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The Ten


1        Isaac Newton (1643–1727)


2        Niels Bohr (1885–1962)


3        Galileo Galilei (1564–1642)


4        Albert Einstein (1879–1955)


5        James Clerk Maxwell (1831–1879)


6        Michael Faraday (1791–1867)


7        Marie Curie (1867–1934)


8        Richard Feynman (1918–1988)


9        Ernest Rutherford (1871–1937)


10      Paul Dirac (1902–1984)
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STEVEN WEINBERG


It’s a pretty good list. Perhaps it’s a little Anglocentric. No one would dream of dropping Newton or Maxwell from a list of the ten greatest physicists and I would want to keep Rutherford and Faraday, but why Dirac and not Werner Heisenberg or Erwin Schrödinger? I would drop two names from the current list (no, I won’t say which), keep Dirac, and add Heisenberg and Schrödinger. I would also add Christiaan Huygens and Ludwig Boltzmann. Yes, I know that makes twelve, but isn’t physics important enough to warrant a dozen names in a list of the top ten? My wife and I occasionally play the game of listing the top ten movies of all time and we often find we include about a hundred.


 


Any list of this kind prompts a reflection on the difference between science and the arts. Science is a cumulative enterprise that leaves no space for the pioneers. We judge past scientists according to their contribution to our present understanding. For over a millennium, when natural philosophers said ‘physics’ they meant the physics of Aristotle. But our present physics owes nothing to Aristotle (rather the reverse) and it would be crazy to include him in a list of the top ten. In contrast, we admire J. M. W. Turner not because he foreshadowed impressionism but because he painted beautiful pictures and it would not be at all strange to include Homer or Sappho in a list of the ten greatest poets. In a list of the ten (or twelve) greatest physicists, we can trace the history of our progress in explaining the world.


Steven Weinberg is an American theoretical physicist who, with Sheldon Glashow and Abdus Salam, was awarded the 1979 Nobel Prize in physics for his contribution to the theory of the unified weak and electromagnetic interaction between elementary particles. Weinberg received a degree from Cornell and a PhD at Princeton. He has since worked at Columbia, Berkeley, MIT, Harvard and most recently the University of Texas at Austin.
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There is nothing we like better than a list. Newspapers and TV channels find they make great, cheap copy that is always bound to generate interest. The media bombard us with the hundred best pieces of classical music, the twenty books to read before you die or the top ten restaurants. Readers and viewers love them too. The appeal of a heady mix of recommendation and potential for dispute is hard to resist. We’ve all thought, Why did they select that one? Why did they leave out that one?


 


For lists about a commodity it’s easy enough to try the different options and see if you agree, but there can be more subtlety when it comes to people. There is no problem putting together a rich list, but it is very different when considering intellectual achievement. How can you possibly pick a definitive top ten from the world’s physicists throughout history, as was done in 2013 for the Observer newspaper? Certain figures would be hard to ignore – Newton and Einstein spring to mind – but there are plenty at the slightly-less-famous level who vie for the remaining places.


To make matters worse, the greatest physicists are not always the most famous. Some might be surprised, for instance, to find Stephen Hawking missing. He is, without doubt, the best-recognised living physicist. The chances are that a public vote would put him high in the top ten – and yet he doesn’t appear in our list. This isn’t because his work is considered unimportant, but there are a whole host of other physicists who didn’t make the cut who would be placed above Hawking by anyone who knows the field.


A useful illustration of the tensions involved in putting such a list together was in the question we heard as we developed this book: ‘Are you going to include Tesla?’ The answer was easy: no. Nikola Tesla was not on the original list and it is hard to see how he could have been because he wasn’t a physicist. Tesla began as an outstanding electrical engineer who made huge steps forward in the development of AC current and invented excellent AC motors, high-voltage generators, radio-controlled devices and more. But he had little grasp of twentieth-century physics. The point is that while some individuals have a place in the popular imagination, it doesn’t follow that they are worthy of joining such a prestigious list.


