



[image: image]







[image: image]







[image: image]





HOW TO BUILD A UNIVERSE FROM THE BIG BANG TO THE END OF THE UNIVERSE









[image: image]





An Hachette UK Company www.hachette.co.uk First published in Great Britain in 2015 by Philip's, a division of Octopus Publishing Group Ltd Endeavour House 189 Shaftesbury Avenue London WC2H 8JY www.octopusbooks.co.uk Copyright © Octopus Publishing Group Ltd 2015 All rights reserved. No part of this work may be reproduced or utilized in any form or by any means, electronic or mechanical, including photocopying, recording or by any information storage and retrieval system, without the prior written permission of the publisher. Ben Gilliland asserts the moral right to be identified as the author of this work. ISBN 978-1-844-03809-1 A CIP catalogue record for this book is available from the British Library. Printed and bound in China 10 9 8 7 6 5 4 3 2 1







www.hachette.co.uk







www.octopusbooks.co.uk









[image: image]





HOW TO BUILD A UNIVERSE FROM THE BIG BANG TO THE END OF THE UNIVERSE BEN GILLILAND








[image: image]







[image: image]





6 Introduction


Introduction The 'miracle' of you When humankind first pondered its existence, it did so in a hostile world. Living as small nomadic groups of hunter-gatherers, early humans had no control over their destiny so they sought it by imagining that their fates were in the hands of gods. After all, nothing pierces the gloom of a short, hard life more effectively than the hope of a good miracle. Then science came along and, through the gathering of evidence and the testing of ideas, uncovered the natural laws and mechanisms that govern the cosmos. Even the miraculous could be explained with the correct application of critical thinking, evidence and experimentation. As science was dispelling the superstitious miracles, it uncovered the greatest miracle of all: the miracle of you. Your journey began some 13.8 billion years ago in a place before space and time, on a day without a yesterday. Somewhere in the middle of nowhere, all the future potential of the Universe was bound together in an area smaller than the smallest particle. Then (for reasons still unknown) all this potential was released in a colossal ‘WHOOSH’ and the Universe was born. At first, a roiling soup of super-heated plasma, the Universe expanded and cooled and, as it did so, the first particles coalesced from the soup. All those particles were created in two varieties – matter and, its opposite, antimatter. Had matter and antimatter been made in equal measure, the Universe would have ended there and then – in a chain reaction of mutually assured destruction. But, for reasons we still don’t understand, matter ever so slightly outnumbered antimatter and the Universe (and the potential you) continued to exist. But your existence still wasn’t a foregone conclusion. As the Universe expanded, matter spread out. Had it done so evenly (like water filling a bucket), it might have remained that way forever. Luckily, the expanding Universe wasn’t perfectly even and, in pockets where stuff was just a little denser, gravity went to work. It pulled matter together to create clouds of gas, which collapsed – creating enough heat and pressure to kickstart the nuclear fusion reactions that powered the first stars, and squeezed atoms together to create the heavy chemical elements that you would be built from. All of those chemical goodies were of no use locked away in the hearts of the stars. Fortunately, those early stars were truly massive and a massive star is a short-lived star, so, after cooking up those heavy elements, they exploded as supernovae – peppering the cosmos with their fertile seed. If the laws of physics had been slightly different, those stars might
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not have been massive enough to go ‘KABOOM’ and your chemical ingredients would have remained half-baked and locked away for eternity in the bowels of a cooling lump of carbon. After a few billion years, several cycles of nuclear fusion, galaxies forming and the Universe still existing, one region of a galaxy called the Milky Way was ready to witness the next miracle. About 4.5 billion years ago, around an unremarkable star, a planet coalesced from a swirling disk of dust and ice. It wasn’t much to look at – just a searingly hot ball of molten rock and sinking metals – but it had formed at a near-perfect distance from its star. It wasn’t so close that it would remain oven-hot forever and not so distant that it would become a large, novelty ice cube. Life would stand a pretty good chance on a planet like that, but it would take one more miracle for that to occur. That miracle arrived in the form of a Mars-sized planet, which smashed into our infant planet throwing a vast mass of rocky material into space. This formed our Moon. The impact that created the Moon also knocked the Earth sideways on its axis, which meant that the Sun’s energy wasn’t focused on a single region, and the gravitational presence of the Moon stopped the Earth from wobbling erratically on that axis. This stabilized the Earth’s climate and prevented violent (potentially life-extinguishing) climactic swings. The Moon’s creation had turned the Earth into a perfect nursery for life. But it wasn’t done yet. The Moon’s gravity tugged on the planet’s oceans, and so began the tides that daily massage the world’s coastlines today. It may have been this very tidal action of repeatedly (and regularly) exposing and then submerging the coast that actually caused life to evolve in the first place. Here’s one final miracle for you… Whatever the mechanism that caused their evolution, among those first, single-celled life forms was your ancestor. For you to be sitting here reading this today, there has been an unbroken chain of existence between you and that tiny, floating forebear. For 3.8 billion years, every one of your ancestors survived long enough to pass their genetic material on to the next generation. Just think how unlikely that is. Over almost 4 billion years of mass extinctions, predation, disease, social upheaval, war and famine, there is an unbroken chain of life that leads to you. Now that’s what I call a miracle. In this book In this book we’ll chart how energy became matter and how a set of physical laws guided the interactions that allowed matter to build the stars, galaxies and you. And we’ll chart some of the scientific discoveries and breakthroughs that have helped us understand how to build a Universe.
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HOW WE DISCOVERED THE BIG BANG (AND LEARNED HOW TO MEASURE THE UNIVERSE) In which we chart the chain of events that led us to believe that the Universe, rather than being static and eternal, had a moment of ‘birth’ and has been growing ever since.
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From the age of the ancient Greeks to the Scientific Revolution nearly 2,000 years later, it was believed that everything in the Universe was entrapped within a series of celestial spheres that encased the Earth, which was (of course) the central pivot around which the rest of existence rotated. These celestial spheres were the Solar System, which was thought to be the full extent of the Universe. Science moved on a bit by the 16th and 17th centuries, with the likes of the astronomer Nicolaus Copernicus and the famous Italian polymath Galileo Galilei, who used reasoning, mathematics and observation to prove that the Earth and the rest of the planets orbit the Sun. A crucial innovation at that time was the invention of the telescope. Originally little more than an amusing curiosity, the telescope was introduced to astronomy in 1609 by Galileo Galilei and the not-so famous English polymath, Thomas Harriot (who used his telescope to sketch the Moon four months before Galileo’s celebrated observations, and who is sometimes credited with introducing the potato to England). The telescope helped increase the size at which we could view the Universe. Galileo’s observations of the strange milky band that crossed the night sky revealed that it was made up of stars – the Universe had now increased in size to include the Milky Way. Beyond the Solar System After a few decades of being used to peer at planets, moons and comets, the telescope was next put to use to seek out objects beyond our home galaxy. In the late 1700s, The notion that the Universe was born in a ‘Big Bang’, or indeed anything else, is a relatively new concept. In fact even the term ‘Big Bang’ was coined by someone who didn’t believe in it and intended it as a disparaging put down. Today, however, Big Bang theory is one of the most successful ideas in science, but how did we get there? Big Bang Particles form CMB Dark ages (first dark matter structures) First stars and active galaxies 13.82bn years ago 377,000 years after Big Bang 200 million years


