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I'm going to take you on a journey. A journey through both time and space. A journey
of discovery. Today we are going to briefly explore the history of astronomy. 

We are going to learn why Astronomy is considered to be the first science.

We are going to discover how early humans viewed the skies, finding all sorts of 
meanings hidden within its mysterious patterns.

We are going to unearth evidence of how different cultures tried to make sense of the 
motions of the stars and planets and how this influenced their views on where 
humans fitted into their universe.

Finally, we are going to learn how science has been able to free us from the myths 
and superstition that coloured much of our historical views of the heavens, resolving 
many of the early mysteries but presenting us with other, even more wondrous, 
questions to answer.

So let's begin on this enlightening journey...
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The science of astronomy sprang from necessity... the necessity to measure time.  The
daily rising and setting of the sun, for example, would have been an obvious way for 
early humans to measure the daily cycle of night and day. And it wouldn't have taken 
long before they realised that the amount of daylight in a day was not always the 
same, but followed a pattern, related to the annual seasons. The length of daylight in 
the middle of Winter, for example, would have been noticeably shorter than in mid-
Summer.
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They also would have noticed, early on, the phases of the moon and how that 
particular cycle from Full Moon to New Moon and back to Full Moon, repeated every
28 days or so.
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At first there was probably not so much a need to measure the time of day but it 
would have been advantageous to measure the passing of the seasons. People needed 
to know when animals would be migrating or when certain plants would be in fruit. 
Later they needed to know when to sow and to harvest their crops, or when to store 
food in preparation for leaner times, or when to expect rains or snows or dry spells.

Centuries of observing the movements of the moon, the sun and the stars made it 
possible to measure this passing of time. Before the advent of writing, people would 
pass down these observations through the generations in stories.
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These stories could be made all the more memorable by imaginatively identifying 
patterns in the stars. These shapes form the constellations. They could then more 
easily describe the movements of the sun and moon as they passed through these 
patterns. The particular shapes intercepted by the passage of the sun form the Zodiac. 
In the absence of a true understanding of why things moved as they do, such 
movements were often mythologised and attributed to supernatural forces. In this 
way the cycles of the heavens not only became their celestial calendars but they 
became central to most religious belief and mythologies. For much of the history of 
astronomy, attempts at explaining the nature of the night sky were inseperable from 
religious belief.
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More than 30,000 years ago a Neolithic skywatcher in Europe carved this remarkable
calendar on a reindeer bone. It appears to show the daily changes in the phases of the 
Moon, making it, perhaps, the oldest known celestial clock, and an early indication of
the human preoccupation with time.
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Nearly 4,000 years ago someone created this 30 centimetre bronze disk depicting the 
Sun, a crescent moon and stars, including the Pleiades star cluster. This is the Nebra 
Sky Disk, and it was found in Northern Europe. We don't know exactly what purpose
the disk may have served but it appears to show the precise alignment of the moon 
and stars that would identify when to insert the extra day that defines a Leap Year. 
This process is necessary every four years or so, of course, to bring the lunar cycles 
into sync with the solar year's seasons. The Nebra Sky Disk clearly shows that people
were not only observing the heavens way back then, but they were also recording 
their observations and using those records to guide – and even fine tune - their 
measurement of time.

In fact, some of humanity's earliest written records appear to be of astronomical 
observations....
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The British Museum holds a number of three thousand year old Babylonian diaries, 
like this one, that record such things as the positions of planets, the times of eclipses, 
and the phases of the moon. Interestingly, they also show how the Babylonians used 
these records to recognise the cyclic nature of many astronomical events, and to use 
that knowledge, together with a little mathematics, to predict future events. It could 
be argued that this was the true beginning of the science of astronomy.
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Many ancient people recognised that the point on the horizon where the sun rises 
each day moves throughout the year. We now know that the daily rotation of the 
Earth, the tilt of its axis and its annual orbit around the sun all combine to create this 
effect. They, of course, didn't know this. But they did know that twice a year this 
sunrise point virtually stands still. Ancient observers recognised these times as mid-
summer and mid-winter. Today we call these times the Summer Solstice and the 
Winter Solstice. You can see these as the sunrises on the left and right respectively in 
this mosaic image. The sunrise in the middle image was taken on September 22nd, on
the day when the lengths of night and day are equal. This, of course, is the day of the 
Equinox. These are times which were fundamental markers in measuring the seasons.
As sunrise began to move again in the other direction after it stopped, they knew that 
the season was about to change.
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Around the world, the earliest observers used the position of the rising sun as a 
calendar. In this Native American cave an arrow of sunlight hitting a mark on the far 
wall indicated mid-winter.
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Even older, this stone-age burial mound at New Grange in Ireland also marks this 
winter solstice. It is constructed so that the sun shines directly inside, through that 
specially aligned window you can see in the centre of this image. It's alignment 
ensures that this phenomenon occurs just once a year, on the morning of December 
21st.
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Another example is this sundial in Machu Picchu, Peru. Here the location of the sun's
shadow throughout the year was used to tell the Incas when to plant or harvest their 
crops. But because the Incas worshipped the Sun as a god, the movements of the 
sun's shadow also told them when to perform certain religious ceromonies. In this 
way, this sundial was their direct channel of communication with their gods.

Page 13 of  101



On a somewhat grander scale, the temple of Abu Simbel in Upper Egypt was oriented
in such a way that on only two ceremonially auspicious days of the year the sun 
would illuminate the sculptures on the back wall. Of course, the ability to predict 
such events gave the priests considerable power over those people who would have 
seen this predictive ability as somehow magical.
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But it is Stonehenge, in Southern England, that is probably the most famous of all 
these ancient celestial calendars. It's key alignment is from the centre of the stone 
circles through the Heel Stone beyond to the mid-summer sunrise. It can truly be 
described as an astronomical computer that's been faithfully marking time for over 
5,000 years.
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But perhaps the most astonishing of these early astronomical computers was this 
bronze contraption found encrusted in a shipwreck off Greece in 1901. It is called the
Antikythera mechanism and is estimated to be over 2,000 years old.
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This is a reconstructed replica of the mechanism. Careful analysis has revealed that it 
contained 37 gear wheels of different sizes, enabling it to follow the movement of the
Sun through the Zodiac. It appears capable of predicting eclipses and even accounting
for the slight irregularities in the orbit of the Moon, first described by Hipparchus in 
the Second Century BC.