Who, then, makes the grade? Let’s take another look at the full list, published in the Observer on 12 May 2013 in an article by Robin McKie, science and technology editor for the Observer:




1        Isaac Newton (1643–1727)


2        Niels Bohr (1885–1962)


3        Galileo Galilei (1564–1642)


4        Albert Einstein (1879–1955)


5        James Clerk Maxwell (1831–1879)


6        Michael Faraday (1791–1867)


7        Marie Curie (1867–1934)


8        Richard Feynman (1918–1988)


9        Ernest Rutherford (1871–1937)


10      Paul Dirac (1902–1984)





To better understand why these individuals are here we need to have a feel for what physics is and how it fits into the wider world of science. It’s possible to think of science as a pyramid. Physics (hand-in-hand with mathematics) forms the base – the fundamentals, the building blocks on which everything else is constructed. Chemistry takes the physics of atoms and molecules and studies their behaviour on a larger scale. And biology combines the working levels of both chemistry and physics in the study of the uniquely complex phenomenon that is life.


The men and woman on this list gave us real advances in our understanding of those fundamentals. Without physics – without the work of these physicists (and many others) – science as we know it really couldn’t exist. Nor could the technology that is essential to the modern world. Science had only a small part to play in industry until the nineteenth century but, with the introduction of mechanisation, physics came to the fore – and it is still at the heart of everything from the sophisticated electronics of a smartphone to the simple workings of a fridge.


As Steven Weinberg makes clear in his foreword, this list is not the only possible selection. McKie made some interesting decisions. The most controversial aspect is placing Niels Bohr in the second spot. Few would argue about the vast contributions of Galileo, Newton and Einstein. But Bohr’s work was more subtle. He gave us the first workable model of the atom and was the lead architect (if not the biggest contributor) in the development of quantum theory. But second place in the whole of history? Really?


It is interesting to look at the comments that accompany the original article. Leaving aside the surprised reactions to the omission of Tesla, many point out the lack of other big names from the twentieth century, particularly the founders of quantum physics. And there’s an impassioned plea – not without reason – for Archimedes to be included. We will come back to the order of the list and who should or shouldn’t be on it in the concluding chapter.


One guide to potential candidates since the early twentieth century tends to be the Nobel Prize. When the Swedish-born inventor and explosives tycoon Alfred Nobel left the majority of his estate to fund prizes for those who ‘during the previous year, shall have conferred the greatest benefit on mankind’, he not only shocked and hurt his family, but started a new mechanism for flagging up important developments in a number of fields, notably – for us – in physics.


While the earlier entries in our list have to be made without consideration of the Nobels, the physics prize was first awarded in 1901 (to Wilhelm Röntgen for the discovery of X-rays) and since then it has provided a marker of excellence. There are, of course, issues. The prize is limited to a maximum of three recipients who must be alive when the prize is awarded. This causes problems for the increasingly large teams involved in scientific research – and the often significant lag between work and prize also means that some potential recipients are no longer alive by the time the ceremony takes place.


In addition, while many famous characters in physics have taken their place among Nobel laureates, glance through the list of winners and you will see names that few would recognise. Ask anyone, physicists included, for the significance of the work of Nils Gustaf Dalén, and you will get a blank look. This is not entirely surprising as he won the prize in 1912 for his invention of ‘automatic regulators for use in conjunction with gas accumulators for illuminating lighthouses and buoys’. There is no doubt that Tesla deserved a Nobel more than Dalén, but the ventures of the physics committee into technology are always fraught. (In lasers, for instance, the three winners do not include the patent holder or the man who constructed the first working laser.) Even in pure physics there can be controversies, as when the discoverer of the pulsar, Jocelyn Bell, was omitted while her boss got the prize. But most would agree that the Nobels provide a good starting point for finding modern members of a top ten list.


Our initial inclination was to explore the list from the Observer in reverse order, working up to presenting the gold to Isaac Newton. But that presents a problem. It would have meant starting off with Paul Dirac. Yet Dirac’s work built on everything that came before him. So if we are sensibly to explore why these individuals achieved this accolade, it makes more sense to look at the ten physicists in chronological order.


This means that we begin our exploration of the list with a name that is as familiar as that of Newton. A name that has strong associations in the imagination, whether it is for dropping balls off the tower of Pisa or rebelling against the Church’s insistence that the Earth was at the centre of the universe. That name is, of course, Galileo Galilei.
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CHAPTER ONE



Galileo Galilei
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It is no exaggeration to call Galileo the founder of modern physics, or even modern science. When Galileo was born, it was customary for ‘natural philosophers’ (as scientists were called) to follow the teachings of the ancient Greek philosopher Aristotle. The Italian poet Dante referred to Aristotle as ‘the Master of those who know’; he was held in such high regard that virtually no one questioned his ideas in detail. Until Galileo came along.