10 How we discovered the big bang









[image: image]





a Frenchman, Charles Messier – who was trying his best to discover new comets (he discovered 13 in his lifetime) – kept stumbling across strange fuzzy objects in the heavens, which he would at first mistake for comets. To avoid this confusion, Messier compiled a Redshifted galaxies and stars (see page 14) are good evidence that the Universe is expanding from a point of birth, but if you don't have access to expensive telescopes, is there any way to reach the same conclusion from the comfort of your own back garden? Luckily there is one easy way to show that the Universe can’t possibly be infinite and unchanging – just look up at the sky on a cloudless night (unless you live beneath a floodlight) and you will see a mostly black sky peppered with stars. But, if the Universe is static and infinite, all the stars ... If the Universe is infinite and unchanging, it would contain an infinite number of stars that would all be visible from Earth. In a Universe of infinite age, light from even the most distant stars would have had an infinite amount of time to reach us and, if the Universe is static, the light from those stars would arrive unchanged (not stretched into different parts of the spectrum). STAR LIGHT, STAR (REALLY, REALLY) BRIGHT I can’t feel my eyes ... from here ... and here ... and here ... and here... ... would be visible from here, and the night sky would be as bright as the Sun. So, in an infinite Universe, a star would be visible at every point and the night sky would be as bright as the Sun. Since it is pretty much accepted that you can’t get a suntan at night, it’s quite clear that the Universe must be expanding. 1billion years 9 billion years 18.7 billion years Galaxies evolve (clusters and superclusters form) Solar system forms Death of the Sun Fate of the Universe
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catalogue of the strange nebulous glows. By the time he died, oblivious to what he had been cataloguing, he had charted the locations of 103 of these white smudges. For the next two centuries, the identity of his ‘Messier objects’ remained a mystery. By the 19th century there were two schools of thought as to the identity of the nebulae. One, championed in the previous century by the great astronomer William Herschel, was that they were ‘island universes’ located beyond our own Milky Way. The other, more popular, idea was that they were little more than clouds of gas floating within (or just outside of ) the Milky Way. In the 1860s, British astronomer William Huggins borrowed a trick from the field of chemistry, which moved things on a bit: spectroscopy. A spectroscope is an instrument that splits light into its component colours like raindrops split sunlight to create a rainbow – spreading out the spectrum of light into its different wavelengths. Hidden in the rainbow is a series of bright or dark lines (called emission and absorption lines) that are caused by chemical elements in the object the light is coming from. These lines act like a sort of chemical barcode that allows you to identify the element that created it. Using spectroscopy, Huggins was able to identify the elements that make up the Sun and compare the Sun’s barcode with that of other stars. He found that starlight contained pretty much the same spectral barcode as the Sun – meaning that distant stars were made of the same mixture of chemical elements as the star on our doorstep. Huggins then turned his spectroscope to Messier’s nebulae and, beginning in 1864, he examined the spectra of about 70. Around a third of the clouds didn’t exhibit the spectral patterns of stars but instead seemed to be ‘just’ clouds of hot gas. But the majority showed patterns that could only have been produced by stars. The 'Great Forty-Foot telescope' was built in Slough, England, by William Herschel and his astronomer wife, Caroline Herschel. Completed in 1789, it was the largest telescope in the world for 50 years.
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But, were these nebulae just collections of stars floating around within the Milky Way, or were they more distant? The answer wouldn’t be forthcoming for several decades, so, for the time being at least, the extent of the Universe remained bound up within the Milky Way. In the 1920s, an American astronomer, Edwin Hubble, finally solved the mystery of Messier’s fuzzy objects. (See ‘The Cepheid Yardstick’, page 23). He proved that they were actually other galaxies located outside of our own galaxy, the Milky Way. The Universe was suddenly a whole lot bigger than we humans had realized. A day without yesterday Although Hubble is often credited with thinking up the idea of an expanding Universe, the true Big Bang daddy was (perhaps a little ironically) a Catholic priest from Belgium called Georges Lemaître. In 1927, Lemaître proposed that distant galaxies appeared to have been shifted into the red part of the electromagnetic spectrum – ie redshifted – because they are moving away from us, carried away by a Universe that was expanding in all directions. The theory of General Relativity & Hubble’s Law A man who had never touched a telescope had come to the conclusion that the Universe