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Introduction



The history of astronomy is one of constant discovery – an ongoing revolution driven by technological improvements, theoretical breakthroughs, and humanity’s unquenchable desire for knowledge about our place in the Universe. It is the oldest of the sciences, with origins that stretch far back into prehistory. We can only guess at the beliefs held by the earliest stargazers, from rare but unmistakable traces in the archaeological record. Cuneiform tablets from ancient Babylon, now more than 3,000 years old, provide the first written evidence for astronomy, but these meticulous records, most likely kept for astrological purposes, do little to illuminate ancient ideas about our place in the wider Universe. The first evidence for all-encompassing cosmological theories emerges in the last few centuries BC, among the philosophers of classical Greece.


From the centre to the edge


From this time on, however, the progressive reinvention of our own place in the Universe forms a strong thread through the history of astronomy. From Ptolemy to Copernicus to Hubble, our planet has been downgraded from the centre of everything to the status of a small world orbiting an average star in a galaxy that is itself just one among hundreds of billions.


But it would be wrong to assume from the above that such discoveries have somehow degraded the status of humanity in the Universe. The fact that such an insignificant world has given rise to intelligent life raises profound questions about the nature of the cosmos itself, and the more complex our understanding of the Universe becomes, the more we should pride our species on its ability to grasp these complexities.


A changing discipline


Of course the nature of astronomy has changed enormously over the centuries. The musings of priests and astrologers always coexisted with practical applications such as navigation, timekeeping and cartography, and the technological breakthroughs of the 17th century, coupled with the increasing importance of global trade, saw astronomy become the first ‘professionalized’ science, with the establishment of national observatories across Europe and beyond.


Nevertheless, astronomy has always had a strong appeal for amateurs, and many of the great breakthroughs of the 18th and 19th centuries were made through the committed efforts of ardent enthusiasts. Even today, while astronomy has become an increasingly complex and academic subject filled with many specialisms, it remains one of the few sciences where amateurs can make significant discoveries – and thanks to the proliferation of powerful telescopes, imaging tools and computer technology, the scope for amateur contributions is still increasing. Thanks to distributed computing projects, it’s now possible to make a useful contribution even without using a telescope – for instance sifting through data from planet-hunting satellites, or classifying images of complex galaxies in the distant Universe.


The past few decades have also been revolutionary for professional astronomers, as longstanding technological barriers have given way and unleashed a wealth of new data and discoveries. New multiple-mirrored and computer-controlled telescopes are far larger and more precise than their predecessors, producing sharper, brighter images from ground-based observatories. Unimpeded by the atmosphere, satellite observatories create pin-sharp images in visible light, and gather up other forms of radiation, from the infrared to the ultraviolet, that are impossible to use from Earth’s surface. Computerized CCDs and other sensors allow these radiations to be detected with ever greater sensitivity, and manipulated and analyzed in new ways. Finally, spaceprobes can send back images directly from the worlds of our solar system, and even return physical samples of material from comets and other bodies.


New challenges


The sheer amount of information produced by these new theories can seem overwhelming at times, and is transforming astronomy at an ever-faster pace. Exciting new fields that have recently opened up for study include the dynamic history of our solar system (see Chapter 24), the complex variety of extrasolar planets (see Chapter 71), and the turbulent early days of the Universe itself (see Chapter 16). Even long-standing ideas, such as the steady expansion of the cosmos driven by the Big Bang, have been revolutionized by evidence for a mysterious ‘dark energy’ that influences the structure of space itself (see Chapter 99).


Indeed, at times it seemed as if the rate of astronomical discovery was outpacing my writing of this book. Doubtless this was just a selection effect, brought on by concentrated trawling of press releases, university websites and scientific journals, but I hope that this snapshot of the current state of astronomy captures a unique and exciting time in its long history – one in which the answers to many long-standing questions came within reach, and new and even more ambitious challenges appeared to take their place.





1 Uncentering Earth
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A long-exposure image reveals the stars pinwheeling around the South Celestial Pole above La Silla Observatory in Chile. Today we view the movement of the stars as a key clue to Earth’s rotation, but ancient astronomers believed the stars were moving around a fixed Earth.





DEFINITION THE CONCEPTUAL SHIFT AWAY FROM AN EARTH-CENTRED VIEW OF THE UNIVERSE TO ONE CENTRED ON THE SUN.


DISCOVERY ARISTARCHUS OF SAMOS ESTIMATED THE DISTANCE TO THE SUN AROUND 250 BC, AND CONCLUDED IT WAS SO LARGE THAT IT, NOT EARTH, MUST BE THE CENTRE OF THE COSMOS.


KEY BREAKTHROUGH IN 1514 AND 1543, NICOLAUS COPERNICUS RESTARTED DEBATE ABOUT THE HELIOCENTRIC THEORY.


IMPORTANCE WHILE COPERNICUS’S OWN VERSION OF THE HELIOCENTRIC THEORY WAS FLAWED, IT PAVED THE WAY FOR THE LATER DISCOVERIES OF KEPLER, GALILEO AND NEWTON.


For most of recorded history, mankind has assumed that Earth was the centre of the Universe. Despite some early doubters, it was only in the 16th century that we began the long journey to an appreciation of our true place in the Universe.


The idea that Earth is at the centre of everything seems self-evident. Unaware of our planet’s daily rotation, let alone its motion through space, it is only natural that our ancestors assumed that the Sun, Moon, stars and planets were, as they appeared, circling our fixed location. The astronomerpriests of the first civilizations were more concerned with predicting the motions of celestial objects for astrological purposes than they were with constructing a coherent model of the Universe itself. So far as we know, the ancient Greek philosophers were the first to consider Earth’s place in the cosmos, from around the fifth century BC onwards.


In the mid-fourth century BC, an important step forward came with Aristotle’s argument that Earth was a huge sphere suspended in space, rather than the flat disc floating on an infinite ocean that earlier thinkers had believed. By around 200 BC, Eratosthenes of Cyrene had even worked out an ingenious way of measuring Earth’s circumference, based on the shadows cast by the midday Sun at different latitudes.


A true cosmology, however, still had to address other problems – the movements of Sun and stars, the changing phases of the Moon, eclipses and, most troubling of all, the wandering motions of the planets Mercury, Venus, Mars, Jupiter and Saturn. To explain these, most Greek philosophers advocated a system of circular orbits or crystalline spheres onto which these objects were attached, with the stars as lights on a fixed outer sphere, or perhaps pinpricks in that sphere letting in the light of heaven itself. Some had their doubts, however – in the third century BC, Aristarchus of Samos used trigonometry to estimate the distance to the Sun. He underestimated hugely, but still concluded that the Sun was so large that it must be the true centre of the Universe, with Earth circling it just as the planets did.


Hipparchus and Ptolemy


Unfortunately for astronomy, Aristarchus’s ideas were widely rejected as outlandish, and the overwhelming weight of opinion remained behind the idea of an Earth-centred or geocentric Universe. However, the system was not without its problems. In particular, philosophers were dogmatically attached to the idea of circular motion at uniform speed – a kind of cosmic clockwork to which the planets resolutely refused to conform. Attempts to predict their movements using circular orbits around Earth met with failure, and around the middle of the second century BC, Hipparchus of Nicaea introduced the idea of epicycles – smaller circles that held the planets, moving around on the main ‘referent’ circles.