Page 17 of  101



To the ancients, the movements of the sun and the moon were easily predictable, but 
the movement of the “wandering stars” were not. Today we know these “wandering 
stars” as planets. The word “planet” is actually derived from the Greek word meaning
“wanderer”. This image shows the movement of the planet Mars over about 5 
months. Planets appear to wander because, like Earth, they are orbiting the Sun, so 
they don't move in unison with the extremely distant background stars which, of 
course, don't orbit our sun and appear to be fixed in position, relative to each other. 
Planets would sometimes go faster than the fixed stars. They would sometimes go 
slower. And sometimes they would appear to stop before temporarily going 
backwards. This is known as their “retrograde” motion.
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However most ancient skywatchers didn't understand that the sun was at the centre 
and that the Earth was just another planet. To most people it would have been 
profoundly counter-intuitive to contemplate a spinning Earth, circling the Sun at 
some enormous speed. After all, we can't feel it move! It just seemed logical to them 
that we were stationary and the sun, moon, planets and stars orbited us. We call such 
a model the Geocentric System...
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In ancient Greece, for example, Aristotle saw the Universe as a series of concentric 
crystalline spheres with the Earth fixed and stationary at the centre. Within each of 
these concentric spheres the Sun, the Moon, and the five known planets would orbit. 
The background stars were set in the outermost sphere which also, they imagined, 
rotated daily around the Earth. Furthermore, Plato's philosophical ideas of heavenly 
perfection led the Greeks to believe that these spheres had to be perfectly round.
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By observing that the Moon, Mercury and Venus all moved between the Sun and the 
Earth, and by measuring the relative speeds of the planets through the sky, Heraclides
was able to determine the actual sequence of these spheres. They were, in order, 
Earth, Moon, Mercury, Venus, Mars, Jupiter and Saturn - with the outermost 
Celestial Sphere, containing all the fixed stars, encircling the whole thing. This 
geocentric model appeared to explain the gross movements of the Sun, the Moon and 
the stars, but it failed to explain those strange retrograde movements of the planets. If 
the planets were carried in perfect spheres, why did they sometimes go backward?
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One surprising answer came from Aristarchus (310-230BC) in 270BC. He was the 
first person to propose a heliocentric model, that is, a model with the sun at the centre
and the planets, including Earth, in orbit around the Sun, against a background of 
fixed, very distant stars.
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Furthermore, he figured that the Moon orbited the Earth and that the Sun was most 
likely a star, like all the other stars, only much, much closer to Earth.

Given that we now know this model to be fundamentally correct, why wasn't it 
accepted at the time?

Well, there were three main objections to Aristarchus's model:

Firstly, if the Earth orbits the Sun why don't we feel the movement? It would, in fact, 
be nearly two thousand years before Newton's Laws of Motion could successfully 
counter this objection.
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The second objection was to do with parallax. If the Earth was moving in orbit 
around the Sun then nearby stars should appear to shift relative to more distant stars 
when viewed 6 months apart, when the Earth is on opposite sides of the Sun. In this 
diagram the position of the nearby yellow star will appear to be different in January 
than in July. Unfortunately, no such parallax could be observed with the naked eye. 
Aristarchus argued (quite rightly, as it turns out) that the absence of seeing this 
parallax shift was because even the closest stars were very distant indeed. It wasn't 
until 1838 that the first parallax shift was actually observed, very belatedly 
confirming Aristarchus's argument.
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The third objection to this heliocentric model was more philosophical. There was 
considerable aesthetic appeal to having Earth at the center of the Universe. Moving 
us out to be “just another planet” was philosophically offensive to the human ego.
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So, the brilliantly insightful heliocentric model of Aristarchus would have to wait 
until the Sixteenth Century AD to be seriously considered. In the meantime the 
geocentric model was favoured. But it still had that problem with the retrograde 
behaviour of the planets where they appeared at times to go backwards against the 
fixed background of stars. In order to explain this, and still stick to the “perfection” of
the circle, the Greek astronomer Ptolemy came up with an answer...
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Working in Alexandria in the second century AD, Ptolemy (100-170AD) managed to 
account for these planetary wanderings while staying philosophically true to the 
perfection of circles and keeping the Earth immovable at the centre of the Universe. 
Ptolemy said that the planets followed epicycles... smaller circles attached to the main
spheres.
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This image explains the way in which a planet (the red dot) is attached to an epicycle 
(the small red circle) which is in turn attached to the larger yellow circle 
(representing the crystalline sphere) producing the apparent retrograde motion (the 
blue line) when viewed from the central, stationary Earth. This, of course, is a highly 
simplified version of the model... Ptolemy originally had to employ a total of 28 
epicycles to account for all the details of the planetary motions known at his time.

This model, while complicated, was nevertheless a complete description of the Solar 
System that both explained and predicted the apparent motions of all the visible 
planets. Clumsy though this notion was, this Ptolemaic system seemed to fit the 
observations well enough to prevail for 1800 years. It was, then, the first real 
mathematical model, or paradigm, for our understanding of Nature.
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Even though the ancient Greeks backed the wrong theory by placing the Earth at the 
centre of the Universe, they did get a lot of other things right. For example, they 
could see from the way ships disappeared over the horizon that the surface of the 
earth was curved. And from the circular nature of the Earth's shadow cast on the 
Moon during a lunar eclipse, shown here, they figured out that the Earth must be a 
sphere. Using mathematics and trigonometry they even calculated the distance to the 
Moon and, albeit a little less accurately, the distance to the Sun.
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Furthermore, in 250BC Eratosthenes (276-194BC) was able to accurately calculate 
the size of the Earth's circumference.