must be expanding more than a decade earlier than Lemaître. When Albert Einstein formulated his theory of General Relativity in 1916, which describes gravity as the result of mass, energy and the curvature of space-time (we’ll get to this later, on page 83), he found the equations were telling him that the Universe had either to be expanding or shrinking, but it couldn’t be static. Einstein thought this must be a mistake, so to balance things out he added a bit of mathematical jiggery-pokery to his equations that he called the cosmological constant – a move he would later describe as his ‘biggest blunder’. (However, we’ll discover later in this book that the cosmological constant was not the cosmological cock-up Einstein thought it was.) In 1929, Edwin Hubble provided observational evidence of Lemaître’s theory of an expanding universe by showing that, relative to Earth, the galaxies were indeed
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Longer wavelength Shorter wavelength THE QUICK AND THE RED When astronomers like Edwin Hubble studied the light spectra from distant galaxies, they noticed that they appeared redder than they should have been. Hubble realized that the further away a galaxy was, the redder it appeared to be. Somehow the light from distant galaxies was being stretched into the red end of the spectrum (called redshift). The answer must be that the galaxies were actually moving. If a galaxy is moving towards the observer, the wavelength of the light it emits is compressed and the galaxy appears blue If the galaxy is moving away, the wavelength of its light is stretched and the galaxy appears red The faster the galaxy moves away, the more its light is stretched and the longer the wavelength becomes The fact that more distant galaxies appeared redder meant that they must be moving away faster than nearby galaxies. Light is part of the electromagnetic spectrum and, as such, has a wavelength. Light at the red end of the spectrum has a longer wavelength than light at the blue end.
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receding. He also showed that the more distant the galaxy, the greater its redshift and the faster it appeared to be moving. From this, Hubble formulated his Redshift Distance Law of Galaxies or, as we know it today, Hubble’s Law. But how were the galaxies moving away from us? It is tempting to think that galaxies are whizzing away through space like shrapnel from a bomb, but this is not the case. Hubble’s Law, when combined with Einstein’s equations, showed that, rather than shooting through space, galaxies were actually being carried by the expanding fabric of space itself (like chocolate chips are carried apart on the surface of a rising cupcake). AN EXPANDING UNIVERSE The reason the most distant galaxies showed the most redshift was that their speed increased with distance – the further away they were, the faster they were moving. This was direct evidence that the Universe must be expanding from a single point (the Big Bang). Imagine the Universe is an expanding bubble. As it expands and carries galaxies with it, those furthest from the observer move away faster and exhibit the most redshift. Several galaxies are visible in this deep image of the Universe. We can tell the galaxy highlighted is further away (and not just small) because it appears much redder than the surrounding galaxies. If the Universe was expanding from a steady state – as if they were being carried along a sort of Universe travelator – all galaxies would move away at the same speed and would display the same amount of redshift.
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THE PRImEVAL ATOM Georges Lemaître was the first to propose that galaxies were receding because they were being carried away by a Universe that was expanding in all directions. The short answer to this question is that there was nothing before the Universe ‘popped’ into existence. But the long answer is a lot more complicated. It is perhaps the first of many bafflingly counterintuitive concepts we will come across in the story of the Universe. To say something appeared out of ‘nothing’ would suggest that there had been an absence of ‘something’ in the first place, but everything was created in the Big Bang: there was no ‘nothing’ because ‘something’ had never existed. We think of ‘nothing’ as being an absence of ‘something’ in a region of space (like a bell jar with all the air sucked out of it), but ‘space’ itself was created in the Big Bang, so there was no framework for ‘something’ not to exist. It is just as meaningless to ask what happened before the Big Bang because ‘time’ didn’t exist. There can’t be a ‘time’ before the Big Bang because ‘time’ was created along with matter and space. He figured that, if they were moving apart, they must once have been much closer together. So he imagined time running in reverse – with galaxies getting closer and closer, until they converged into a single tiny entity that he called the primeval atom. He then restarted his hypothetical clock and imagined the Universe exploding from the primeval atom in what would later be dubbed the Big Bang. what happened before the big bang?


16 How we discovered the big bang









[image: image]