Epicycles helped to account for problems such as the looping or ‘retrograde’ motion of the outer planets (see Chapter 2), but even this model could not provide a passable match for reality. An apparent solution only came in the mid-second century AD, when the astronomer and geographer Ptolemy of Alexandria introduced a new concept called the ‘equant point’ – a fudge that allowed him to preserve the principle of uniform motion around a point in space, while dropping the awkward need for the motion to be uniform relative to Earth itself. Ptolemy’s breakthrough finally allowed theory to match observation to a reasonable degree, and his works on astronomy, now known by the Arabic title of the Almagest, became the last word on the subject for more than a millennium. The geocentric world view was enthusiastically adopted in Europe by the rising Christian church, while Islamic scholars, too, largely subscribed to the Ptolemaic model.


The Copernican revolution


As the centuries wore on, however, and techniques for astronomical measurement improved, doubts about the Ptolemaic Universe grew. It became increasingly clear that it did not offer a perfect tool for predictions beyond the short term, and its complex workings also began to seem inelegant. With the beginnings of the Renaissance in the late 1400s, scholars in a range of fields from medicine to geology began to realize that perhaps ancient wisdom was not always the last word.


In 1514, Nicolaus Copernicus, a Polish priest with a passion for astronomy, circulated a handwritten book called the Commentariolus (Little Commentary) in which he comprehensively challenged the geocentric view of the Universe, putting forth seven statements that instead suggested a Sun-centred or heliocentric Universe in which the movement of objects in Earth’s skies are caused by their movement around the Sun, coupled with Earth’s daily rotation.


Over the next two decades or more, the Copernican theory spread through scholarly circles. Copernicus had always intended to follow the Commentariolus with a longer work, but he was only spurred to produce it in 1539, when Georg Joachim Rheticus, a professor from the University of Wittenberg, produced an enthusiastic account of his theories. The result was De revolutionibus orbium coelestium (‘On the revolutions of the heavenly spheres’), a fuller statement of Copernicus’s ideas backed up with comprehensive arguments and proofs.
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The evolving solar system – three schematics illustrate the Ptolemaic scheme of orbits and epicycles (1), the Tychonic scheme in which Mercury and Venus orbit the Sun (2) and the fully Sun-centred, Copernican system (3).





The book was published when Copernicus was on his deathbed and, despite its later status as an icon of the scientific revolution, was not well received. The Copernican theory replaced the ancient models of uniform circular motion around Earth or (in Ptolemy’s version) around equant points, with one of uniform circular motion about the Sun. The idea of celestial spheres and a finite Universe was maintained, and it soon became clear that this was little better at describing the reality of planetary motions.


Half a century later a less measured cleric, the heretical Italian friar Giordano Bruno, broke the limits of the Copernican view with his suggestion that the stars were suns in their own right, orbited by planetary systems of their own. Other heresies saw him burnt at the stake in 1600, unaware that, within a decade, the old order of the Universe would be overthrown once and for all.





2 Elliptical orbits
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Among the major planets of the solar system, Mercury and Mars have the most elliptical orbits. However, the orbits of smaller dwarf planets such as Ceres, Pluto and Eris, often have more clearly eccentric shapes.





DEFINITION THE THEORY OF ORBITS THAT FINALLY CONFIRMED THE HELIOCENTRIC VIEW OF THE SOLAR SYSTEM, AND ULTIMATELY THE TRUE NATURE OF THE UNIVERSE.


DISCOVERY TELESCOPIC OBSERVATIONS BY GALILEO AND OTHERS PRODUCED DIRECT EVIDENCE THAT THE PTOLEMAIC VIEW OF THE UNIVERSE WAS WRONG.


KEY BREAKTHROUGH IN 1609, JOHANNES KEPLER SUGGESTED THAT THE PLANETS ORBITED ON ELLIPSES RATHER THAN CIRCLES.


IMPORTANCE A TRUE UNDERSTANDING OF EARTH’S MOTION AROUND THE SUN HAS BEEN VITAL TO COUNTLESS LATER DISCOVERIES.


In the early 1600s, two parallel revolutions saw the old geocentric view of the cosmos overturned, and the seeds of modern astronomy established. Then, towards the end of the same century, the theory of universal gravitation put the capstone on this new view of the Universe.


The transformation of astronomy that took hold in the early 17th century is usually attributed to two factors – the early telescopic observations of Italian physicist Galileo Galilei and the theoretical breakthroughs of German astronomer Johannes Kepler. While this is a simplification, it is undeniable that these two led the way in establishing a new cosmology.


Galileo views the heavens


Around 1608, Dutch lensmakers discovered that by aligning two lenses along the length of a tube, they could produce magnified images. Galileo, a respected professor of mathematics and experimentalist at the University of Padua, determined to build an instrument of his own, and first turned it to the heavens in late 1609. What he saw convinced him that many established theories about the Universe were wrong. Far from being a perfect sphere, the Moon was a varied world of mountains and craters. The Milky Way dissolved from a band of light into a stream of countless stars. Most crucially, four starlike points of light dancing around Jupiter could only be its own satellites, and Venus exhibited distinct phases like those of our Moon. Contrary to received wisdom, there were objects in the Universe that did not revolve around Earth, and Venus, at least, appeared to circle the Sun.


Galileo published reports of his observations in his 1610 book The Starry Messenger. While he refrained from comment on their implications at the time, he personally viewed his discoveries as a resounding confirmation of the heliocentric model of the Universe first proposed by Copernicus almost a century earlier. However, working in Italy under the nose of a powerful Catholic Church that viewed such ideas as heresy, he had little choice but to keep silent for the moment.


Kepler describes the planets


By a remarkable coincidence, in the same year as Galileo’s momentous discoveries, Johannes Kepler published the breakthrough that secured the theoretical groundings of the heliocentric system, shattering the old view of a Universe of orderly celestial spheres forever. Using the meticulous observations collected by his sometime tutor, collaborator and occasional rival, the great Danish astronomer Tycho Brahe, Kepler realized that problems such as the retrograde motion of Mars were best described if the orbits of the planets were not only heliocentric, but also somewhat elliptical. (An ellipse is a more generalized form of a circle, longer along one axis than the other, and with two foci to either side of the centre on the long axis.)


In his New Astronomy of 1609, Kepler argued that planets orbited on ellipses with the Sun at one focus, and that the speed with which a planet moved on its orbit varied depending on its distance from the Sun. At a stroke, these laws of planetary motion resolved many long-standing problems of astronomical prediction, and in 1619, Kepler added a third law, linking the square of a planet’s orbital period to the cube of its ‘semi-major axis’ (its average distance from the Sun), which allowed relative orbital periods to be compared.


Working in the more receptive environment of Protestant northern Europe, Kepler faced few of the problems experienced by Galileo, and his theories were rapidly accepted by the scholarly establishment. A change to a more lenient papacy in Italy encouraged the Italian to risk putting his own thoughts into writing as Dialogue concerning the two chief world systems, published in 1623. But while limited discussion of the Copernican view as a purely mathematical model was permitted, any suggestion that it actually represented the reality of the Universe was still regarded as heretical, and Galileo’s lectures persistently overstepped this line. In 1632, he found himself brought before the Inquisition, forced to recant, and placed under a house arrest for the rest of his life – an injustice that the Church took centuries to live down.


But while the rise of the Copernican/Keplerian view was now inevitable, some important questions remained – most notably why the planets obeyed Kepler’s laws of motion, and indeed, why they moved at all. The French philosopher Descartes, around 1644, suggested that they might be pushed around by vortices in space, but failed to come up with a coherent explanation of why such vortices would produce the observed relationships.
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A series of images of Mars taken over several weeks reveal a loop in the sky. This retrograde motion, caused as the fast-moving Earth ‘overtakes’ its slower-moving neighbour, is displayed by all the planets that orbit beyond Earth, but most obvious in the case of Mars.