Eratosthenes knew that at noon on the day of the summer solstice in the Egyptian city
of Syene, the sun shone directly down a deep, vertical well.
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At the same time, a stick standing vertically in the ground at Alexandria, to the north, 
cast a shadow at an angle of 7 degrees. Eratosthenes realised that the ratio of a 
complete 360 degree circle to 7 degrees is the same as the ratio of the circumference 
of the Earth to the distance from Alexandria to Syene.

Centuries of surveying by Egyptian scribes gave him the distance between the two 
cities of about 800 kilometers. Putting this into his calculation it gave a 
circumference of 40,320 kilometers, which is amazingly close to the modern value of 
40,030 kilometers. With this calculation, Eratosthenes became the father of 
Geography, eventually drawing up the first maps of the known world and 
determining the size of the most fundamental object in the Universe, our own planet. 
He was also the first to calculate the twenty three and a half degree angle of tilt of the
Earth's axis – again, to a surprising degree of accuracy.
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Around 100BC another Greek, Hipparchus, produced the very first star catalog, 
sorting the stars by their brightness. He also recorded the names and position of all 
the Constellations. As we saw earlier, it is thought that Hipparchus's detailed data 
was used in constructing the Antikythera mechanism, most probably making it the 
most accurate astronomical prediction machine of its time.

In 272AD the great library in Alexandria burnt to the ground, destroying a great deal 
of all this invaluable astronomical data that had been painstakingly gathered over the 
centuries. After the collapse of the Roman Empire the Western World entered the 
Dark Ages.
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Attracted mainly by the philosophical ideals of heavenly perfection, by Biblical 
references to a stationary Earth and by the desirability of having Mankind at the 
centre of the Universe, the Roman Catholic Church ultimately adopted Ptolemy's 
geocentric model of the Universe and deliberately absorbed it into its doctrine. And 
because the Church had also adopted the prescriptive and intuitive “scientific” views 
of Aristotle, it was reluctant to subject Ptolemy's model to any real form of scientific 
scrutiny. This uncritical acceptance by the increasingly powerful Church lasted for 
centuries, stifling scientific progress in the West right up into the 1500's.

But before we reveal what it was that occurred in 16th Century Europe to bring 
Ptolemy's model into question, let's briefly outline the state of astronomy in other 
parts of the ancient world.
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We'll begin with the Middle East. The Sumerians in this region held complex 
religious beliefs that recognised the planets as gods, encouraging close observation 
and recording of the planetary meanderings in order to interpret their divine meaning 
for us mere mortals. This image shows the King of Babylon performing an act of 
worship before Shamash, the Sun-god.
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Such imaginative interpretations survive even to this day in the practice of Astrology 
as an attempt to “explain” the movements of the planets in the absence of more 
naturalistic explanations. The Sumerians also invented the sexagesimal system of 
counting which is still used when we divide a circle into 360 degrees, each made up 
of 60 minutes.
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It was also in Mesopotamia that the Babylonians began recording their astronomical 
observations using a cuniform script, stamped into clay tablets. This, for example, is 
the famous 3,000 year old Venus Tablet, describing the risings of Venus over a 
period of 21 years, clearly recognising the periodic nature of such events.

Similar patient and accurate observation led to those Babylonian astronomical diaries 
that we mentioned earlier, allowing them to recognise an 18 year cycle of lunar 
eclipses or the timing of auspicious planetary alignments. Later they developed 
mathematical models that could be used to predict such planetary behaviour without 
having to extrapolate from the data of past events.
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The Babylonians had an enormous influence on the ancient Greeks who in turn 
influenced much of Western science and philosophy. One notable Babylonian 
astronomer from the second century BC was Seleucus, who was a strong supporter of
the heliocentric model, similar to that proposed by Aristarchus in Greece.

Let's now see how Astronomy developed in India.
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The earliest records we have are from the Indian Vedic period and contain rules for 
tracking the Sun and Moon for the purposes of religious ritual. Later, around the 6th 
Century AD, complex mathematical models were developed that even described the 
Earth spinning on its axis along with accurate representations of planetary cycles and 
solar and lunar eclipses. There are even indications that they understood that comets 
were celestial bodies that reappeared periodically and that stars were the same as the 
sun, but just very far away..
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Between the 12th and the 16th Centuries, while Europe was still wallowing in the 
ignorance of its Dark Ages, Indian astronomy flourished... for example, this fellow, 
Bhaskara (1114-1185AD) discovered the principles of differential calculus and its 
application to astronomical problems half a millenium before Isaac Newton. He even 
calculated the orbit of the Earth to within an astonishing nine decimal places. Indian 
astronomers developed a sophisticated – and surprisingly accurate - computational 
system that described a “partial heliocentric” model, where the five visible planets 
orbit the Sun, which in turn orbits the stationary Earth.

So, what was the state of astronomy in Ancient Egypt?
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It appears that the Egyptians saw much religious meaning in the movement of the 
celestial bodies. They had a special class of priests, called Astrologers, shown here, 
whose task was to read meaning into these movements, believing that they could 
foretell events here on Earth... everything from the flooding of the Nile delta to the 
fixing of dates for religious rituals or even to the outcomes of wars.
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Because of the importance placed on these observations they would try to make them 
as accurate as possible. Egyptian astrologers used two main instruments, a plumb bob
and a sighting instrument. They recorded their observations in four sacred texts... one 
related to the positions of the fixed stars, one on the positions of the sun, moon and 
five planets, one on eclipses and phases of the moon, and one on the risings of the sun
and moon.
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We saw earlier how the temples of Abu Simbel were oriented to the rising of the sun 
on certain auspicious dates. The pyramids also were carefully aligned but not to the 
Sun. They were aligned to the Pole Star. This was a star that, because it lay directly 
over the true North Pole, appeared to be stationary in the night sky, with all of the 
other stars rotating around it. Obviously it held special significance in Egyptian 
Astrology.
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By the way, the star used by the ancient Egyptians as their Pole Star is not the same 
star that serves as the Pole Star today. This is because the Earth's axis actually 
wobbles a little, leading its North Pole to point in a slightly different direction, only 
to return to its starting position every 26,000 years. This wobble, then, is ever so slow
and is hardly noticeable over a person's lifetime. But after 5,000 years the Earth's axis
clearly points to a different position in Space. This effect is known as Axial 
Precession.