The primeVAl atom In 1931, Georges Lemaître went on to imagine that, if the galaxies were moving apart, they must, at one time, have been closer together. As he rewound his imaginary Universe clock, he imagined the galaxies getting closer and closer, until they converged into a single tiny entity that he dubbed the primeval atom (except this ‘atom’ was about 30 times the size of the Sun). From this concept of a primeval atom, Lemaître imagined the beginning of the Universe as a burst of fireworks, with galaxies as the burning embers spreading out in a growing sphere from its centre. For Lemaître, this burst of fireworks represented the beginning of time, taking place on ‘a day without yesterday’. Despite his brush with an expanding Universe, Albert Einstein was quite disparaging of Lemaître’s idea, saying to the Belgian that ‘your calculations are correct, but your grasp of physics is abominable’. Eventually, though, he came round to praise it as a ‘most beautiful and satisfactory explanation of creation’. Einstein might have come round to the idea of an expanding Universe born from a primeval atom, but not everyone was so easily convinced. Leading the charge were three astrophysicist pals, Fred Hoyle, Thomas Gold and Hermann Bondi. In 1948, they championed their alternative ‘steady state’ theory. They argued that, as the Universe expanded, new matter (in the form of stars and galaxies) was continually being created to fill up the gaps. In this way, the Universe could be as uniform today as it was billions of years in the past and as it would be billions of years in the future – it didn’t have a beginning, or an end, it just ‘was’. In 1949, while arguing against the primeval atom theory during a radio show, Hoyle disparagingly referred to it as being ‘that Big Bang idea’. The name stuck and, from then on, it was known as Big Bang theory. Cosmic microwave background Over the following decades, arguments flowed from one camp to the other, but Big Bang theory steadily gained followers – including the then Pope, Pius XII, who (rather optimistically) believed that it affirmed the idea of a divine creator. The final nail in steady state’s coffin was hammered home in 1964 with the discovery of the cosmic microwave background (CMB), which had been predicted by a Ukrainian-born astrophysicist, George Gamow, in 1948. He had suggested that
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the Big Bang would have created an energy echo that would still exist in the form of background radiation. When this ancient relic of the Universe’s beginning was finally detected (albeit accidentally) in 1964, it confirmed Big Bang theory as the best explanation for the origin of the Universe. In the following decades, it would hold up against every attempt to discredit it and is now considered to be one of the most successful theories in modern science. However, none of these discoveries would have been possible if astronomers hadn’t figured out a way to gauge the scale of the Universe. Without a method for measuring the distance to astronomical objects, we wouldn’t know how fast they were receding and wouldn’t be able to metaphorically rewind the cosmological clock and bring them all back together to that point, 13.82 billion years ago, when the Universe began. So it’s worth taking some time to explore the rather extraordinary series of deductions that showed us ... How to measure a Universe. Even as recently as the 19th century, astronomers were hard pushed to tell you the distance to even relatively local objects in space, such as Mars or Venus; the distance to faraway stars or nebulae was anybody’s guess. As we’ve seen, the invention of the telescope in the 17th century opened up a new frontier of heavenly observation – pinpoints of light that were barely discernible with the naked eye were suddenly revealed as planets, moons, and comets. Even as the Universe seemed to expand before our very eyes, the problem remained that scientists couldn’t pace out, drag out a tape measure, or use one of those ‘wheel on a stick’ things used by neon-clad road workers to figure out the distance between objects. So how exactly did they measure distance in space? Big Bang Particles form CMB Dark ages (first dark matter structures) First stars and active galaxies 13.82bn years ago 377,000 years after Big Bang 200 million years
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Angles of mercy For relatively close matter, the answer can be found in a relatively simple mathematical trick called the trigonometric parallax – to avoid the panic that might be induced by school geometry flashbacks, we’ll just call it ‘the parallax measurement’ (which has a nice 1970s sci-fi thriller ring to it don’t you think?). You can see the parallax effect right now simply by doing the following: 1. Hold a finger a few inches from your nose and close one eye. 2. Take note of the position of your finger relative to a background object. 3. Now close that eye and open the other eye (this trick won’t work if you are a Cyclops) and you will see that the finger seems to jump to a different position. This ‘jump’ happens because each eye – separated by a distance of a couple of centimetres – sees the finger from a slightly different direction (finger-based parallax experimentation is not recommended in public areas as raised fingers and exaggerated winking behaviour can be misinterpreted). By measuring this parallax movement and using simple geometry it is possible to PARALLAX BY FINGER An easy demonstration of the parallax effect is to hold a finger in front of your face (preferably your own finger). By opening and closing alternate eyes, you will see the finger appear to jump from side to side. This movement is caused because each eye sees the finger from a different angle. Apparent position of finger seen with right eye Apparent position of finger seen with left eye Actual position *Note: Fingers do not have to be removed and mounted on sticks to achieve this effect. Galaxies evolve (clusters and superclusters form) 1billion years 9 billion years 18.7 billion years Solar system forms Death of the Sun Fate of the Universe
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work out the distance of the finger from, say, your nose. The same technique can be used to measure the distance to faraway objects like mountain ranges, the Moon, the planets and even galaxies. Unfortunately (and perhaps unsurprisingly) the further away an object is, the smaller the parallax movement is and the harder it becomes to measure the distance. Pull out that finger again and pop it back in front of your nose. Now, open and close your eyes again, but this time slowly move your finger away from your face. As you pull it away, you will see the parallax become smaller and smaller. This is because (unless you happen to be a hammerhead shark) your eyes are quite close together and, as your finger moves away, the difference in the angle they are seeing the finger at becomes less and less. The same is true when astronomers use parallaxes to measure objects in space. To measure the distance to the Moon (only 400,000km away), astronomers need to place their ‘eyes’ (i.e. two telescopes) a few thousand miles apart. But to measure the distance to even our closest planetary neighbours, Mars and Venus, things become rather more tricky. Even telescopes placed on opposite sides of the Earth (about 12,000 kilometres) are really close together when compared to the huge distance to Mars (56 million kilometres at its closest), which makes one very skinny triangle. But, although the angles are tiny, they are measurable. MEASURING THE PLANETS By measuring the parallax movement of distant objects against the positions of background stars, astronomers can work out the parallax angle and, by combining this with baseline distance, can use simple trigonometry to calculate the distance to the object. The Moon is close enough for two observatories on Earth to see a significant parallax movement, but the more distant the object is, the smaller the parallax. BASELINE Surface of Earth Moon Parallax angle Venus Apparent position of Moon Small parallax Large parallax