Newton unifies the cosmos


Ultimately, this breakthrough fell to the English scientist and polymath Isaac Newton, who around 1666 realized there was no reason why the force known today as gravity (whose general properties were established by Galileo a century before) should lose its influence beyond the surface of Earth. The same force that made an apple in his garden fall to the ground should also act on the Moon in orbit around Earth. Years later, Newton set to work on his extraordinary masterwork, the Principia mathematica (finally published in 1687), in which he set down three laws of motion and one of ‘universal gravitation’. The laws of motion described how objects remain at rest or in a state of uniform motion unless acted on by a force; how such a force affects their acceleration depending on their mass; and why every action produces an equal and opposite reaction. The law of gravitation, meanwhile, describes a force between massive objects that is directly proportional to their masses, and inversely proportional to the square of the distance between them (so that the strength of gravity between two objects diminishes by a factor of four when the distance between them is doubled).


Together, these laws perfectly describe Keplerian orbits, though later developments would show that Newton’s laws were not the last word on gravity (see Chapter 10). However, the mathematical techniques established by Newton in order to reach his conclusions, and the very principle of deriving a theory from observation that can then be used to make testable predictions, helped establish a ‘scientific method’ that is still used to this day.





3 Measuring stellar distances
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Star clusters such as the Pleiades offered an early clue to the physical variety among the stars. Since it was safe to assume that such close groups were genuine clusters at about the same distance from Earth, astronomers realized that differences in the appearance of cluster members must reflect true variations between stars.





DEFINITION TECHNIQUES FOR MEASURING THE ENORMOUS DISTANCES FROM THE SOLAR SYSTEM TO OTHER STARS.


DISCOVERY IN 1838, FRIEDRICH BESSEL MADE THE FIRST SUCCESSFUL MEASUREMENT OF STELLAR DISTANCE USING THE PARALLAX METHOD.


KEY BREAKTHROUGH THE HIPPARCOS SATELLITE, LAUNCHED IN 1989, BROUGHT FAR GREATER ACCURACY TO PARALLAX MEASUREMENTS.


IMPORTANCE AN ACCURATE KNOWLEDGE OF THE DISTANCE TO STARS IS VITAL TO UNDERSTANDING THEIR TRUE PROPERTIES AND OUR PLACE IN THE COSMOS.


How do we measure the distance to objects that are far beyond our physical reach? In order to understand the true distribution of stars and other objects within our galaxy and beyond, astronomers push a principle familiar from everyday life to its absolute limit.


The realization that the stars in the night sky were unimaginably distant counterparts of our own Sun came hand in hand with the Copernican Revolution, and the discovery that the Sun, rather than Earth, was the centre of our solar system (see Chapter 1). The idea had been raised by ancient Greek philosophers and medieval Islamic astronomers, but the first person to consider it seriously in European thought was the Italian friar and astronomer Giordano Bruno (famously burnt at the stake for his heretical beliefs in 1600). By the late 17th century, the idea had gained widespread acceptance, but astronomers were still confronted with one major issue – the lack of stellar parallax.


Parallax is familiar to most people as a result of stereoscopic vision – it is simply the effect by which nearby objects appear to shift against a more distant background when viewed from two different angles. For humans, it is a vital, though subconscious, tool for hand–eye coordination and distance measurement, but for Enlightenment astronomers it presented something of a problem – if Earth really was moving on a vast orbit around the Sun, then why were the directions of the stars not changing through the year? Astronomers such as Tycho Brahe used this as an argument against the Copernican system, but once the other evidence became overwhelming, the lack of parallax was taken correctly as an indication that the stars were even more distant than had previously been imagined.



The challenge of parallax



Throughout the 18th century, attempts to measure parallax were frustrated. The principle was simple enough: by measuring the shift in apparent position of nearby stars against the more distant background, as seen from opposite sides of Earth’s orbit 300 million km (186 million miles) apart, it should be possible to use simple trigonometry to estimate the distance to the stars themselves. Working out which stars might be nearby involved some guesswork, but the identification of certain stars that moved relatively swiftly across the sky (displaying high ‘proper motion’) offered a useful clue.


English astronomer James Bradley made an important step towards parallax measurement in the 1720s, by identifying other major effects on the apparent position of the stars that can swamp the effects of parallax itself. However, the precision of Bradley’s instruments was still far too poor to measure parallax itself, and it was only in the 1830s that several talented observers returned to the problem in earnest. German astronomer Friedrich Wilhelm Bessel had already spent decades improving on Bradley’s work in order to rule out every other possible effect on the measured positions of the stars, and in 1838 he announced that he had successfully measured the parallax of the double star 61 Cygni as 0.314 arcseconds. (An arcsecond is 1/3,600th of a degree or roughly 1/1,800th the diameter of the full Moon). In modern measurements, this indicated that 61 Cygni was 10.4 light years away – a close match to the modern figure of 11.4 light years. Bessel’s work was rapidly followed by estimates for other nearby stars – Alpha Centauri and Vega – and astronomers began to use the parsec (the distance at which a star would exhibit a parallax of 1 arcsecond, equivalent to 3.26 light years) as a unit of distance.


Nevertheless, measuring parallax was still an exhausting procedure, and only a few dozen more distances were established through the 19th century. It was only with the advent of sensitive astrophotography in the 20th century that astronomers were able to measure stellar positions away from the telescope eyepiece, and large numbers of parallaxes could be collected for the first time. Nevertheless, the effects of parallax were so tiny that they could still be measured only for the closest stars.


But despite the limitations, parallax offered a vital first step on the cosmic distance scale. Armed with the distance to a star, astronomers were able to work out its intrinsic brightness or luminosity, and when they compared luminosity and colour or other spectral features to one another, they discovered important patterns in the distribution of stars (see Chapter 65). Once astronomers were able to recognize these patterns, they could use the principle in reverse, going from the spectral type and apparent brightness of a star to an estimate of its intrinsic luminosity and, hence, its distance.


Parallax in the Space Age


Parallax remains the only way to measure the distance to a star with absolute precision – other methods are always prone to error thanks to unpredictable effects such as the absorption of light by interstellar dust. By 1989, advances in computer imaging and satellite technology allowed the launch of the first space ‘astrometry’ mission, the European Space Agency’s Hipparcos (the High-Precision Parallax Collecting Satellite). From its elliptical orbit ranging from hundreds to thousands of kilometres above Earth, this sensitive telescope could avoid the blurring effects of the atmosphere and measure stellar positions with pinpoint accuracy. Hipparcos was able to measure parallax to milliarcsecond levels (thousands of an arcsecond), extending accurate measurement to tens of thousands of stars within around 1,600 light years of Earth, but of course this is still only a tiny fraction of the entire Milky Way galaxy.
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The parallax method of finding stellar distances relies on measuring the apparent change in position of a nearby star (1). As Earth (2) moves from one side of its orbit to the other throughout the year, the star seems to shift against the more distant background (3).





Scheduled for launch in 2012, the European Space Agency’s Gaia mission will see another giant leap for the parallax technique. Over a planned five-year mission, it will measure the properties of a billion stars – recording their spectra, proper motions and, of course, parallaxes to a precision of a few millionths of an arcsecond. Data from the satellite should allow astronomers to construct a three-dimensional starmap stretching as far as the centre of the Milky Way, including hundreds of millions of stars that were previously far too faint for parallax measurements. What’s more, its spectral measurements will identify the Doppler shifts of the target stars (see Chapter 11), revealing their radial motions towards or away from Earth, and therefore providing an amazing view of our galaxy in motion.