 


Central to Aristotelian philosophy was the aim of understanding why things are the way we find them. Aristotle argued that it was necessary to grasp the ultimate purpose behind events in nature. Following his predecessor Empedocles, he believed that the world was composed of four elements – earth, air, water and fire. Beyond our world lay the celestial sphere, comprising the Moon, Sun, planets and stars. This was the realm of a fifth element, ‘quintessence’, and Aristotle taught that the heavens were unchanging and perfect.


Associated with the terrestrial elements were four ‘qualities’ in paired opposites – heat and cold and moisture and dryness. The four elements belonged in natural places and, through either gravity or levity (gravity’s supposed natural opposition, a tendency to float upwards), the elements would try to return to their natural place. Aristotle laid out logical rules through which causes could be determined for natural events, causes that were arrived at by reason rather than through experimentation. Experiments were dismissed because they relied on fallible senses; instead, the laws governing nature were determined by thought alone. Galileo would challenge this accepted world order when evidence countered accepted wisdom.


Galileo Galilei was born in Pisa on 15 February 1564. His father Vincenzo was a professional lute player and musical theorist, who married Galileo’s mother Giulia Ammannati in 1562. Galileo, named after a distant relative, the doctor Galileo Bonaiuti, was the eldest of seven (or possibly eight) children, and as befitted a child in a middle-class family, he was educated privately. When he was about ten, his family moved from Pisa to Florence, where Galileo continued his schooling before being sent to the Camaldolese monastery at Vallambroso. Galileo told his family that he wished to train to be a priest, but his father wanted Galileo to follow in the footsteps of his namesake and become a doctor. Vincenzo returned Galileo to Florence where he continued his religious studies through correspondence.


In 1581, at the age of seventeen, Galileo went to university in Pisa. This was a relatively late age – students typically started at thirteen or fourteen. It didn’t take long for Galileo to realise that he was more interested in science than the priesthood, in part thanks to the instruction of one of Italy’s most renowned natural philosophers, Andrea Cesalpino. Hearing his lectures may have been instrumental in Galileo switching allegiance from medicine to mathematics.


Galileo had a keen eye, making him naturally curious about the phenomena he saw around him. There are many stories surrounding Galileo’s life and work and it is difficult to know how many actually happened; by the end of his life he had become such a great figure that stories were invented to perpetuate and increase his legend. For example, the account of his dropping balls of different weights from the leaning tower of Pisa to see whether they fell at the same rate is unlikely to be true. Another such story with uncertain origins concerned his observations of chandeliers in the cathedral in Pisa. Galileo was supposed to have been sitting through a particularly boring sermon when he noticed that the time it took for the chandeliers in the cathedral to swing back and forth seemed to depend on the length of their chains. Those on longer chains took more time than the chandeliers with shorter chains.


What is undisputed is that, in the summer after his first year at university, Galileo immersed himself in experiments to investigate the properties of pendulums. He had seen how his father experimented with musical instruments, carefully taking notes, and only altering one aspect of the experiment at a time. Galileo constructed pendulums with bobs of different weights and lengths of strings, setting them in motion with swings of different sizes and timing their motion with his pulse. He concluded that the period of a pendulum depends only on the length of the string and not on the size of the swing or the weight of the bob. (In fact, Galileo was wrong about the period’s independence from the size of the swing – his observation only holds for small displacements.)


Galileo never made direct use of this discovery, though he would use the observations to help show that Aristotle was wrong in saying weights of different size fell at different speeds. However, Galileo’s pendulum work later formed the basis of the development of the pendulum clock by Dutch scientist Christiaan Huygens in the seventeenth century.


Although Galileo was clearly bright as a student, he was also argumentative and was failing most of his courses, except mathematics. Still, he plodded on with his medical studies until his teachers at Pisa recommended that he switch to studying mathematics full time and Vincenzo reluctantly agreed. He knew mathematicians were no better paid that lute players but realised that his son’s true talents were not in medicine.


Galileo continued for some time at Pisa, but left in 1585 without completing his degree. This was mainly due to Vincenzo suffering a reversal of fortunes and needing Galileo to come home to help support the family. Not receiving a degree was not uncommon for gentlemen of Galileo’s background: university was a kind of finishing school for middle-class men and graduating was not deemed particularly important. It was the experience of attending university and the connections made there that mattered.