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The Astronomical Unit In 1671, two teams of French astronomers made simultaneous measurements of the position of Mars. One team, led by Giovanni Domenico Cassini, was in Paris, and the other, led by Cassini’s assistant, Jean Richer, was sent to French Guiana. When they met up again, they compared notes and were able to measure the parallax of Mars and, from this, they calculated the distance to Mars. Using this data they were also able to estimate the distance from the Earth to the Sun as 140 million kilometres (the modern measurement is 149.6 million kilometres). This Sun/Earth distance was so important that it has become astronomy’s standard unit of measurement for objects in the Solar System: the astronomical unit, or AU. But why was the AU so important? Well, it gave astronomers a new baseline from which to measure the Universe. Since the radius of Earth’s orbit is almost 150 million kilometres, observations made six months apart, from opposite sides of the Sun, give astronomers a baseline of 300 million kilometres – with ‘eyes’ that far apart it is possible to measure the distance to objects far outside of our Solar System. Unfortunately for astronomers, even with a baseline of 300 million kilometres, the parallax of even ‘nearby’ stars is really very small – too small for the telescopes of the 17th century to resolve. To make matters worse, astronomers hadn’t figured out how to compensate for the ‘wobble’ of Earth’s axis (called nutation) and its motion as it travels through its orbit, which causes the light from stars to appear to strike the MEASURING THE STARS By taking measurements six months apart, when the Earth is on opposing sides of its orbit, astronomers can increase the length of their baseline – allowing the parallax to more distant objects to be measured. Earth orbit (300 million km baseline) Observations made six months apart Earth (12,000km baseline) Measurable parallax angle Nearby star Parallax angle too small to measure Apparent position
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Earth at an angle (like the way rain falling straight from the sky seems to ‘blow’ into your face when you run forward) – an effect called ‘aberration’. It would take more than 150 years for theory and telescope technology to reach the point where astronomers could measure the distance to the stars. But, following a flurry of astronomical activity in the 1830s, by the mid-19th century astronomers had charted the distance to several of the Sun’s closest neighbours (closeness in astronomy is all relative of course – even the nearest star, Proxima Centauri, is located 271,000AU away ... that’s 271,000 × 150 million kilometres, or 39.9 trillion kilometres). But once again astronomers ran up against the brick wall of technological limitations and, after the initial parallax gold rush, measurements ground to a halt. It was clear that astronomers had reached the limits of what they could measure by parallax alone – it’s a bit like knowing the distance between two houses in a cul-de-sac: it allows you to measure the rest of the street and even estimate the dimensions of the village but it is not much help when trying to work out the distance to the next village, and is next to useless for figuring out the scale of the country as a whole. So clearly, to figure out the size of the Universe as a whole, they needed to come up with something else. It was only in the early 20th century, with the development of photographic plates, that the field could continue to develop significantly. Before the advent of photography, even the best telescopes were limited by a crucial handicap – the human eye. The teeny tiny parallax of faraway stars was just too small for the human eye to register. Photography’s most obvious advantage was that it provided a permanent, accurate record of star positions, which could be studied at the astronomer’s leisure when he, or she, wasn’t shivering away in a mountain-top telescope. The positions of stars could be measured with great precision – even under the gaze of a microscope if needed. Its biggest advantage was that the longer the plate was left exposed, the more light fell on it, and even faint images became brighter. With the human eye, you can stare into the heavens for as long as you want, but you won’t be able to see a faint object any more clearly than when you started. Before the advent of photographic astronomy in 1900, the parallaxes of just 60 stars had been measured. It took just 50 years for that number to increase to almost 10,000. The increasing abundance of measured stars allowed astronomers to create a catalogue of star attributes that they could use to estimate the distance to stars that were too remote to be measured by parallax directly.
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Star light, star bright At the start of the 20th century, astronomers had identified a link between a star’s colour and temperature, and its brightness. Using the spectroscopy techniques pioneered by William Huggins in 1860, a Danish astronomer, Ejnar Hertzsprung, and an American, Henry Norris Russell, were able to determine quite independently of each other that the vast majority (about 90 per cent) of stars fall into a neat colour range that spreads from blue to red. Blue stars are just starting out in life and burn with such ferocity that they appear blue (like the hottest part of a flame is blue) and red stars are stellar-geriatrics that burn at a cooler, more leisurely pace (our Sun is right in the middle of that range and so appears yellow). The brightness, or luminosity, of a star is also directly connected to its temperature – hotter stars produce more light and so shine brighter. By combining the spectroscopy readings with distances obtained using parallaxes, Hertzsprung and Russell were able to create a graph that showed how bright each kind of star should be. This is called (perhaps unsurprisingly) the Hertzsprung–Russell diagram. Light (and all electromagnetic radiation) obeys something called the inversesquare rule, which basically means that for every unit of distance, the brightness of a star decreases by the square of that distance – so, a star two units away appears four times dimmer (2×2) and a star four units away appears sixteen times dimmer (4×4). Now, when a star was discovered that was too far away to use the parallax method, all an astronomer had to do was identify what kind of star it was using spectroscopy, match it to the Hertzsprung–Russell diagram, compare its apparent brightness and use the inverse-square rule to estimate its distance (it’s like knowing the luminosity of a 60 watt light bulb and using that knowledge to estimate how far away another 60 watt bulb is). This method of determining distance is called the spectroscopic parallax technique (which is slightly confusing as it has nothing to do with parallax), but even this can only help us measure distance to relatively nearby stars. The Cepheid yardstick The further starlight has to travel to reach us, the more light-obscuring ‘stuff’ can get in its way, such as dust, which absorbs and reflects light. The light that does eventually