4 The invisible Universe
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A spectacular multi-wavelength image reveals the complex nature of galaxy NGC 5128, better known as the radio source Centaurus A (see Chapter 91). Gamma ray emissions from hot gas around the galaxy’s centre surround the white core, while radio-emitting lobes appear at the top and bottom.





DEFINITION THE WIDE RANGE OF RADIATIONS WITH WAVELENGTHS BEYOND THE NARROW RANGE OF VISIBLE LIGHT.


DISCOVERY WILLIAM HERSCHEL IDENTIFIED THE EXISTENCE OF INFRARED RADIATION IN 1800.


KEY BREAKTHROUGH IN 1864, JAMES CLERK MAXWELL PUBLISHED HIS DESCRIPTION OF LIGHT AS AN ELECTROMAGNETIC WAVE.


IMPORTANCE RADIATIONS BEYOND THE RANGE OF VISIBLE LIGHT REVEAL A HUGE AMOUNT ABOUT HIGH- AND LOW-ENERGY PROCESSES AT WORK IN THE UNIVERSE.


The nature of light was a long-standing puzzle for early physicists, but no one could have imagined that light was just one part of an electromagnetic spectrum that stretched far beyond the visible. Today, these high- and low-energy radiations offer new ways of seeing the Universe.


In England around 1670, Isaac Newton began a series of investigations into the nature of light. By splitting it through prisms and lenses, he showed for the first time that colour was an intrinsic property of light, and that white light was a mix of many colours. Further experiments with mirrors convinced him that the light was a stream of particles or ‘corpuscles’. Newton published his theories in 1675, and expanded them in his 1704 work Opticks.


But some scientists of the time had other ideas. Newton’s rival Robert Hooke published a theory of light as a wave in 1665, and in the late 1670s, Dutch astronomer Christiaan Huygens began his own experiments. Evidence such as the refraction and diffraction (bending and spreading out) of light, as well as the ability of light beams to pass through each other unaffected, convinced him that light was a wave, propagating through a ‘luminiferous aether’ that filled the Universe. Huygens published his theory in 1690, and over the following century its predictive power won over many scientists. Finally, in the early 1800s, English scientist Thomas Young came up with an experiment that conclusively disproved the corpuscular theory, showing interference between light waves spreading out from a pair of narrow slits.


New types of light


By this time, scientists had also begun to realize there were forms of ‘light’ beyond what they could see. The first breakthrough was made by Germanborn astronomer William Herschel, the discoverer of Uranus. While using a prism to measure the temperatures associated with different colours of sunlight, he noticed a marked increase in temperature from violet light to red. This led him to test the apparently unilluminated region beyond the red end of the spectrum, which proved to be the hottest of all. Herschel named the new type of radiation, which we now know as infrared, ‘calorific rays’.


A year later, taking inspiration from Herschel’s discovery, German chemist Johann Wilhelm Ritter found invisible rays at the other end of the spectrum. His experiment involved testing the ways in which different colours of light affected the darkening of silver salts: it showed that violet light darkened them more than red, and invisible ‘chemical rays’ beyond the violet end of the spectrum affected them most of all.


Meanwhile, scientists were still struggling to understand the true nature of light. In 1817, French physicist Augustin-Jean Fresnel suggested that light waves were transverse rather than longitudinal (more akin to water waves than sound waves) because they could be polarized (affected by slits parallel to the angle of their vibrations).



Electromagnetic radiation



In 1845, British scientist Michael Faraday made the crucial discovery that the polarization of light could be affected by a magnetic field. This inspired Scotsman James Clerk Maxwell, who, in 1864, published his interpretation of light as an electromagnetic wave – a pair of interlinked electric and magnetic waves aligned at right angles, reinforcing each other as they travel through space. Maxwell’s wave equations described how the characteristics of light and invisible radiations are governed by linked properties of wavelength and frequency. They showed that greater energies were required to generate higher-frequency, shorter-wavelength waves, and also predicted the precise value of the speed of light.


By placing infrared, visible light and ultraviolet on a continuous spectrum, the equations showed there was no physical reason why waves could not exist with much higher or lower frequencies, provided there were processes with appropriate energy to create them. When Heinrich Hertz discovered microwaves (short-wavelength radio waves) in 1888, they fitted neatly into the spectrum below the infrared, but the behaviour of X-rays (discovered by Wilhelm Röntgen in 1895) and gamma rays (found by Paul Villard in 1900) seemed so dissimilar to light that they were not immediately linked to electromagnetism – it was only later that they were recognized as extensions of the spectrum to energies beyond the ultraviolet.
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An ultraviolet image of the ‘Ghost of Jupiter’ planetary nebula made by NASA’s Galaxy Evolution Explorer (GALEX) satellite reveals an extensive cloud of invisible hot gas around the central dying star.





Observing the invisible


Earth’s atmosphere absorbs most invisible radiation from space, leaving just a few windows where visible light and a few other bands, including the near-infrared and some radio waves, can reach the surface. As early as 1932, American engineer Karl Jansky realized that a daily cycle of radio interference was linked to the position of the Milky Way. However, the true flowering of invisible astronomy had to wait until the dawn of the Space Age. From the late 1940s onwards, rocket-borne sensors and, eventually, satellites revealed that the sky was alive with X-ray and ultraviolet radiation coming from objects far hotter and more energetic than the Sun.


Meanwhile the large dish antennae built for tracking satellites also proved to be ideal for studying astronomical radio sources in more detail, linking them to objects such as cool clouds of interstellar gas. The infrared was the most challenging region to explore – it can reveal warm objects that are not hot enough to glow in visible light, such as brown dwarf stars (see Chapter 68), planets and interstellar dust, but it is easily swamped by the warmth of telescopes and detectors themselves. As a result, the first infrared space telescope was not launched until 1983. The InfraRed Astronomical Satellite (IRAS) observed the sky for just a few months before its liquid helium coolant was exhausted, but it paved the way for a new type of astronomy.





5 The chemistry of the cosmos
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A solar spectrum, in which different wavelengths and colours of light are widely dispersed by a diffraction grating, reveals a forest of dark lines corresponding to energy absorbed by atoms and molecules in the atmospheres of both the Sun and Earth.





DEFINITION EMISSION AND ABSORPTION LINES IN THE SPECTRA OF STARS AND OTHER OBJECTS CAN BE USED TO IDENTIFY THEIR CHEMICAL COMPOSITION.


DISCOVERY DARK LINES IN THE SOLAR SPECTRUM WERE IDENTIFIED BY JOSEPH VON FRAUNHOFER IN 1814.


KEY BREAKTHROUGH IN 1859, GUSTAV KIRCHOFF PROVED THE LINK BETWEEN ASTRONOMICAL SPECTRA AND THE LIGHT EMITTED BY LABORATORY CHEMICALS.


IMPORTANCE SPECTROSCOPY REVEALS AN ENORMOUS AMOUNT ABOUT THE CHEMISTRY AND PHYSICAL PROPERTIES OF STARS.


The techniques of spectroscopy allow astronomers to analyse the chemical make-up of stars, planets, galaxies and nebulae. Furthermore, as atoms interact with light, they leave signatures that can help trace other physical processes as well.


In one of history’s more amusing moments of scientific short-sightedness, French philosopher Auguste Comte loftily declared in 1835 that ‘On the subject of stars … we shall never be able by any means to study their chemical composition.’ In just a few short years, he would be proved wrong, and although he could not know it, the crucial discovery that eventually revealed the chemistry of the stars had already been made.