Galileo set about preparing himself for the role of mathematics professor. He took on tutoring jobs in Florence and Siena and towards the end of 1587 discovered an ingenious method for determining the centres of gravity of some solids. This earned him his first recognition beyond Italy and on the strength of this work Galileo applied unsuccessfully for a vacant professorship at the prestigious University of Bologna in 1588.


Although he had failed to secure the position, Galileo’s work aroused the interest of the Marquis Guidobaldo del Monte, a powerful man, who remained one of Galileo’s patrons until his death in 1607. The discovery also led to Galileo coming to the attention of Christopher Clavius, a mathematician and astronomer at the Jesuit college in Rome. With the help of del Monte and Clavius, Galileo was given a lecturing position at the University of Pisa in 1589, four years after leaving as a student. It was poorly paid but having an academic position made it possible for Galileo’s patrons to work on securing him a better situation at Padua, where mathematics was highly regarded.


In 1590, Galileo wrote his manuscript De Motu (on motion). A discussion of Aristotelian ideas about the motion of bodies, it mixes his philosophy with mathematical ideas from Archimedes, a hero of Galileo’s. De Motu does not contain much original work and it is clear from his discussion of Greco-Egyptian astronomer Claudius Ptolemy’s Syntaxis Mathematica (generally known by its Arabic name, the Almagest) that at this time Galileo accepted that the Earth was at the centre of the universe.


It is in De Motu that Galileo first outlines his arguments that objects with different weights fall at the same rate. Aristotelian philosophy argued that objects fall if they have a preponderance of the elements water and earth, both of which want to find their natural place at the centre of the universe. Heavier objects contained a greater amount of such elements and so fell faster than lighter ones. Amazingly, this argument had never actually been verified but merely passed on as a given. Despite De Motu being more complete than any other work on motion at the time, Galileo never published it. This is probably because he was not happy with ideas he had on the motion of objects on inclined planes, that had yet to be experimentally verified.


Galileo’s three-year lecturing position at Pisa was drawing to an end and, although he had become close friends with a few of his colleagues, he had succeeded in antagonising many of the professors. He had every reason to think his employment would not be renewed. To make matters worse, Vincenzo died in 1591 and Galileo, as the eldest son, became responsible for paying his eldest sister Virginia’s dowry. Luckily, a better-paid position became available at Padua, which Galileo secured with the help of del Monte and Clavius. He took the post in 1592, receiving three times his previous salary.


In addition to the academic life at the University, Padua was a city with a thriving intellectual community. Much of this was centred on the home of G. V. Pinelli, who regularly invited people for discussions. When Galileo first arrived in Padua he briefly stayed with Pinelli and it was probably there that he met friar Paolo Sarpi and Cardinal Robert Bellarmine, each of whom would play an important part in Galileo’s life.


There is no evidence of Galileo showing any interest in astronomy until 1595, the year he started thinking about an explanation for the Earth’s tides. For many centuries, scientists had struggled to explain the two high tides and two low tides a day and the way that the timing of those tides changes. The (incorrect) explanation that Galileo developed required that the Earth both rotate on its axis and orbit the Sun. This was the first indication of Galileo toying with the heliocentric model that Copernicus proposed in 1543. This idea of the universe was opposed both by the church and natural philosophers, whose Aristotelian dogma required the Earth to be the centre of everything so that heavy objects would be drawn to it. In addition, the idea that the Earth was moving rapidly seemed preposterous. How could we not feel such motion? As things stood at the end of the sixteenth century, few accepted the Copernican model. The best data available in the late 1500s had come from Danish astronomer Tycho Brahe, but his work actually agreed more with a geocentric model rather than the heliocentric one. Brahe had proposed a hybrid model with the Sun and Moon orbiting a fixed Earth while the planets moved around the Sun.


In 1597, a visitor gave Galileo a copy of Johannes Kepler’s book Mysterium Cosmographicum (the cosmographic mystery), published in 1596. This book was strongly pro-Copernican and must have influenced Galileo’s thinking. Galileo wrote to Kepler stating that he had long been a supporter of the ‘new astronomy’ and that by using it he was able to explain some things that could not otherwise be explained (he did not specify what). Galileo also mentioned that he did not teach this new astronomy publicly for fear of the reaction from its numerous opponents.


This was the beginning of a long correspondence between Galileo and Kepler. Kepler correctly guessed that one of the things Galileo felt he could explain was the tides and he asked Galileo if he would make some astronomical observations on his behalf, believing Galileo to have access to more accurate instruments than he had.


