attraction. These two forces were believed to change the direction and speed of a planet's motion.

The next crucial step in the understanding of planetary motion came from Robert Hooke—a brilliant English scientist who had the misfortune of being a contemporary of an even greater natural philosopher: Isaac Newton. Hooke also believed, as did Descartes, that objects would move in a straight line unless acted upon by forces. That planets move did not require explanation; what caused them to continually change direction did require a solution, however. In a demonstration before the Royal Society in 1666, Hooke used a weight suspended from a string to demonstrate that motion along a path (or orbit) required the presence of a centripetal, or center-seeking, force. This centripetal force was theorized to emanate from the Sun and be the same the force that caused objects to fall to the ground: gravity. Hooke tried to measure the variation of gravity over distance but was never able to determine its nature.

Isaac Newton was born prematurely on Christmas Day in 1642, the year of Galileo's death. As a child young Isaac was moody, quick to anger, and brilliant. He made sundials and learned to tell time by the Sun, but often forgot to come home for meals. His absentmindedness made him little help around the farm; once asked to go round up the cattle, he was found much later staring at the swirling water in a nearby stream.

He came into his own while a student at Trinity College, Cambridge, where he studied the works of Copernicus, Kepler, Galileo, and Descartes as well as many other prominent mathematicians and natural philosophers. After earning his bachelor of arts degree in 1665 at the age of 22, an outbreak of the plague forced Cambridge to close and Newton returned home to his family farm Woolsthorpe Manor. Over the next two years, he made fundamental discoveries about the nature of light, formulated the law of universal gravitation, and invented both differential and integral calculus. Usually reluctant to draw attention to himself, Newton was content to investigate the natural world and solve its riddles, but rarely bothered to share discoveries with others. Only when prodded would he reveal the fruits of his labors.

Hooke and Edmund Halley believed the force of gravitation could be explained by an inverse square law but could not prove it. When asked by Halley about the shape of a planet's orbit when a centripetal force such as gravity decreases with the square of the distance, Newton casually said the orbit would be an ellipse. Astounded that Newton was so certain of a result that combined Kepler's laws of planetary motion and Hooke's description of gravity, Halley asked how he knew this. Newton said he had solved the problem years before! He was unable to locate his calculations, however, and had to spend several months recreating them so Halley could see the proof. It's thought that a small error existed in Newton's derivation of universal gravitation that was the cause of his reluctance to immediately share his proof. Only after being put on the spot by Halley did he return to the problem and finally use his corrected theory to derive all three of Kepler's laws.

With a great deal of urging, Newton set out writing a book detailing his discoveries about motion, gravitation, and the orbits of planets. The Mathematical Principles of Natural Philosophy was entirely funded by Halley. The fundamental description of terrestrial and celestial motion is contained in three laws:

· Every body perseveres in its state of rest, or of uniform motion in a right line, unless it is compelled to change that state by forces impressed thereon.

· The alteration of motion is ever proportional to the motive force impressed; and is made in the direction of the right line in which that force is impressed.

· To every action there is always opposed and equal reaction: or the mutual actions of two bodies upon each other are always equal, and directed to contrary parts.

The mathematical statement of the second law F = ma came later.
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