Lines across the Sun


In 1814, German instrument-maker Joseph von Fraunhofer repeated an experiment carried out by Isaac Newton many years before – passing a narrow strip of sunlight through a prism and studying the image it projected onto a wall. To his surprise he found that, if the slit was narrow enough and the beam of sunlight focused tightly through a lens prior to being split, the resulting rainbow spectrum was crossed by a multitude of dark lines.


Fraunhofer gave the darkest lines letter designations (others have since been named after their discoverers, or the processes that produce them). He also pioneered the development of the diffraction grating, a plate engraved with a large number of narrow lines that diffracts light, causing it to spread out and create a spectrum far wider and clearer than that produced by a prism. His ‘Fraunhofer lines’ ultimately proved to be the key to understanding not only the chemistry of the Sun, but that of the wider cosmos as well.


In 1832, Scottish physicist David Brewster identified the twin sources of the Fraunhofer lines. Observing the spectrum of the setting Sun, he noticed that certain lines grew more intense towards sunset, and correctly attributed these to the absorption of certain colours of light in Earth’s atmosphere (since the sunlight has to pass through a thicker layer of atmosphere as it sets). The rest, he realized, must be due to similar absorption of light in the atmosphere of the Sun itself.


Explaining the lines


The key to understanding Fraunhofer’s lines came from the chemist’s laboratory. In 1859, German physicist Gustav Kirchoff repeated an earlier experiment by Fraunhofer, in which he passed sunlight through a flame coloured by simple salt. He noticed that one particular line grew significantly stronger and darker. When light from the flame alone was analysed with a spectroscope, this same ‘D line’, today associated with sodium, appeared as a bright ‘emission line’ against a dark background.


The discovery that Fraunhofer’s absorption lines matched emission lines that could be produced in a laboratory paved the way for chemical analysis of the Sun’s atmosphere. Kirchoff and his chemist colleague Robert Bunsen continued to investigate the emission lines of various elements, and in 1868, Swedish physicist Anders Ångstrom published an analysis of the solar atmosphere based on photographs of the Sun’s spectrum. That same year, French astronomer Jules Janssen and Britain’s Norman Lockyer observed the solar spectrum during an eclipse and identified emissions from an unknown element that was soon named helium. It proved to be the second most common element in the Universe.


Meanwhile in 1861, British amateur William Huggins, a pioneer of astronomical photography, began to use long exposures to make spectroscopic studies of much fainter and more remote celestial objects, showing for the first time that stars had similar chemical compositions to the Sun. In 1864, he turned his spectroscope on the Cat’s Eye Nebula in the constellation of Draco, and found that, rather than the usual ‘continuum’ spectrum with dark lines, its light was limited to just a few bright emission lines. Huggins correctly concluded that the Cat’s Eye was a glowing cloud of gas (see Chapter 79), and astronomers soon discovered many more ‘emission nebulae’ in the sky. Not all nebulae were like this, however – many others did produce a continuum, crossed by forests of faint absorption lines. These objects, many of which showed a spiral structure, would prove to be something entirely different (see Chapter 6).
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Cosmic chemistry can also be studied through large-scale differences in the emission properties of celestial objects. This false-colour image from the Spitzer Space Telescope shows the Helix Nebula at three different infrared wavelengths, with the centre showing the coolest material (thought to be dust in the immediate vicinity of the central star). Relatively cool gas around the outside is more faint, becoming brighter as it gets hotter.





Secrets of the stars


As if spectroscopy were not a useful enough tool for discovering the chemistry of different objects, it also allows astronomers to find out about other properties. Spectral lines can be affected by phenomena such as strong magnetic fields (the Zeeman effect, see Chapter 22), and the temperature of the material producing them. Perhaps most useful of all, however, is the key that spectral lines provide for analysing Doppler shifts in starlight. The Doppler effect, a shift in the wavelength of light from objects moving towards or away from Earth (see Chapter 11), would be unmeasurable if it were not for the ability to locate spectral lines that have shifted out of their expected positions.


Huggins successfully used this technique to measure the motion of the star Sirius in 1868. Since then, it has allowed us to measure the paths of stars and other objects through space, to find objects such as spectroscopic binary stars (see Chapter 74), to measure the rotation of our galaxy and others and, ultimately, to discover the expansion of the Universe itself (see Chapter 11).





6 Our galaxy and others





[image: ]


The band of the Milky Way is a prominent feature under dark skies, and today we know that it is formed from dense star clouds in the plane of our galaxy. But it is less than a century since astronomers confirmed that our galaxy was just one among many.





DEFINITION THE REALIZATION THAT OUR GALAXY IS JUST ONE AMONG MANY BILLIONS IN THE VASTNESS OF SPACE.


DISCOVERY WILLIAM HUGGINS IDENTIFIED SOME DISTANT GALAXIES AS STARRY MASSES FROM AROUND 1864.


KEY BREAKTHROUGH EDWIN HUBBLE USED CEPHEID VARIABLE STARS TO DIRECTLY MEASURE THE DISTANCE TO GALAXIES IN 1925.


IMPORTANCE ESTABLISHING THE TRUE SIZE OF THE UNIVERSE IS VITAL TO UNDERSTANDING OUR PLACE WITHIN IT.


While the scale of the Milky Way galaxy, 100,000 light years in diameter, is far beyond human comprehension, the reality is that even our immense spiral star system, containing perhaps 200 billion individual suns, is just a speck of sand on the beach of the wider cosmos.


As telescopes improved in the 18th and 19th centuries, they were able to observe a greater range of objects, including diffuse patches of light in the sky. Astronomers such as the Frenchman Charles Messier compiled the first catalogue of these objects in 1774, and the British astronomers William and John Herschel devoted a great deal of time to studying these objects and analysing their structure. Some of them proved to be loose clusters of stars, others were dense balls of tightly packed stars. However, there were also tenuous wisps of diffuse light, sometimes with stars clearly embedded inside them, and sometimes but bubble-like structures or swirling spiral patterns. In the 1880s, Danish-Irish astronomer J.L.E. Dreyer compiled the influential New General Catalogue of non-stellar objects, in which he categorized these objects into groups such as open and globular star clusters and diffuse, planetary and spiral nebulae.


Probing spiral nebulae


From the late 19th century, astronomers used photography to capture the light of these objects in long exposures, revealing far more detail than that visible directly through the eyepiece. From 1864, astronomer William Huggins combined photograph and spectroscopy (see Chapter 5) to collect spectra from the various types of nebulae. Many of the nebulae turned out to have emission spectra, producing light at just a few specific wavelengths, but the majority proved to have absorption spectra, with a continuous spectrum of light crossed by dozens of dark lines. This suggested that the diffuse nebulae were made from glowing gas, while the spirals and ball-shaped or elliptical nebulae contained stars.


Some astronomers suggested that the spiral nebulae, in particular, were solar systems in the process of formation, but others suggested they were either in orbit around the Milky Way, or they were distant galaxies in their own right. One suggestive fact was that the spirals tended to lie in relatively empty parts of the sky, away from the plane of the Milky Way.


The ‘Great Debate’


From around 1909, Vesto Slipher of the Lowell Observatory in Flagstaff, Arizona, began extensive studies of the spectra of nebulae. In 1912, he made an important breakthrough, discovering that the absorption lines of spiral nebulae such as the Andromeda Nebula, the brightest in the sky, were shifted from their normal positions towards the red end of the spectrum. Slipher interpreted these ‘redshifts’ as a Doppler effect, showing that the spiral nebulae were moving away from us at high speeds. This discovery paved the way for Edwin Hubble’s later discovery of cosmic expansion (see Chapter 11), but it was also further evidence that the spiral nebulae lay outside of the Milky Way. In 1913, Slipher also showed that nebulae were slowly rotating, by identifying slight differences in the redshifts of their approaching and receding edges.