One of these requests was that Galileo should try to observe stellar parallax, an argument frequently used to defend the old astronomy. The argument was quite simple. If the Earth were orbiting the Sun, our position in space would change and this change in position should make nearby stars appear to shift against more distant stars. This apparent change in position of a nearby object against a more distant background is familiar to anyone who has stared out of a car or train window as it whizzes through the countryside. Nearby trees appear to move backwards against more distant ones; this is parallax. Similarly, if you hold a finger up at arm’s length and close one eye and then the other, your finger appears to move against the background.


No one had seen stars moving against more distant stars through the cycle of the year and this lack of stellar parallax seemed to imply that the Earth did not move. Galileo did not attempt the observation himself, having no hope of finding something that had eluded the best in the field. It was not until 1838 that stellar parallax was observed by German mathematician and astronomer Friedrich Bessel. He measured a parallax for the star 61 Cygni of 0.314 seconds of arc. (A truly tiny angle, as there are 3,600 seconds of arc in one degree of arc and 360 degrees in a full circle – 0.31 seconds of arc is the angle a US dime would make at a distance of thirty-three kilometres – twenty miles!)


It was while corresponding with Kepler that Galileo started a relationship with a Venetian woman called Marina Gamba and, although they never married, their first daughter Virginia – named after Galileo’s elder sister – was born in 1600. In 1602 a second daughter by the name of Livia (after Galileo’s younger sister) came along and in 1606 a son, named after his father Vincenzo, was born. Galileo’s salary was good for a mathematician and he made extra cash on the side but he was still short of funds. He not only had to support his mistress and children, but also his mother and siblings.


The dowry of his sisters was meant to be split between Galileo and his brother but Michelangelo had no money. When Michelangelo got married in Poland it was Galileo who paid and later Michelangelo sent his family to live with Galileo, further draining finances. To make ends meet, Galileo had to take on extra private teaching, and borrowed money from a Venetian friend, Giovanni Francesco Sagredo.


Since arriving at Padua in 1592, Galileo had concentrated on refining his work on motion. He revisited his exploration of pendulums and the motion of objects down inclined planes. In late 1602 he wrote about this to del Monte and it is clear that Galileo was concerned with experimentally verifying his ideas. For example, Galileo realised his results with pendulums were more consistent if he used a heavy bob and long strings so that the angles through which the pendulum swung were small. It seemed paradoxical that, as the swing got smaller, the timing of each swing did not change. These observations probably led Galileo to the idea of inertia.


Inertia is fundamental to our understanding of motion and is at the heart of Newton’s first law of motion (see page 48). This law can be stated as ‘a body will either stay at rest or will carry on moving, unless it is acted upon by an external force’, which is counter-intuitive. We know that if we give something a push it slows down and stops. But Galileo realised that motion would continue if it were not for friction and air resistance. He also recognised that inertia was why it was hard to get a stationary object moving in the first place.


By 1603 Galileo was devising experiments to study the acceleration of an object as it fell. Falling bodies were too swift to study properly but he realised that if he rolled balls down the inclined plane of a gentle slope, he could study the same effect in slow motion. Slopes of less than two degrees were still sufficient to see balls accelerate as they rolled. Until this time, although it was accepted that a falling object accelerated, it was assumed that this acceleration was made up of small successive bursts of speed, with the movement uniform between bursts. Galileo soon found that this was wrong.


By 1604, he devised a way to measure the acceleration of the balls as they rolled down the incline. Using musical beats separated by about half a second, he marked the position of the ball at intervals of equal time, and from these marks could measure the speed of the ball in each interval. He showed that the successive speeds in each time interval followed odd numbers, e.g. 1, 3, 5, 7, and that the total distance travelled went up by factors of 1, 4, 9, 16, etc. This gave the law that the distance travelled for a falling body is proportional to the square of the elapsed time.


These experiments highlight the break Galileo made with his contemporaries, replacing Aristotelian philosophical arguments with experimentation and measurement. The search for causes was now a search for physical laws – this is the key break that Galileo made with the past. Even astronomy, which had always involved making careful measurements, had left explanation to cosmology, which fell under Aristotelian rules.


In October 1604, while Galileo was in the middle of conducting these experiments, a star (that we now know was a supernova) appeared in the evening sky in the constellation Ophiuchus. A supernova is an exploding star but from Galileo’s viewpoint it was a new, very bright star that he carefully observed. Aristotelian cosmology required the heavens to be unchanging, and so new stars had to be below the orbit of the Moon. If this were true, one would expect to see a parallax between the object and the fixed stars. But Galileo could not find any difference from observations made by various observers in different locations around Europe. He came to the conclusion that this new star was located in the celestial sphere, contradicting Aristotelian philosophy.