Let's now look at the long history of astronomy in China.
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There, detailed records of astronomical observations were kept from about the 6th 
century BC, until the introduction of Western astronomy and the telescope in the 17th
century. Chinese astronomers were able to precisely predict eclipses. Much of this 
data was used for timekeeping but because the cycles of the sun and moon are not 
synchronous they frequently had to prepare new calendars, so they would record their
observations mainly for that purpose. The world's first Star Catalogue was compiled 
by the Chinese astronomer Gan De in the 4th century BC.
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As in other ancient cultures, astrological divination was also an important part of 
Chinese astronomy. They took careful note of what they would call “guest stars”. 
These were stars that would suddenly appear among the fixed stars and were 
naturally deemed as highly auspicious. We now know them as supernovae. The 
Chinese were the first to record a supernova... in 185 AD. In 1054 AD they recorded 
the supernova that we now know created the Crab Nebula, seen here in this highly 
magnified, modern image. In 1054 it would have looked like a very bright star 
suddenly appearing in the night sky. This was an event which, by the way, was not 
recorded by their European contemporaries.

Astronomy was also central to the native cultures of the Americas.
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Interestingly, in Meso-america, the Mayans appeared to pay particular attention to the
movements of Venus... probably because Venus was their patron of war. Many of 
their temples, observatories and other significant structures were oriented to the 
extreme risings and settings of this planet but they also kept detailed tables of the 
phases of the moon, eclipses and the movements of the planets. They had an intricate 
numerological scheme that enabled them to measure time and to predict astronomical
events that were significant to their religion.
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Elsewhere in America, astronomical observations were being recorded in a different 
way. This, for example, is a petroglyph from Chaco Canyon. The star painted beside 
the crescent moon is understood to depict the sudden appearance of the Crab Nebula 
supernova from 1054. Interestingly, on the wall below can be seen an image of 
concentric circles with a streaming tail that many believe is Halley's Comet which we
know appeared in the Earth's skies in 1066, only 12 years after the supernova.
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By the way, although European astronomers appear to have missed recording the 
1054 supernova, they did notice the 1066 appearance of Halley's Comet, famously 
recording it in the Bayeux Tapestry. It can be seen at the top of this image. They saw 
it as a bad omen prior to the Battle of Hastings.

Events such as eclipses, supernovae and comets, along with the much more frequent 
meteorites, must have bewildered these early observers... and were often seen as 
portents of doom because the heavens were more usually thought of as stable, with 
patterns of behaviour so fixed that they could be confidently predicted. Comets, 
supernovae and, to some extent, eclipses were seen as unpredictable, hence were 
indicators that something must be wrong with the heavens or that the gods were 
sending us some sort of message!

Page 48 of  101



Some years ago my wife Glenys and I ventured high into the Peruvian Andes and we 
looked up in awe at the night sky. Being lowland city dwellers we had rarely seen the
night sky so overwhelmingly brilliant. We learnt that while elsewhere in the ancient 
world people joined the visible stars with patterns of lines that resembled animals, 
gods or objects, the Inca version of the constellations was formed somewhat 
differently. Because their stars were so brilliant and so numerous, patterns formed by 
them were often too obscure. But the clear skies of the high Andes made the Milky 
Way spectacularly visible and the Incas saw patterns in the spaces where the stars 
making up the Milky Way were less densely packed. They were the only culture in 
the world to define their constellations – and especially their Zodiac signs – by both 
light and darkness.

Lastly, no history of astronomy would be complete without including the 
contributions of the Arabic world.
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The Arabic and the Persian world under Islam had become highly cultured, and many
important works of knowledge from Greek, Indian and Persian astronomy were 
translated into Arabic, used and stored in libraries throughout the region. 
Observations were made from purpose-built observatories and in the 9th and 10th 
centuries detailed star catalogues were produced describing the position, brightness, 
magnitude, colour and drawings of the couple of thousand stars visible to the unaided
eye. They were the first to describe the Andromeda Galaxy and the Large Magellanic 
Cloud... both being objects way beyond our own galaxy, although they of course 
didn't know that at the time.
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They compared their own measurements with those from earlier Greek and Indian 
records and recognised those gradual changes in the tilt of the Earth's axis. Because 
of this emphasis on accuracy of measurement, the Islamic calendar became far more 
accurate than the Julian calendar, and even came close in accuracy to the Gregorian 
calendar.
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Along with inventing various astronomical instruments they perfected an intricate 
latitude-independant astrolabe (seen here), made detailed adjustments to the 
Ptolemaic model, and even postulated that the physics of the heavens was the same as
that here on Earth.

Unfortunately this Golden Age of Islamic Science came to an abrupt halt around the 
13th century when, for obscure scriptural reasons mathematics was deemed to be 
religiously unacceptable. Science, and especially Astronomy, is impossible without 
mathematics. Islam had entered its own Dark Ages.
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Fortunately, however, the baton for Scientific progress had already been passed back 
to Europe and it is in Europe that our story of Astronomy will continue...
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Between the 16th and 18th Centuries a series of events occurred in Europe that 
altered not only the course of Astronomy but together formed such a revolution in 
Science that the way people viewed their place in the Universe was to be forever 
changed. Let's now examine that momentous Scientific Revolution...
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At the beginning of the 16th Century, European culture was still dominated by the 
Catholic Church. And a significant component of this culture was belief in the 
geocentric model of the Universe first described by Aristotle, elaborated by Ptolemy 
and later perfected by the Arabs.