By the early 1920s, a schism developed between astronomers who believed in a compact Universe, not much larger than the Milky Way itself, and those who believed in a larger cosmos stretching away for unimaginable distances. The evidence on both sides of the argument was discussed in an influential debate between astronomers Harlow Shapley and Heber D. Curtis at the Smithsonian Museum in 1920, but the ‘Great Debate’ would only be settled five years later, thanks to the work of astronomers Henrietta Swan Leavitt, Ejnar Hertzsprung and Edwin Hubble.


Measuring the distance


Leavitt helped to establish a cosmic distance scale using a class of variable stars known as Cepheids – yellow supergiants that change their brightness over periods varying from days to months. In 1912, Leavitt identified and measured the variations of several Cepheids within the Large Magellanic Cloud (LMC), allowing her to assume that the stars were all at more or less the same distance, and therefore that the differences in their apparent (average) brightness reflected differences in their actual luminosities. This revealed a period–luminosity relationship: the brighter a star was, the longer its period.


Soon after this, Swedish astronomer Ejnar Hertzsprung independently determined the distance of several relatively nearby Cepheids in the Milky Way, helping to fix the distance scale. Hertzsprung went on to estimate Leavitt’s Cepheids in the LMC. It turned out to be an astonishing 160,000 light years away, confirming that the cloud lay far beyond the Milky Way.


In the 1920s, Edwin Hubble used the 2.5-metre (100-inch) Hooker Telescope at Mount Wilson Observatory in California to survey some of the brightest spiral nebulae and to identify Cepheids within them. He published his results in 1925, showing that they were typically millions, even tens of millions, of light years away. Hubble went on to make further discoveries that would transform our view of the Universe and our place within it (see Chapter 11). The Hubble Space Telescope (HST), named in his honour, has continued to build on his work.
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The Andromeda Galaxy is the most prominent ‘spiral nebula’ in the sky, and the easiest external galaxy to observe. The box encloses the first Cepheid variable observed by Edwin Hubble, variations in which revealed the spiral’s true distance of more than 2 million light years for the first time.





Hubble established beyond doubt that our galaxy was just one of many, and today astronomers believe there are as many galaxies in our Universe as there are stars in the Milky Way. Thanks to the work of the HST and other observatories, both in orbit and on Earth, we are constantly learning more about the origins and structure of these star cities.





7 The structure of matter
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A computer visualization from the Large Hadron Collider’s Compact Muon Solenoid (CMS) experiment captures a collision between two protons travelling at high speed. The collision converts the mass of both protons into energy, which in turn generates a blizzard of subatomic particles.





DEFINITION THE ESSENTIAL NATURE OF MATTER, RANGING FROM ATOMS DOWN TO ELEMENTARY PARTICLES INTERACTING THROUGH FUNDAMENTAL FORCES.


DISCOVERY THE FIRST SUBATOMIC PARTICLE, THE ELECTRON, WAS DISCOVERED IN 1897.


KEY BREAKTHROUGH IN 1964, MURRAY GELL-MANN PROPOSED THE EXISTENCE OF ELEMENTARY PARTICLES CALLED QUARKS.


IMPORTANCE UNDERSTANDING THE DEEP STRUCTURE OF MATTER HELPS ASTRONOMERS TO EXPLAIN A HUGE RANGE OF LARGE- AND SMALL-SCALE PROCESSES AT WORK IN THE UNIVERSE.


Over more than a century, the long scientific journey to the heart of the atom has revealed an elegant structure underlying all matter in the Universe, with a small number of subatomic particles – imbued with elementary properties – interacting with each other through four fundamental forces.


Although Greek philosopher Democritus first speculated that all matter might be composed of tiny particles as early as the fourth century BC, the reality of these atoms only became clear through a series of breakthroughs in the 18th and 19th centuries. By the 1860s, Russian chemist Dmitri Mendeleev had devised an ingenious system for ordering different elements according to their mass and chemical reactivity – the periodic table.


Inside the atom


However, it was only with the discovery of particles within the atom that scientists began to understand why different elements react in the ways they do. The first of these particles, the electron, was identified by British physicist J.J. Thomson in 1897. This lightweight particle carried a negative electrical charge, and Thomson found it within cathode rays emitted from heated electrodes. It soon became clear that the number of electrons associated with a particular atom was key to its reactivity – exchange or sharing of electrons can create chemical bonds, while the addition or removal of electrons from individual atoms can produce electrically charged ions.


However, since electrons carried a negative charge and atoms were essentially neutral, the next question was where the atom’s positive charge resided. For a while, Thomson’s ‘plum pudding’ model, in which electrons floated freely in a general mass of positive charge, reigned supreme, but in 1909, New Zealand physicist Ernest Rutherford and his colleagues fired radioactive particles at a sheet of thin gold foil and showed that while most passed straight through, occasionally one would bounce straight back. This indicated that atoms were largely empty space, with most of their mass and positive charge concentrated in a central nucleus, orbited by the electrons. By 1932, the nucleus was known to consist of protons (each with an equal but opposite charge to the electron, and thus making the entire atom electrically neutral) and neutrons (uncharged particles with almost identical mass to the proton, and usually found in roughly equal numbers to the protons).
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An illustration of atomic structure shows how each atom is composed of a concentrated nucleus composed of protons and neutrons (centre) orbited by electrons in orbital shells that determine their energy. The number of protons in an atom’s nucleus determines its ‘atomic number’ and therefore its identity as an element, while the number of protons plus neutrons determines its atomic mass. This illustration shows the structure of a carbon-12 atom, with six protons, six neutrons and six electrons.


Meanwhile in 1913, Danish physicist Niels Bohr applied the new idea that electromagnetic radiation travelled in photons (see Chapter 8) to the problems of atomic structure, showing that the distinctive spectra of emission and absorption associated with each element could be explained if electrons occupied specific shell-like ‘orbitals’ at set distances from the nucleus. Each electron would therefore have a specific energy level within the atom: injection of energy through photons of specific wavelengths could boost it to a higher ‘orbital’ while, conversely, its descent to a lower orbital would release energy as distinctive photons. In 1925, Austrian physicist Wolfgang Pauli explained the origin of the orbitals through an exclusion principle that prevents electrons with identical quantum properties from existing in the same system at the same time.


Making sense of the particle zoo


Investigations of atomic structure accelerated in the 1930s and 1940s thanks to the Second World War and the race to harness atomic energy. The most important tools for such investigations proved to be particle accelerators – devices that use electromagnetic fields to accelerate atoms and other particles to extreme speeds, then smash them into each other in order to examine the fragments released. Not all the particles detected in this way are components of the raw material in the conventional sense – energy released by the collisions can be converted directly into other rare particles in accordance with Einstein’s E = mc2. As a result, the number of known subatomic particles multiplied rapidly, creating a confusing particle zoo.


Within this menagerie, physicists began to distinguish between particles that were affected by different fundamental forces. All particles, it seems, are influenced by electromagnetism and (to a tiny extent) gravitation, but there are also forces that operate only over subatomic distances: the weak and strong nuclear forces. Heavyweight particles, called hadrons (including the proton and neutron), are affected by all four forces, while lightweight leptons (such as the electron) are immune to the strong force.