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MEASURING THE GALAXY Once a link was found between a star’s colour (spectral barcode) and its brightness, astronomers just had to look for stars with the same properties as a star they already knew the distance to. Since they knew how bright it should be, they could use the inverse-square rule to estimate is distance. 1/4 1/9 Spectral barcode Brightness Nearby star (distance known) Distant star (with matching spectral barcode) The inverse sQuare rule As light travels through space, it spreads out in a sphere. Since the number of photons remains the same, the further the light travels, the fewer photons will occupy any given area. Photons twice as far from the light source are spread across four times the area, hence appearing one-fourth the brightness. Distance estimated by comparing brightness Light spread over 4 times the area Light spread over 9 times the area Distance: 1 unit 2 units 3 units
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TIME LUMINOSITY make it through these obstructions can’t be trusted to be telling the ‘truth’ about the star it came from. The problem is that the light gets absorbed and remitted by atoms of dust, which alters the spectrum of the light by the time it reaches Earth – the spectra of ‘all the stuff in-between’ gets mixed up with the pure spectra of the light as it was originally emitted. To make the final step to measure outside our galaxy, astronomers needed to find the cosmic equivalent of a road sign – a single object that could cut through all the ‘stuff’ or ‘noise’ and be used as an intergalactic mile marker. They didn’t have to wait long for one to be discovered. First spotted in 1784, Cepheid variable stars spent more than two centuries filed under the ‘interesting oddities’ section of astronomers’ minds. As the name suggests, variable stars are stars that vary in brightness – throbbing from bright to dim and back to bright again like twinkling Christmas tree lights. And like those festive decorations, Cepheid variables can pulse away at all sorts of different rates – some pulse slowly, some fast, and some pulse fast, then slow, then fast again. But it wasn’t until the first decade of the 20th century that the potential for Cepheids to act as cosmic yardsticks was discovered by a ‘computer’ at Harvard University. These were the days before computers were rooms full of glowing valves and spinning data tapes – instead, computers were women employed to catalogue the brightness of stars recorded on photographic plates (in those days, women weren’t trusted to operate the complex and expensive telescopes). MEASURING THE UNIVERSE It takes a very special sort of star to cut through the ‘noise’ created by dust and gas in intergalactic space. A Cepheid variable is just such an object. Cepheid variable stars swell and contract and, in doing so, vary in brightness (luminosity) – pulsing from bright to dim and back to bright again over a measurable period. The brightness of a Cepheid is connected with its period. By studying a Cepheid’s period, astronomers can determine its brightness and, by applying the inverse-square law, estimate the distance to the galaxy in which it lives.
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One such computer was Henrietta Swan Leavitt. In 1908, she discovered that there was a predictable link between the brightness of Cepheid stars and the period of their variation (in other words, a Cepheid that varies from bright to dim to bright over a period of two days will have a different brightness to one that has a period of seven days). If astronomers could find the distance to a Cepheid of a known period (which they did, in 1912, using the techniques we have already discussed), then all they had to do was find another Cepheid with the same period, measure its brightness, apply the inverse-square law, and voila! Suddenly, astronomers had a standard yardstick they could use to measure almost any distance in the Universe (later, supernova explosions would be used to measure the most extreme distances). For this reason, Cepheids are known as standard candles. Two decades later, Edwin Hubble used Cepheid measurements to prove that some of Messier’s ‘fuzzy blobs’ were too far away to be within the Milky Way and had to be separate galaxies. He measured the distance to our nearest galactic neighbour, the Andromeda Galaxy, and determined that it was some 800,000 light years away (one light year is about 10 trillion kilometres). With that single conclusion, the size of the Universe as we understood it expanded well beyond the confines of our galaxy. Cepheids helped reveal that, far from being unique, our galaxy is just one of countless billions in a Universe that, from our standpoint, had just increased exponentially in size. Size is everything Hubble’s 800,000 light-year distance to Andromeda might sound a lot, but when he used the distance as a yard stick for other galaxies, there was a problem. When he applied his Redshift Law to figure the speed that galaxies Light Year Until the mid-1800s, the largest unit of measure was the Astronomical Unit (about 150 million km – the distance between the Sun and Earth). When astronomers set out measure the distances to the stars, they realised that they needed a more suitable measurement. The speed of light (about 671million mph) had been calculated in 1729 by English Astronomer, James Bradley. In 1838, a German astronomer, Friedrich Bessel, used this figure to calculate how far light would travel in a year and used the ‘light year’ to describe the distance to a star called 61 Cyni (also known as ‘Bessel’s star).
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At the start of the 20th century, astronomers had identified a link between a star’s
colour and temperature, and its brightness. Using the spectroscopy techniques
pioneered by William Huggins in 1860, a Danish astronomer, Ejnar Hertzsprung,
and an American, Henry Norris Russell, were able to determine quite independently
of each other that the vast majority (about 9o per cent) of stars fall into a neat colour
range that spreads from blue to red.