However, to account for more numerous and accurate observations of the heavens, 
this Ptolemaic model had been progressively modified over the centuries to now have
over 88 epicycles incorporated into it. As you can see in this image, it had grown so 
complex that scholars started questioning whether there might be simpler 
explanations for the movement of the celestial bodies, and especially of those pesky 
planets.
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One person who decided to seek such a simpler world-model was the Polish scholar, 
Nicolas Copernicus (1473-1543AD). Copernicus reinvented the heliocentric theory 
and in doing so created a direct challenge to Church doctrine. As we have already 
seen, Copernicus was not the first astronomer to challenge the geocentric model of 
Ptolemy, but he was the first to successfully formulate and publish a viable 
alternative. He was able to overcome centuries of resistance to the heliocentric model
for a number of reasons, some of which were political and some of which were 
scientific.
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Politically, the authority of the Catholic Church was weakening in Northern Europe 
as the 15th century wore on, allowing for more diversity in scientific thinking. 
Scientifically, a better understanding of motion, particularly of the concept of inertia, 
was slowly undermining the whole idea of a stationary Earth. A rotating Earth 
offered a much simpler explanation for the daily motion of stars... and an Earth that 
rotates is only one step away from an Earth that revolves around the Sun. The 
heliocentric model, then, had a greater impact than simply an improvement to solve 
the problem of retrograde motion. By placing the Sun at the center of the Solar 
System, Copernicus forced a change in our entire worldview...
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Copernicus began his quest for an improved solar system model with some basic 
principles. Foremost was his postulate that the Earth was not at the centre of the 
Universe, it was only at the centre of  the Moon's orbit. Second, he postulated that the
Sun was the centre of the solar system, and that all planets, including the Earth, 
revolved around the Sun.
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With these assumptions he was able to show that the retrograde motion of the planets 
is not cause by the planets themselves, but rather by the orbit of the Earth. 

You can see in this image how the retrograde motion of a planet appears merely as a 
result of the planet and the Earth both orbiting the sun in the same direction but at 
different speeds. And by the fact that we are observing the planet from a moving 
Earth.

Although Copernicus included a rotating Earth in his heliocentric model, he 
continued to cling to Ptolemy's conjecture that the heavens moved in perfect circles. 
This forced Copernicus to adopt a series of moving spheres for each planet to explain 
their “vertical” deviations from the ecliptic. While Copernicus had fewer spheres, 
since more of the retrograde motion is accounted for, his system was still quite 
complicated in a computational sense, making it difficult for Astrologers to cast 
horoscopes or for Astronomers to produce almanacs.
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Despite this, his model had three great advantages. Firstly, as you can see in this 
diagram, it placed Venus and Mercury nearer to the Sun than Earth was, which easily 
explained the fact that these two planets are never seen too far away from the Sun. 
Secondly it removed the need for all of the spheres to fully rotate every day. Thirdly, 
the outermost Celestial Sphere containing all the “fixed” stars was now entirely 
stationary. Mechanically, this was clearly a much simpler arrangement.
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This image clearly illustrates the differences between the relative simplicity of the 
Copernican heliocentric system and the complexity of the Ptolemaic geocentric 
model... Note how the movement of the planets as seen from Earth is pretty much 
identical in both models but merely by accepting that the Earth moves around the 
Sun, the geometric description of the whole solar system becomes greatly simplified.

 So, after years of meticulous calculations Copernicus came to the conclusion that all 
of the planets moved at uniform speeds in circular orbits around not the Earth, but 
around the Sun, which he now thought was at the centre of the entire Universe. 
However, despite his cogent mathematical arguments, Copernicus had no real way of 
proving any of this and the Catholic Church soundly rejected his heliocentric system 
and even placed his writings on their infamous Index of Banned Books. The German 
Reformer Martin Luther didn't think much of the new theory either. He described 
Copernicus as “a mere fool”.

Even so, Copernicus did have his supporters. One of them, a teacher at the Protestant 
University at Tubingen, was the astronomer Michael Maestlin who had a student 
named Johannes Kepler (1571-1630AD)...
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Kepler was born in 1571 in Southern Germany. Although his parents were poor he 
was able to attend school because the Protestant state provided all of its children with 
three years of free education. It was soon realised that the young Johannes was a 
bright boy and he was sent off to Tubingen University with excellent school grades. 
There, Michael Maestlin fired his interest in mathematics, astronomy and the 
Copernican System.

Young Kepler had wanted to become a pastor, but now he felt himself called upon to 
provide the proof that Copernicus's contentious theories lacked. It was also Maestlin 
that persuaded the 23-year-old Kepler to go to the Protestant city of Graz where they 
needed not only a good mathematician but a Protestant mathematician. One of 
Kepler's responsibilities in Graz, alongside mathematics, was to produce an annual 
calendar and horoscope.

Page 62 of  101



But Kepler was not interested in putting the exploration of the heavens to such banal 
use as making earthly predictions. In 1596 he published his book, The Secrets of the 
Universe, in which he defended the Copernican System. Kepler was obsessed by the 
beauty and symmetry of geometry and tried desperately to mesh the Copernican 
system of spherical orbits with complex 3D geometric shapes, as seen here in an 
extract from his book. But still, at this stage, he had no proof that the Copernican 
model was real.
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One man who thought that he had proof was the Danish astronomer Tycho Brahe 
(1546-1601)... but not of the Copernican system. He had devised his own model, 
which he had immodestly christened the Tychonic System. This model still had the 
stationary Earth in its centre but it was orbited only by the Sun and the Moon. All the 
other planets, in the spirit of Copernicus, went 'round the Sun. This, by the way, was 
similar to that “partial heliocentric” model we have already mentioned, proposed 
some time earlier by astronomers in India.
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Brahe found that his model could precisely explain the planetary movements as seen 
from the Earth... except for that of Mars, which still showed some frustrating 
irregularities. Brahe had at his disposal the best observatory of the age. His patron, 
King Frederick II of Denmark had even given him the use of the entire island of 
Hven for just this purpose. Here Brahe was able to observe the night sky undisturbed,
using large, elaborate instruments like quadrants and sextants to measure angles, and 
armillary spheres for modelling the sky. Like all such instruments prior to the 
invention of the telescope, Brahe's instruments were designed to enhance 
observations made only with the unaided eye. Brahe constantly perfected and 
recalibrated his instruments and meticulously took daily measurements.
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His rapidly growing and very accurate celestial database made Brahe famous 
throughout Europe. Here, as an example, is his recording of a “new star”, a 
supernova, which first appeared in the sky in 1572. But when Frederick died, Brahe's 
days on Hvenn were numbered. The new King, Christian IV, was no longer willing to
finance this often domineering astronomer, forcing Brahe to leave his observatory, 
his island and his homeland in disappointment.