The situation only became clearer in the 1960s, when American physicist Murray Gell-Mann and others showed that the properties of the various hadrons could be explained if each was composed of two or three smaller particles called quarks. Ultimately, all known hadrons can be produced by combinations of six ‘flavours’ of quark – up, down, strange, charm, top and bottom. Conveniently, these are paralleled by six leptons – the electron, muon, tau, and their corresponding neutrinos (see Chapter 21). These are believed to be the elementary particles of matter, collectively known as fermions. Forces are transmitted between these massive particles by massless carrier particles called bosons, the best known of which is the photon, carrier for the electromagnetic force. Other bosons include the gluon, which transmits the strong force, and the W and Z particles that carry the weak force.


This standard model of matter and forces has withstood many tests since the 1960s, but many questions linger. Theorists still strive to resolve puzzles such as why the different forces act in the way they do, whether they can be united in a single ‘Theory of Everything’, and why the elementary particles exhibit their measured properties. Meanwhile, experimentalists hope that ambitious accelerator projects such as the Large Hadron Collider, completed on the Franco-Swiss border in 2008, will help them to detect new and elusive particles predicted by theoreticians.








8 Quantum theory
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A computer simulation shows vortices within a Bose–Einstein condensate (BEC), a state of matter that can only be explained through quantum theory. BECs form when atoms are cooled very close to absolute zero, and all fall into the same quantum energy state, behaving as a frictionless ‘super-atom’.





DEFINITION A THEORY THAT DESCRIBES THE UNUSUAL BEHAVIOURS OF PARTICLES AND RADIATION ON EXTREMELY SMALL SCALES.


DISCOVERY ALBERT EINSTEIN WAS THE FIRST TO TREAT PHOTONS AS REAL OBJECTS IN 1905. LOUIS VICTOR DE BROGLIE SUGGESTED THAT PARTICLES HAVE WAVELIKE PROPERTIES IN 1924.


KEY BREAKTHROUGH IN 1927, WERNER HEISENBERG DISCOVERED THE UNCERTAINTY PRINCIPLE THAT RULES THE SUBATOMIC WORLD.


IMPORTANCE THE QUANTUM NATURE OF REALITY FUNDAMENTALLY CHANGES OUR UNDERSTANDING OF NATURAL PHENOMENA.


Quantum theory is a key element in our modern view of the Universe. While it typically operates on the scale of the very small, its description of the ways in which matter and energy interact are vital to understanding the nature of the broader cosmos.


The quantum revolution of the early 20th century grew out of a crisis in the late 1800s, during which scientists became increasingly aware that various aspects of classical physics, and, particularly, the behaviour of electromagnetic radiation, did not add up. For instance, the wavelike properties of such radiations were undeniable (see Chapter 4), but the medium that was supposed to carry it, the ‘luminiferous aether’, did not appear to exist. The invention of the incandescent lightbulb allowed astronomers to measure ‘black body radiation’ – the range of wavelengths produced by a non-reflective emitter of light (such as a star) with any given temperature, but no one could produce a theoretical model that matched reality. Meanwhile, the photoelectric effect – a release of electrons when some metals are bombarded with light was found to be inconsistent: large amounts of red light failed to produce an electric current, while far smaller amounts of blue light would.


Particles of light


In 1900, German physicist Max Planck found an ingenious solution to the black body problem. Reasoning that the energy released by a light source originates in vibrations of its atoms, he assumed that these vibrations occur at discrete frequencies, much like the harmonic modes of a violin string. Radiation that is released as an atom changes its mode would therefore also have a distinct energy, frequency and wavelength. Planck’s model produced a description that matched experimental measurements, but no one thought at the time that it also revealed a fundamental truth about the nature of light. This breakthrough came from Albert Einstein who, in a 1905 paper, offered a solution to the problem of the photoelectric effect. By assuming that light itself is broken down into discrete packets or ‘quanta’, each of which has its own wavelike properties of energy, frequency and wavelength, he revealed why a small quantity of high-energy blue photons could produce a current where much larger quantities of low-energy red photons had failed.


The existence of quanta of light, known today as photons, has huge importance to modern astronomy. The spectral lines used to identify chemicals in distant stars, galaxies and nebulae are ultimately caused by photons of light that are produced or absorbed as electrons change their orbits around atomic nuclei, as described by Niels Bohr and Wolfgang Pauli (see Chapter 7). Electronic CCD detectors rely on the photoelectric effect to collect rare photons arriving from distant galaxies and to produce images that would be impossible with conventional film. Planck’s model of black body radiation also describes phenomena ranging from the surfaces of stars to the afterglow of cosmic creation itself. Another major advantage of light’s ability to travel in photons, of course, was that it finally did away with the need for a light-propagating aether.


Wavelike matter


But quantum physics encompasses far more than just the nature of light. In 1924 French physicist Louis Victor de Broglie made an outrageous suggestion: if light waves sometimes exhibit the behaviour of particles, then might particles of matter occasionally behave like waves? De Broglie even produced a theoretical means of calculating the wavelengths of particles, which proved to be inversely proportional to their mass and therefore vanishingly small for anything above the subatomic scale. Within a few years, however, scientists at two separate laboratories had been able to show that, in certain experiments, electrons can indeed diffract and interfere with one another just like light.


But what does it mean to say that a particle has a wavelength? Austrian physicist Erwin Schrödinger considered that the wavelength must represent the distribution of the particle’s energy in space, and in 1926 he developed a means of calculating this property, known as the ‘wavefunction’. Physicists have disagreed about the true meaning of the wavefunction ever since – Schrödinger believed that it was a fundamental revelation that all particles are essentially waves of energy, while others such as Germany’s Werner Heisenberg argued that the wavefunction was no more than a means of describing the probability of a particle occupying a particular location at a particular time.
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Electron microscopy is a standard tool of modern science, used to create stunning images of very small structures such as these bacteria. Its principle relies on a quantum property – the ability of electrons to display wavelike behaviour in certain circumstances.






Uncertainty rules



Consideration of the wavefunction mean led Heisenberg to another important discovery: a wave concentrated at a well-defined point cannot reveal its wavelength, and a wave with a measurable wavelength cannot be precisely confined in space. This is Heisenberg’s uncertainty principle: it renders it impossible to measure various paired or conjugate properties of a particle with absolute precision. For example, the more accurately we measure a particle’s position, the less accurately we can know its momentum and energy. From a cosmological point of view, this is significant since it renders the entirety of spacetime susceptible to random fluctuations – shortlived ‘virtual particles’ (or more precisely, particle–antiparticle pairs – see Chapter 15) can pop into existence for the briefest instant and sometimes exert a surprising amount of influence. Similarly, even in the uniform fireball produced by the inflationary phase of the Big Bang (see pages 57 and 61), there would be tiny quantum fluctuations in the temperature and density of matter that allowed the creation of our present, structured Universe. Even in more mundane astrophysical processes, the uncertainty principle makes its presence felt, permitting various types of nuclear reaction and radioactive decay that would be impossible according to conventional physics.


Taken to its extreme, the wavelike nature of matter raises fundamental scientific and philosophical questions about the nature of reality, and various theories have been put forward to describe the way in which the microscopic quantum world interacts with the classical physics of the macroscropic world (the more traditional area of interest for astronomers).





9 The speed of light
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A rainbow spectrum of light emerges from the ends of a fibre-optic cable. Colour is simply the way that human eyes perceive light waves of different energies, and is therefore intrinsically linked to a wave’s frequency and wavelength. High-frequency, short-wavelength electromagnetic waves appear blue, while low-frequency, longer waves appear red.