Blue stars are just starting out in life and burn with such ferocity that they
appear blue (like the hottest part of a flame is blue) and red stars are stellar-geriatrics
that burn at a cooler, more leisurely pace (our Sun is right in the middle of that range
and so appears yellow).

The brightness, or luminosity, of a star is also directly connected to its
temperature — hotter stars produce more light and so shine brighter. By combining
the spectroscopy readings with distances obtained using parallaxes, Hertzsprung and
Russell were able to create a graph that showed how bright each kind of star should be.
This is called (perhaps unsurprisingly) the Hertzsprung-Russell diagram.

Light (and all electromagnetic radiation) obeys something called the inverse-
square rule, which basically means that for every unit of distance, the brightness of a
star decreases by the square of that distance —so, a star two units away appears four
times dimmer (2x2) and a star four units away appears sixteen times dimmer (4x4).

Now, when a star was discovered that was too far away to use the parallax
method, all an astronomer had to do was identify what kind of star it was using
spectroscopy, match it to the Hertzsprung—Russell diagram, compare its apparent
brightness and use the inverse-square rule to estimate its distance (it’s like knowing
the luminosity of a 6o watt light bulb and using that knowledge to estimate how far
away another 6o watt bulb is).

This method of determining distance is called the spectroscopic parallax
technique (which is slightly confusing as it has nothing to do with parallax), but even
this can only help us measure distance to relatively nearby stars.

THE CEPHEID YARDSTICK

The further starlight has to travel to reach us, the more light-obscuring ‘stuff’ can get
in its way, such as dust, which absorbs and reflects light. The light that does eventually
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Earth at an angle (like the way rain falling straight from the sky seems to ‘blow” into
your face when you run forward) — an effect called ‘aberration’.

Tt would take more than 150 years for theory and telescope technology to reach
the point where astronomers could measure the distance to the stars. But, following
aflurry of astronomical activity in the 1830s, by the mid-19th century astronomers
had charted the distance to several of the Sun’s closest neighbours (closeness in
astronomy is all relative of course — even the nearest star, Proxima Centauri, is located
271,000AU away ... that’s 271,000 x 150 million kilometres, or 39.9 trillion kilometres).

But once again astronomers ran up against the brick wall of technological
limitations and, after the initial parallax gold rush, measurements ground to a halt. It
was clear that astronomers had reached the limits of what they could measure by parallax
alone —it’s a bit like knowing the distance between two houses in a cul-de-sac: it allows
you to measure the rest of the street and even estimate the dimensions of the village but
it is not much help when trying to work out the distance to the next village, and is next
to useless for figuring out the scale of the country as a whole. So clearly, to figure out the
size of the Universe as a whole, they needed to come up with something else.

It was only in the early 20th century, with the development of photographic plates,
that the field could continue to develop significantly. Before the advent of photography,
even the best telescopes were limited by a crucial handicap — the human eye. The teeny
tiny parallax of faraway stars was just too small for the human eye to register.

Photography’s most obvious advantage was that it provided a permanent, accurate
record of star positions, which could be studied at the astronomer’s leisure when he, or
she, wasn’t shivering away in a mountain-top telescope. The positions of stars could be
measured with great precision — even under the gaze of a microscope if needed.

Its biggest advantage was that the longer the plate was left exposed, the more
light fell on it, and even faint images became brighter. With the human eye, you can
stare into the heavens for as long as you want, but you won’t be able to see a faint
object any more clearly than when you started.

Before the advent of photographic astronomy in 1900, the parallaxes of just 6o
stars had been measured. It took just 5o years for that number to increase to almost
10,000. The increasing abundance of measured stars allowed astronomers to create a
catalogue of star attributes that they could use to estimate the distance to stars that
were too remote to be measured by parallax directly.
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First spotted in 1784, Cepheid
variable stars spent more than two
centuries filed under the ‘interesting oddities’ section of astronomers” minds. As the
name suggests, variable stars are stars that vary in brightness — throbbing from bright
to dim and back to bright again like twinkling Christmas tree lights. And like those
festive decorations, Cepheid variables can pulse away at all sorts of different rates —
some pulse slowly, some fast, and some pulse fast, then slow, then fast again.

But it wasn’t until the first decade of the 20th century that the potential for
Cepheids to act as cosmic yardsticks was discovered by a ‘computer” at Harvard
University.

These were the days before computers were rooms full of glowing valves and
spinning data tapes — instead, computers were women employed to catalogue the
brightness of stars recorded on photographic plates (in those days, women weren’t

trusted to operate the complex and expensive telescopes).
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MEASURING THE GALAXY

Once a link was found between a star’s colour (spectral barcode) and its
brightness, astronomers just had to look for stars with the same properties as
a star they already knew the distance to. Since they knew how bright it should
be, they could use the inverse-square rule to estimate is distance.

Nearby star (distance known) Distant star (with matching
spectral barcode)

Spectral barcode

Distance estimated by
comparing brightness

THE INVERSE SQUARE RULE

As light travels through space, it spreads out in a sphere. Since the number of photons remains the
same, the further the light travels, the fewer photons will occupy any given area.
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ANGLES OF MERCY

For relatively close matter, the answer can
be found in a relatively simple mathematical
trick called the trigonometric parallax — to
avoid the panic that might be induced by
school geometry flashbacks, we’ll just call
it ‘the parallax measurement’ (which has
anice 1970s sci-fi thriller ring to it don’t
you think?).
You can see the parallax effect right
now simply by doing the following:
1. Hold a finger a few inches from your
nose and close one eye.
2. Take note of the position of your
finger relative to a background object.
3. Now close that eye and open the
other eye (this trick won’t work if
you are a Cyclops) and you will see
that the finger seems to jump toa
different position.

This

— separated by a distance of a couple of

jump” happens because each eye

centimetres — sees the finger from a slightly
different direction (finger-based parallax
experimentation is not recommended in
public areas as raised fingers and exaggerated
winking behaviour can be misinterpreted).
By measuring this parallax movement

and using simple geometry it is possible to

PARALLAX BY
FINGER

An easy demonstration of the parallax effect i to
hold a finger in front of your face (preferably your
own finger).

By opening and closing alternate eyes, you will see
the finger appear to jump from side to side. This
movement is caused because each eye sees the
finger from a different angle.

Apparent Apparent
position of Actual position of
finger seen position finger seen

with right eye with left eye

*Note: Fingers do not have to be removed and
mounted on sticks to achieve this effect.
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the Sun, give astronomers a baseline of
300 million kilometres — with ‘eyes’ that

far apart it is possible to measure the distance

to objects far outside of our Solar System.