Galileo’s dismissal of Aristotle soon brought him into conflict with Cesare Cremonini, professor of philosophy at Padua. Although they had been close personal friends, their dispute became very public, and escalated into a feud. Cremonini’s arguments were put forward in a pamphlet published in Padua in early 1605, ostensibly by Antonio Lorenzini. Galileo recognised passages in it, which he felt had to be by Cremonini, and replied by publishing a response under an assumed name.


Cremonini suggested that the rules of measurement on Earth did not apply to the vast distances involved in the heavens. He also used the argument that the quintessence, from which the heavens were composed, was fundamentally different from the terrestrial elements, and this meant that the measurements could not be compared. Galileo was not convinced.


Over the next few years, Galileo refined his experiments on motion even further. He was able to establish that projectiles follow a parabolic path, something that proved crucial in military applications. He also noted that a ball rolling down a slope accelerated and one rolling up a slope decelerated, providing evidence for his inertia concept – that an object should neither accelerate nor decelerate on the flat. By 1609 he was hard at work composing a book on natural motions, though this was not finally published for many years.


At this point Galileo’s career took an abrupt change of direction prompted by the arrival of the telescope. Galileo is sometimes said to have invented the telescope, but this is another myth. Hans Lippershey applied for a Dutch patent on such a device in 1608, which failed because telescopes already existed. Galileo’s friend Paolo Sarpi heard about this invention before the end of 1608 and passed the details to Galileo on a visit to Venice in July 1609. Galileo immediately recognised a commercial application – that the telescope could be used by merchants to see ships approaching port earlier than with the naked eye.


Galileo hurried back to Padua to make the instrument that Sarpi had described. As he worked, he heard that a Dutch visitor had passed through Padua with a spyglass to sell to the Venetian government. Meanwhile, his friend Sarpi had been approached by the Venetians to ask whether they should invest in the Dutch invention. Sarpi advised against it, giving Galileo time to get to Venice in late August with an improved instrument, using one convex and one concave lens to give an upright image. He was able to show the Venetian dignitaries that they could see an approaching ship two hours before it would otherwise be visible. As reward, Galileo was offered lifetime tenure at Padua University and a near doubling of his salary.


Unfortunately, there were conditions. He had to remain on his previous salary until his contract finished and the new salary could not then rise. Finally, the offer stipulated that he remain at Padua for the rest of his career. Although Galileo liked Padua, he wanted to return to Florence at some point and intended to devote his time to research and writing, not teaching. He set about looking for another position, pursuing the job of court mathematician at Florence, where his friend Cosimo II de’Medici had become grand duke of Tuscany.


With this move in mind, Galileo arranged a visit to Florence to show his new instrument to Cosimo, then returned to Padua to work on a better one. He obtained glass blanks secretly so that none of his rivals would know what he was doing and ground the lenses himself. By early December he had built his third and most powerful telescope, with a magnification of twenty – nearly ten times the power of his first instrument. With this new telescope he set out to make his first astronomical observations and his target was the Moon.


Galileo could now clearly see that the surface of the Moon was not smooth, as taught by Aristotelian philosophers. The extra magnification showed detail invisible to the naked eye, including areas which should be in shadow near the Moon’s terminator (the line dividing the lit from the unlit part) but were shining brightly. Galileo correctly interpreted this as being because the lit areas were higher than their surroundings and so caught sunlight when surrounding valleys were plunged into darkness.


On 7 January 1610 he turned his attention to Jupiter and noticed three star-like objects near the disk of the planet. He initially assumed that these were background stars but by 10 January he saw that one had disappeared and that by the 13th it reappeared, along with a fourth. For several weeks he continued his observations. These surely were not stars: they followed Jupiter across the sky, appearing to dance around the planet, sometimes with two on the right and two on the left, sometimes all four on one side.


Galileo realised that these points of light were, in fact, moons in orbit about Jupiter, just as our Moon orbits the Earth. He initially called them the Medicean stars, in honour of Cosimo. Now known as the Galilean satellites, all four are easily visible with a pair of binoculars. The closest, Io, takes under two days to orbit Jupiter and so, even over a few hours, Galileo could see a shift in its position. Discovering moons orbiting another planet was a huge blow to the Aristotelian system where everything was meant to orbit the Earth.