Some years earlier, the eccentric and mercurial Brahe had lost his nose in a duel 
arguing over who was the best mathematician. His nose was replaced with a shiny 
metallic prosthesis. After two years of exile from Hven the “man with the golden 
nose” was wandering around Central Europe when he eventually found a new 
sponsor.
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He became Court Astronomer to the Holy Roman Emperor, Rudolph II, in Prague, 
seen here discussing his plans with Brahe. Some 30 kilometres from the city, in 
Banatky Castle, Brahe set up a new observatory with the best instruments that money 
could buy. What he lacked, however, was a capable assistant who could help him 
derive the definitive proof of his beloved Tychonic System, using Brahe's extensive 
database of meticulous observations. Kepler applied for the post and got it.
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In the Summer of 1600 Kepler arrived at Benatky Castle and took up his appointment
with Brahe. Even though this statue in Prague of the two great men might suggest 
something different, the fact was that the relations between the two men were tense 
from the outset. Brahe regarded Kepler as a mere assistant... someone to whom he 
could delegate mundane mathematical tasks... sort of like a human computer.
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Kepler, though, was a sensitive man, and Brahe's domineering manner irritated him. 
He also thought the Tychonic System, depicted here, was just plain wrong - but he 
wisely kept his mouth shut on that score. He had come to Prague to make use of 
Brahe's observational data, which he knew to be the best in existence. And he wanted
to keep his job.

Then, just a year after his arrival things suddenly changed, with the unexpected death 
of Tycho Brahe. On his deathbed, Tycho implored his assistant to fight for the final 
recognition of his Tychonic System. But Kepler was unable and unwilling to keep his
promise.
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Now, as Brahe's successor at the Court of Emperor Rudolph II, Kepler found himself 
in possession of papers which would finally ditch any view of the Universe, 
ironically including the Tychonic, which would place the Earth at the centre. Kepler 
looked particularly hard at Mars, whose orbit Brahe had measured with 
unprecedented precision. He sought to understand the planet's odd path in Copernican
terms. After four years of hard work he realised that this wasn't possible. For Kepler, 
there was only one conclusion... something in Copernicus's theory must be wrong.
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As a result, Kepler came to formulate his First Law. With this Law he was to 
dispense with the 2,000 year old tradition of circular orbits. Kepler decided that 
planetary orbits were not circles but ellipses, with the Sun at one focal point. This 
image, by the way, shows how to best visualise and draw ellipses using a piece of 
string attached to two pins, one at each focal point.
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Kepler also slaughtered another Copernican sacred cow, namely the idea that planets 
moved at constant speeds. He found that they actually moved faster when nearer the 
sun than when further away. In his Second Law he showed, again using Brahe's data, 
that an imaginary line drawn between a planet and the Sun sweeps out equal areas in 
equal times. In this diagram, the time taken for a planet to travel from A to B is the 
same as the time it takes to travel the longer distance from C to D. Clearly the planet 
travels faster between C and D, when it is closer to the Sun. Furthermore, Kepler 
showed that the area bounded by the Sun, A and B was the same as the area bounded 
by the Sun, C and D.
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Kepler published both of these Laws in his work called The New Astronomy, in which
he developed a concept of planetary movement which, because he was no longer 
philosophically tied to the circle, had no need for the complexities of epicycles or 
celestial spheres. Furthermore, his model had nothing to do with the ideas or dogma 
of the Church. Planets, he thought, were no longer moved by angels but by some sort 
of “magnetic” force emanating from the Sun – but what this mysterious force was, he
couldn't say.

Unfortunately Kepler's revolutionary book aroused little attention. Even the famous 
Italian astronomer Galileo Galilei initially kept his silence. Kepler was very much a 
loner with his ideas but he worked on, tirelessly.
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In 1619 Kepler published another book, The Harmony of the World, whose title 
actually summarises its content. He detected a “harmony” in the Universe. In it he 
added a Third Law to his other two. This Third Law was perhaps the most 
remarkable. It described the derivation of a numerical constant which can be 
calculated solely from the orbital period of a planet and its average distance from the 
Sun. As you can see in this graph, if we plot the square of each planet's orbital period 
against the cube of their average distances from the Sun we get a straight line.

Kepler's Third Law has since been shown to be valid for all heavenly bodies orbiting 
a common central body. As can be seen in this graph, all planets (and asteroids and 
comets, for that matter) orbiting the Sun share the same constant, that is, they all lie 
on the same straight line. The same is true, but with a different constant, of the Moon 
and any artificial satellite orbiting the Earth.
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Kepler was now certain he was beginning to understand God's plan of Creation, but 
he was under no illusion that his Harmony of the World would be immediately 
understood. In his Preface he wrote:

“My book may have to wait a hundred years for a reader, for God Himself had to 
wait 6,000 years for someone who could penetrate his work.”
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In fact, it took about 50 years before this reader was found... in the form of the great 
English scientist Isaac Newton (1642-1726AD). Kepler's Third Law actually forms 
the basis of the Law of Gravity that Newton published in 1687. Newton was to 
describe gravity as that universal force of attraction that Kepler had alluded to, and 
that gravity is a property of any body possessing mass. As we shall shortly see, 
Newton was able to show how this force explains all the movements of the stars, the 
planets and their moons.

Newton was a legend in his own lifetime and received a knighthood for his scientific 
achievements. Poor old Kepler, by contrast, was denied fame and success...