DEFINITION THE REALIZATION THAT LIGHT TRAVELS AT THE SAME SPEED, REGARDLESS OF THE MOTIONS OF SOURCE AND OBSERVER.


DISCOVERY THE FIXED SPEED OF LIGHT WAS CONFIRMED BY THE MICHELSON–MORLEY EXPERIMENT CARRIED OUT IN 1887.


KEY BREAKTHROUGH ALBERT EINSTEIN’S SPECIAL THEORY OF RELATIVITY EXPLORED THE IMPLICATIONS OF THE SPEED OF LIGHT FOR PHENOMENA SUCH AS MASS AND ENERGY.


IMPORTANCE THE FACT THAT THE SPEED OF LIGHT IS FIXED FORMS A CORNERSTONE TO OUR UNDERSTANDING OF THE UNIVERSE.


The discovery that light in a vacuum moves at a fixed speed, regardless of the motions of source and observer, goes against all common sense. Accommodating this remarkable fact involved a reworking of our understanding of the Universe from first principles.


The first person to attempt a scientific measurement of the speed of light was Italian physicist Galileo Galilei, in 1638. Galileo’s experiment was limited and inaccurate, but it allowed him to establish that light travelled a great deal faster than sound. However it was another of his discoveries, the Galilean satellites of Jupiter, that finally confirmed the finite speed of light.


Early measurements


By the 1660s, the orbital periods of the Galilean moons of Jupiter were well known. Telescopes had improved to a state where they could reveal the passage of the moons and their shadows across the face of Jupiter, as well as eclipses when the moons disappeared behind the planet. In the 1660s, Italian astronomer Gian Domenico Cassini set out to study these events from the Paris Observatory, while Ole Rømer made similar measurements from the Uraniborg Observatory in Denmark. Cassini soon noticed unexpected deviations from the predicted times of events, and realized they were caused by changes in the time that light takes to reach Earth as the distance to Jupiter changes. Rømer later put some exact figures on these variations, estimating the speed of light at around 75 percent of the modern value.


Despite this, some scientists remained sceptical about the finite speed of light until the 1720s, when English astronomer James Bradley used it to explain the aberration of starlight – a minute change in the observed position of stars from one side of Earth’s orbit to the other. This allowed him to make an improved estimate of the speed of light, within 1 percent of the modern 299,792 km/s (186,282 miles per second).


But as measurement techniques improved through the 19th century, scientists noticed something strange: the speed of light was always the same, regardless of the motions of source or observer. Contrary to everyday experience, light does not reach us sooner when its source is moving towards us, or later when we are moving away from its origin. In 1865, as part of his model of light as an electromagnetic wave (see Chapter 4), James Clerk Maxwell showed that all electromagnetic radiation propagates through vacuum at a fixed speed.


But in what frame of reference was this speed fixed? Most scientists agreed that a wave could only propagate in a medium, just as sound waves move through air or water waves cross a pond. The mysterious medium of light, which must fill the vacuum of space, was named the luminiferous aether, and was assumed to provide the absolute standard of rest for the Universe. In 1887, American scientists Albert Michelson and Edward Morley devised an ingenious experiment to measure predicted changes in the speed of light moving in different directions, caused by Earth’s motion through the aether. When the Michelson–Morley experiment produced no evidence of such changes, physicists began to speculate that the aether theory might be wrong.


The relativistic Universe


In 1905, Albert Einstein published a series of landmark papers that triggered a revolution. In essence, he reimagined physics around just two postulates: the principle of relativity, and the principle of invariant light speed. The principle of relativity states that laws of physics should appear exactly the same way for all systems in comparable frames of reference (i.e. those not experiencing acceleration), while the principle of invariant light speed states that light always propagates through empty space with the same velocity. The speed of light must also be the ultimate speed limit of the Universe, otherwise we would be able to see and react to events before they happened, and the rules of causality would be broken.


The resulting special theory of relativity showed how objects moving at relativistic speeds (approaching light-speed) experience strange phenomena such as time dilation (in which time appears to slow down) and Fitzgerald-Lorentz contraction (in which their length appears to change). Even more strangely, as an object approaches the limit of the speed of light c, further acceleration increases its mass rather than its speed. In other words, mass and energy are interchangeable – the origin of the famous equation E = mc2. Explaining light’s ability to propagate through a vacuum at fixed speed, meanwhile, relied on another of Einstein’s breakthroughs – the theory of quantized light (see Chapter 8).


Strange though these predictions seem, they have been proven in countless experiments, and today’s spaceprobes and satellite networks are built to take relativistic effects into account. Special relativity also formed a strong foundation for many breakthroughs of 20th century physics and cosmology including, in 1915, Einstein’s own general theory of relativity (see Chapter 10).
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While the speed of light in a vacuum is nature’s ultimate speed limit, and no particle can achieve it, light travels more slowly through other media, and here, certain high-speed particles can occasionally travel faster than light. The result is a blast of eerie light known as Cerenkov radiation, seen here in the Advanced Test Reactor at Idaho National Laboratory.





However, recent developments have shown that Einstein’s theory may not tell the whole story. Since the 1980s, some cosmologists have become intrigued by the idea that c may be slowing down. A faster speed of light in the early Universe offers a solution to several problems in describing its present appearance, and in 1998, a team of astronomers from the University of New South Wales announced tentative evidence, based on studies of distant quasars, for ancient changes to the fine-structure constant that is intimately connected to the speed of light. Another study in 2004 suggested that the constants could have changed as recently as 2 billion years ago. However, the idea remains highly controversial, as do the headline-making 2011 reports from Gran Sasso in Italy (see Chapter 21) of neutrinos apparently travelling faster than light.





10 Spacetime
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A series of timelapse images captures the majesty of a total solar eclipse – a rare occasion on which it is possible to observe stars close to the Sun in the sky, and the shifts in their apparent position caused as light passes through the region of space warped by our star’s gravity.





DEFINITION THE DEEP CONNECTION OF SPACE AND TIME DIMENSIONS IN A FOUR-DIMENSIONAL ‘SPACETIME MANIFOLD’.


DISCOVERY HERMANN MINKOWSKI INTRODUCED SPACETIME AS A TOOL FOR UNDERSTANDING SPECIAL RELATIVITY IN 1907.


KEY BREAKTHROUGH EINSTEIN’S GENERAL THEORY OF RELATIVITY DESCRIBED HOW LARGE GRAVITATIONAL FIELDS, AS WELL AS RELATIVISTIC MOTION, CAN CAUSE SPACETIME TO BEND AND WARP.


IMPORTANCE UNDERSTANDING THE FABRIC OF THE UNIVERSE IS VITAL TO INTERPRETING THE BEHAVIOUR OF OBJECTS WITHIN IT.


In the decade following the publication of the theory of special relativity, Albert Einstein continued to work on the consequences of his theory. Within a decade, this resulted in a new idea that transformed the way we look at both space and time – the theory of general relativity.


1905 is often described as Einstein’s annus mirabilis (year of wonders). Within the space of a few months, he published four papers that set the stage for much of 20th and 21st century physics. His explanation of the photoelectric effect (see Chapter 8) finally resolved long-standing questions about the nature of light by describing its ability to behave as both a wave and a particle. His work on Brownian motion, the strange and unpredictable movement of large particles suspended in fluids, proved the existence of invisible atoms and molecules beyond all reasonable doubt, and his papers on special relativity and mass-energy equivalence (see Chapter 9), along with the photoelectric effect, helped pave the way for the rise of quantum physics.
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