Galileo also turned his telescope to the Milky Way, the band of light stretching across the sky from horizon to horizon. He saw that this band was composed of thousands of individual stars, too faint to see with the naked eye. He hurriedly wrote up his findings in Sidereus Nuncius (starry messenger), published in Latin in March 1610 and also dedicated to Cosimo. This was the first publication of observations of the heavens made through a telescope. The public reacted with excitement but many philosophers and astronomers were dismissive, arguing that Galileo’s observations were optical illusions.1


In the summer of 1610, Galileo left Padua for Florence to live with his mother and take up the position as official mathematician at the Medici court. He had sent his daughters ahead, leaving his son with Marina as Vincenzo was only four years old. Soon after he moved to Florence, Galileo began observing the brightest planet, Venus. Earlier in the year it had been too close to the Sun to be visible, but now it had emerged from the Sun’s glow and was accessible to his new instrument.


Venus is only visible in the morning or evening. The Greeks called morning and evening sightings ‘Phosphorous’ and ‘Hesperus’, the Romans ‘Lucifer’ and ‘Vesper’. But as early as 1581 BC, a Babylonian tablet makes it clear that the ‘morning star’ and ‘evening star’ were recognised as the same object. For months, Venus would be visible in the morning, rising before the Sun before disappearing into the glow of sunrise to re-emerge a few months later, rising and setting after the Sun.


[image: illustration]


Figure 1: Galileo’s telescope observations of the phases of Venus were crucial in showing that the Earth and Venus both orbited the Sun. Galileo saw that Venus went through all phases, from full to crescent; and appeared smaller when it was full and larger when it was crescent (top). These are naturally explained in a model which has both Venus and the Earth orbiting the Sun, with Venus’ orbit lying closer to the Sun than Earth’s orbit. In the Earth-centred model, Venus could only ever exhibit crescent phases (bottom).


Galileo’s telescope observations of Venus proved that the Earth could not be the centre of the universe. It was clear that Venus went through a full set of phases, like the Moon. Having phases was not itself surprising – the geocentric model of the universe would have predicted that Venus show a crescent phase, with the side on which the crescent lay being dependent on whether the planet was a morning or an evening object.


Galileo, however, saw Venus go through all phases, not just a crescent. What’s more, he could see quite easily that the planet appeared larger in his telescope when it was crescent and smaller when near full. There is no way these observations can be explained in the Aristotelian geocentric system but they are naturally explained in the Copernican heliocentric system (see figure 1).


If there was one piece of observational evidence that should have destroyed the geocentric model, this was it. But, possibly realising the controversy it would cause, the only person Galileo initially told was Kepler, in a letter in December 1610. He also mentioned that he had started work on measuring how long each of the four moons of Jupiter took to orbit the great planet. Kepler had his doubts that this could be done, but Galileo persevered and by March 1611 had enough data to predict the moments at which each of the moons would disappear behind the parent planet (called an eclipse of the moon).


Galileo was invited to present his findings at a meeting of the Lincean Academy, the world’s oldest scientific society, founded in Rome in 1603. The banquet given for Galileo in 1611 is where the term ‘telescope’ was coined and the attendees were able to observe Galileo’s discoveries for themselves using his instrument. Elected to the academy, Galileo found himself exposed to the academic debate and discussions on which he thrived. At the same time, he renewed his acquaintance with both Father Clavius and Cardinal Bellarmine. He gave frequent exhibitions of his telescopic discoveries in Rome, and these were well attended by prominent Romans, including several cardinals. Even Pope Paul V granted Galileo an audience.


Another astronomical phenomenon Galileo studied was sunspots. Although we now know that Chinese astronomers followed sunspots for many centuries, they were unknown in the West until the development of the telescope. Galileo discovered a book about sunspots by the German Jesuit Christopher Scheiner when visiting his printers. Assisted by a former pupil named Benedetto Castelli, Galileo took daily observations of sunspots and showed from their movement that they must be on the surface of the Sun, which he found rotated about once a month. Scheiner, by contrast, had concluded that sunspots were tiny planets orbiting the Sun very closely. Galileo published his work on sunspots in 1613 under the auspices of the Lincean Academy and they are known now as Letters on Sunspots.