In 1618 a bitter internal conflict between Protestants and Catholics in Bohemia 
quickly escalated into the Thirty Years War. As a Protestant Kepler was forced to 
leave what was now Catholic Prague. But where could he go?
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The Thirty Years War was raging throughout Central Europe. The General of the 
Imperial Catholic Forces, Wallenstein, offered Kepler a post in the relative security 
of Silesia. But Wallenstein had no interest in astronomy. All he wanted to know was 
whether the stars were favourable for his military plans. Once again, Kepler was 
forced to earn his living from horoscopes. But Wallenstein didn't even pay on time, 
so Kepler got into serious financial difficulties. He went to Regensburg in the hope of
calling in some old debts of his own. There he fell ill and died in 1630. He was buried
in the Protestant Cemetery outside the city. Three years later the site was laid waste 
in the confusion of the War.
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Kepler's work effectively disproved the Ptolemaic model and made the Copernican 
world view unassailable. Working entirely alone, he succeeded in using Tycho 
Brahe's observational data to correctly interpret the movements of the planets. This 
image shows the Kepler satellite, launched by NASA in 2009 to survey the Milky 
Way, looking for planets way beyond our Solar System. I think it is a fitting tribute to
such a great man, whose achievements went unrecognised in his own lifetime but 
whose courageous insights so profoundly affected our modern understanding of the 
Universe.
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Another courageous champion of the Copernican model of the Universe was the 
Italian polymath, Galileo Galilei (1564-1642AD). For Galileo it was not a matter of 
faith nor a burning belief in God-given harmony that drove him to consider that the 
planets orbitted the Sun. For Galileo, as the true scientist he was, it was a matter of 
evidence, observation and experiment. Philosophically, he directly challenged the 
Aristotelian view that the world could be understood merely through the application 
of logic and reason alone.
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For example, by dropping two cannon balls of different weight from the Tower of 
Pisa, Galileo was famously able to demonstrate that, contrary to the assumptions of 
Aristotle, heavy objects fell at the same rate as lighter objects. He was also able to 
show, through other experiments, that their rate of fall increased with their height.
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Furthermore he was able to improve enough on the recent Dutch invention of the 
telescope to discern the rings of Saturn, to discover four moons circling around 
Jupiter and to identify that not only did Venus display phases as it circled the Sun, but
it also changed in apparent size as it's distance from Earth varied. With his telescope 
he was also able to show that the Milky Way consists of countless thousands of stars 
indiscernable with the unaided eye, that the moon has hundreds of craters on its 
surface and that dark spots periodically appear on the surface of the sun, suggesting 
that the Universe may not be quite as “perfect” as previously believed. 
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These observations, along with considerations on the behaviour of pendulums, the 
physics of inertia and the motion of tides, convinced Galileo that the laws of physics 
appeared to apply equally throughout the Universe, that the heliocentric Copernican 
view was undoubtedly correct, and that Ptolemaic geocentrism and Tycho Brahe's 
“partial heliocentrism” should both be abandoned.

Galileo met with some opposition from other astronomers, who doubted 
heliocentrism mainly because of the absence of an observed stellar parallax. Galileo 
countered this objection by arguing that even the nearest stars were too far away for 
Parallax to be observed. But he met with even more forceful opposition from the 
Church.

Page 82 of  101



The heliocentric model was investigated by the Roman Inquisition in 1615, which 
concluded that it was "foolish and absurd in philosophy, and formally heretical since 
it explicitly contradicts in many places the sense of Holy Scripture."

Galileo later defended his heliocentric views in his book Dialogue Concerning the 
Two Chief World Systems, which appeared to attack the Pope and alienated 
the Jesuits, who had both supported Galileo up until this point. Galileo was tried by 
the Inquisition in 1633. Unfortunately he failed to convince the Church that 
heliocentrism doesn't contradict the Bible and he was found "vehemently suspect of 
heresy". But the threat of imprisonment in the dreaded dungeons of the Inquisition 
did convince Galileo to famously recant his heretical views.
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A possibly apocryphal report suggests that a defiant Galileo, forced by his Inquisitors
to acknowledge that the Sun orbits the Earth, apparently looked up to the sky and 
down to the ground, and, stamping with his foot muttered “...still, it moves”, 
referring, of course, to the Earth really orbiting the Sun, regardless of what those in 
the Church wanted to believe.

 Despite recanting, Galileo was sentenced to house arrest until his death, in 1642. He 
was forbidden from publishing any of his writings. The Church's ban on the 
complete, uncensored works of Galileo wasn't lifted until 1835, almost 200 years 
after his death.
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The next major figure in the history of Astronomy is Isaac Newton (1642-1726AD). 
He was born in 1643, the year after Galileo died. Among his many scientific 
accomplishments perhaps his greatest was his ability to synthesise the insights of 
Kepler and Galileo and to mathematically describe the force of gravity, showing how 
it was gravity that not only makes things fall on Earth but also makes planets move in
their elliptical orbits around the sun.
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Newton believed that the Universe was sort of like a gigantic clock, a machine that 
God wound up at the beginning of time and that has been ticking ever since due 
solely to the pull of gravity and to obeying his laws of motion. Newton's gravity 
offered a single explanation for two seemingly unrelated phenomena...

The first, as we have already seen, is Kepler's observation of the strange “magnetic” 
hold the Sun seemed to have on the planets that encircled it in their elliptical orbits, 
noting how the planets all sped up as they came closer to the Sun.

The second was Galileo's demonstration that on Earth, falling bodies, no matter what 
their mass, always fell at the same rate.

Newton was able to put these two phenomena together, realising that the force that 
makes things fall on Earth was the same force that made planets go around the Sun. 
He asked himself why it was that an apple falls to the Earth but the Moon does not. 
Then in a flash of insight he reasoned that the Moon was actually in free-fall, drawn 
by the Earth's gravity, but because of its initial velocity it just kept falling around the 
Earth.
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Newton imagined firing a cannon horizontal to the Earth's surface. If the speed of the 
cannonball was low, it would fall to Earth in an arc as expected. If its speed was 
large, though, it would still fall, under the same influence of gravity, but it would 
keep falling around the Earth. It would then be in orbit. He quickly came to realise 
that the same force that made an apple fall was the same force that drove the orbits of
the moon around the Earth and the planets around the Sun.

Newton formulated three Laws of Motion that brilliantly described the way his 
“clockwork Universe” worked.

His First Law stated that an object will stay at rest or keep moving at a constant speed
unless acted on by a force.

His Second Law stated that when a force acts on a body, the body will accelerate at a 
rate proportional to the force and inversely proportional to the body's mass.