In an appendix to the Letters, Galileo briefly discussed his work predicting the motions of the satellites of Jupiter. He knew that to predict these accurately it was necessary to introduce a correction for the Earth’s changing position in space. He did not discuss this work in much detail, as he had realised that it might be possible to use the timings of the eclipses of Jupiter’s moons as an accurate clock to determine longitude, a problem that had troubled surveyors and navigators for centuries.


Galileo was, by this time, convinced that he had observational evidence to prove that the Earth moved about the Sun. A deeply religious man, he was troubled that the Church was backing itself into a corner. Galileo wanted to separate scientific questions from matters of faith, and many of his actions in this critical period of 1613 to 1616 should be viewed in this light. He was not attempting to discredit the Church, but to stop the Church from backing the wrong horse.


Near the end of 1613, Galileo’s old pupil Castelli, now teaching at Pisa, was invited to a court breakfast by Cosimo de’Medici. Also present were Cosimo’s wife and his mother, the Grand Duchess Christina, with other members of the family. Another guest was a professor of philosophy at Padua, and when the subject of Galileo’s observations of the moons of Jupiter came up, the professor pointed out to Christina that Galileo was wrong to argue that the Earth moved, as it was contrary to the Bible.


After breakfast, Christina took Castelli aside and asked him about the biblical miracle where Joshua stops the Sun in the sky. Castelli answered that scientific matters should be separated from teachings in the Bible. He sent an account of the incident to Galileo and Galileo wrote back to argue that freedom of enquiry should be allowed in all matters of nature which could be observed or about which experiments could be conducted. There could be no contradiction between nature and the Bible, but the Bible often spoke metaphorically.


Little happened for the best part of a year, but in December 1614 a Dominican named Thomas Caccini gave a sermon denouncing Galileo and the use of mathematics to understand nature. Caccini’s sermon caused a stir. His motivation may have been to seek a more prestigious appointment in Rome but not everyone agreed with his tactics. Even his own brother wrote to him, urging him to stop attacking Galileo.


When news of Caccini’s sermon reached Pisa, Nicolo Lorini, a colleague of Castelli’s, expressed regret on seeing Galileo’s letter to Castelli. Lorini took a copy to Florence, where he forwarded it to the Roman Inquisition. Galileo heard of this and fearing that Lorini had altered the letter before sending it on, obtained the original from Castelli and sent a copy to Piero Dini, a churchman in Rome, asking him to show it to the Jesuits and, if possible, to Cardinal Bellarmine. Lorini’s partial copy had already been read at a meeting of the cardinals of the Inquisition, who asked the Archbishop of Pisa to get hold of the original and send it to Rome for them to study. A theologian wrote a report, finding that there were only a few phrases and words that were ill advised and that in general it was theologically unremarkable.


Galileo visited Rome towards the end of 1615, holding many public meetings to put the case for Copernican astronomy. In early 1616, he wrote Discorso Sul Flusso e Il Reflusso del Mare (discourse on the tides), which he sent to Alessandro, Cardinal Orsini. His theory depended on the Earth both rotating and orbiting the Sun, and Orsini took this discourse to Pope Paul V. The Pope instructed Orsini to tell Galileo that he must stop arguing that the Earth moved or the Pope would instruct the Inquisition to investigate him. Cardinal Bellarmine advised that the ideas be submitted to theological qualifiers. The Pope agreed and the qualifiers expressed the following opinions on Galileo’s theories:




1. That the Sun is the centre of the world and totally immovable as to locomotion.


Censure: All say that the said proposition is foolish and absurd in philosophy and formally heretical inasmuch as it contradicts the express opinion of holy scriptures in many places, according to the words themselves and according to the common expositions and meanings of the Church fathers and doctors of theology.


2. That the Earth is neither in the centre of the world nor immovable but moves as a whole and in daily motion.


Censure: All say this proposition receives the same censure in philosophy and with regard to theological verity it is at least erroneous in the faith.





These censures were read out in the weekly meeting of the cardinals of the Inquisition on 24 February 1616. Pope Paul V asked Bellarmine to inform Galileo of the decision and to tell him that he could no longer hold or defend the ideas which had been censured. If Galileo were to refuse to comply, the Commissary General would order that ‘he must not hold, defend, or teach the propositions, lest the Inquisition proceed against him’. It was in interpreting this complex instruction that Galileo made his error. He assumed it was acceptable to teach the Copernican system as long as he gave both sides of the argument because that would mean he was not holding or defending the idea, as ordered by the Pope, and so the third stricture about not teaching the proposition would not come into force.
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