His Third Law stated that when a body exerts a force on another body, the second 
body will exert an equal and opposite force on the first.
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By describing gravity as an attractive force and by applying his three Laws of 
Motion, Newton could explain the orbits of planets. He could explain the influence of
the Moon and the Sun on tides here on Earth. And he could explain why it was that 
we didn't feel the motion as the Earth rotated beneath us or as it hurtled through 
Space in its annual journey around the Sun... which was one of the major objections 
people had to the heliocentric model.

As if formulating a law of gravitation and three Laws of Motion wasn't enough for 
one lifetime, Newton also made other significant contributions to our story of 
astronomy...
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He experimented with light, demonstrating how it could be separated into different 
colours... opening the way for later astronomers to use these different colours to 
explain the chemical composition of stars and even to measure the distance to the 
stars and, ultimately, the rate of expansion and the size of the entire Universe.

Newton even figured that the Earth itself wasn't a perfect sphere but bulged a little 
around its equator... a fact that was later confirmed by painstaking measurement.

He also co-invented the branch of mathematics called calculus, without which much 
subsequent astronomy, including the launching and orbiting of satellites, the landing 
of men on the moon, or the sending of probes into Space, would not be possible.
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But most significantly, he designed and perfected the reflecting telescope which used 
curved mirrors instead of glass lenses. Because these “Newtonian” telescopes didn't 
bend and distort light as much as lenses did, they were much more powerful and 
precise, revealing more planets, moons and stars than ever before, dramatically 
expanding our knowledge of the Universe and increasing the accuracy of our 
measurements.
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So Newton's laws of motion appeared to explain nearly everything... they proved to 
be the fundamental language of the Universe, written in mathematical formulae. 
Physics really began with Isaac Newton. In his great book, the Principia, he used 
observation and mathematics to predict the orderly phenomena of his clockwork 
Universe. His mathematical description of gravity revolutionised our view of the way
the Universe worked and freed Science from the dogmatic ignorance of the Church, 
finally burying its cumbersome Geocentric view.

Newton, though, saw gravity like a tether, invisibly connecting objects through space.
But while he could mathematically describe and use this force he was never able to 
say what it actually was. That explanation had to wait until the Twentieth Century 
and the genius of Albert Einstein.
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But in those intervening years between Isaac Newton's death in 1726 and Einstein's 
publication of his ideas on the nature of gravity in 1916, our knowledge of the 
Universe grew dramatically. Much of this knowledge was down to improved 
technologies, most especially the advances in telescope design and photography.

Here are just some of the Astronomical highlights during that period:

Public and privately funded observatories were built all over the world... with 
competition and national pride driving them to house bigger and bigger telescopes. 
These were progressively able to gather more light, and to see further and clearer than
ever before.
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In France, for example, in the latter part of the 17th Century, Giovanni Cassini 
discovered four satellites around Saturn, measured the rotation periods of Mars and 
Jupiter and calculated the distance to Mars and to the Sun, confirming that the Solar 
System was unbelievably bigger than anyone had ever before imagined.

By accurately observing the orbits of Jupiter's moons, a contemporary of Cassini, 
Olaus Romer, was able to calculate the actual speed of light.
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The number of stars and nebulae now able to be seen and catalogued grew 
exponentially as telescope technology improved. The number of planets grew too... in
1781 William (1738-1822AD) and Caroline (1750-1848AD) Herschel discovered the 
planet Uranus. And in 1845, in a triumph of Newtonian mathematics, the presence of 
an unknown planet was deduced purely by observing “perturbations” in the orbit of 
Uranus. Sure enough, when a telescope was pointed in the direction predicted by the 
maths, the planet Neptune was discovered.
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In 1838 the final nail was put in the coffin of any model insisting on a stationary 
Earth when the long sought-after stellar parallax was independently measured for 
three stars, with the closest calculated to be about 4 light-years distant and the 
furthest being over 60 light-years away. Not only did this confirm that the Earth was 
clearly orbiting the Sun, but it showed just how unimaginably huge were the 
distances to even the closest stars.
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Ever since William Huggin took the first photograph of the spectrum of a star in 
1864, astronomers have been using these spectra to measure not only the composition
and temperature of the star, but also their speed towards or away from us. They soon 
learnt that the chemistry of stars is no different from chemistry here on Earth and in 
our Sun. They also learnt that stars vary considerably in size and temperature, hinting
at their age and formation.
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What's more, in 1871 James Clerk Maxwell published a mathematically elegant, 
complete theory of electromagnetism, showing that visible light is just a tiny portion 
of a very large spectrum of radiation which includes radio waves, X-Rays, infra-red 
waves and microwaves. Astronomers became increasingly able to view the skies at 
all of these different wavelengths and so discover much more about the behaviour 
and composition of the Universe than was revealed by visible light alone.
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Then in 1916, Albert Einstein (1879-1955AD) was able to synthesise so much of the 
discoveries of Newton, Maxwell and others, to arrive at theories that would 
revolutionise Astronomy and shape the way we still view our place in the Universe 
today. For example, Einstein was able to explain that the force of gravity that so 
baffled Newton wasn't really a force at all. He showed that it was actually a distortion
of the fabric of Space itself caused by the presence of anything with mass. And the 
orbiting of planets was due to them merely following these lines of distortion.
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Furthermore, through his famous E=MC2 equation, he showed that Mass and Energy 
were interchangeable. This explained, among other things, how the Sun and other 
stars were able to produce so much energy for so long as their mass was squeezed by 
its own gravity, constantly converting a small part of that mass into energy.
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Since Einstein's day we have put numerous satellites into orbit, landed men on the 
moon, sent probes to other planets and beyond, and, most incredible of all, we have 
even landed a spacecraft on a comet! We have peered into the far reaches of space... 
counting billions of stars making up not only the Milky Way but also making up 
billions of other galaxies. We have mapped the entire Universe as it was shortly after 
the Big Bang, nearly 14 billion years ago. Recently we have even detected the faint 
ripples of the gravity waves predicted by Einstein, caused by the cataclysmic 
collision of two enormous black holes billions of light years away.
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And all this was made possible by the genius – and courage - of those astronomers 
who revolutionised Science by simply looking up into the night sky and asking... 
what really makes it tick?
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