Unfortunately for astronomers, even with a baseline of 300 million kilometres,
the parallax of even ‘nearby’ stars is really very small — too small for the telescopes of
the r7th century to resolve. To make matters worse, astronomers hadn’t figured out
how to compensate for the ‘wobble’ of Earth’s axis (called nutation) and its motion
as it travels through its orbit, which causes the light from stars to appear to strike the

HOW WE DISCOVERED THE BIG BANG 21





OEBPS/images/page020.jpg
MEASURING
THE PLANETS

By measuring the parallax movement of distant
objects against the positions of background stars,
astronomers can work out the parallax angle and,
by combining this with baseline distance, can use
simple trigonometry to calculate the distance to
the object.
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The Moon is close enough for two observatories on

Earth to see a significant parallax movement, but the
more distant the object is, the smaller the parallax.
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work out the distance of the finger from, say,
your nose.

The same technique can be used to
measure the distance to faraway objects like
mountain ranges, the Moon, the planets and
even galaxies. Unfortunately (and perhaps
unsurprisingly) the further away an object is,
the smaller the parallax movement is and the
harder it becomes to measure the distance.

Pull out that finger again and pop it back
in front of your nose. Now, open and close
your eyes again, but this time slowly move your
finger away from your face. As you pull it away,
you will see the parallax become smaller and
smaller. This is because (unless you happen to
be a hammerhead shark) your eyes are quite
close together and, as your finger moves away,
the difference in the angle they are seeing the
finger at becomes less and less.

The same is true when astronomers
use parallaxes to measure objects in space.

To measure the distance to the Moon (only
400,000km away), astronomers need to place
their ‘eyes’ (i.e. two telescopes) a few thousand
miles apart. But to measure the distance to
even our closest planetary neighbours, Mars
and Venus, things become rather more tricky.

Ewven telescopes placed on opposite sides
of the Earth (about 12,000 kilometres) are
really close together when compared to the
huge distance to Mars (56 million kilometres
at its closest), which males one very skinny
triangle. But, although the angles are tiny, they
are measurable.
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THE PRIMEVAL ATON

Georges Lemaitre was the first to propose that galaxies were receding because they
were being carried away by a Universe that was expanding in all directions.

He figured that,if they were moving apart, they must once

have been much closer together. So he imagined time
running in reverse — with galaxies getting closer and closer,
until they converged into a single tiny entity that he called
the primeval atom.

The short answer to this question is that
there was nothing before the Universe
‘popped' into existence. But the long answer
is a lot more complicated. It is perhaps

the first of many bafflingly counterintuitive
concepts we will come across in the story of
the Universe.

To say something appeared out of ‘nothing'
would suggest that there had been an
absence of ‘something’ in the first place, but
everything was created in the Big Bang: there
was no ‘nothing’ because ‘something’ had
never existed.

He then restarted his hypothetical clock and imagined the
Universe exploding from the primeval atom in what would
later be dubbed the Big Bang.

We think of ‘nothing’ as being an absence
of ‘'something'in a region of space (like a
bell jar with all the air sucked out of it), but
‘space’ ftself was created in the Big Bang, so
there was no framework for ‘something' not
to exist.

It is just as meaningless to ask what
happened before the Big Bang because ‘time"
didn't exist. There can't be a ‘time’ before the
Big Bang because ‘time’ was created along
with matter and space.
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receding. He also showed that the more distant the galaxy, the greater its redshift
and the faster it appeared to be moving. From this, Hubble formulated his Redshift
Distance Law of Galaxies or, as we know it today, Hubble’s Law.

But Aow were the galaxies moving away from us? It is tempting to think that
galaxies are whizzing away through space like shrapnel from a bomb, but this is not
the case. Hubble’s Law, when combined with Finstein’s equations, showed that,
rather than shooting through space, galaxies were actually being carried by the
expanding fabric of space itself (like chocolate chips are carried apart on the surface

of arising cupcake).

AN EXPANDING UNIVERSE

The reason the most distant galaxies showed the most redshift was that their speed increased
with distance — the further away they were, the faster they were moving.

This was direct evidence that the Universe must be expanding from a single point (the Big Bang).

Imagine the Universe
is an expanding
bubble.

As it expands and carries galaxies
with it, those furthest from the

observer move away faster and exhibit
the most redshift

If the Universe was expanding from a steady state —
as if they were being carried along a sort of Universe
travelator — all galaxies would move away at the same speed

and would display the same amount of redshifc. ) ST
Several galaxies are visible in this

deep image of the Universe.We
can tell the galaxy highlighted is
further away (and not just small)
because it appears much redder
than the surrounding galaxies.
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the Big Bang would have created an energy echo that would still exist in the form of
background radiation.

‘When this ancient relic of the Universe’s beginning was finally detected (albeit
accidentally) in 1964, it confirmed Big Bang theory as the best explanation for the
origin of the Universe. In the following decades, it would hold up against every
attempt to discredit it and is now considered to be one of the most successful theories
in modern science.

However, none of these discoveries would have been possible if astronomers
hadn’t figured out a way to gauge the scale of the Universe. Without a method for
measuring the distance to astronomical objects, we wouldn’t know how fast they were
receding and wouldn’t be able to metaphorically rewind the cosmological clock and
bring them all back together to that point, 13.82 billion years ago, when the Universe
began. So it’s worth taking some time to explore the rather extraordinary series of
deductions that showed us ...

HOW TO MEASURE A UNIVERSE

9000000000000000000000000000000000000000000000000000000

Even as recently as the 19th century, astronomers were hard pushed to tell you the
distance to even relatively local objects in space, such as Mars or Venus; the distance to
faraway stars or nebulae was anybody’s guess.

As we’ve seen, the invention of the telescope in the r7th century opened up a
new frontier of heavenly observation — pinpoints of light that were barely discernible
with the naked eye were suddenly revealed as planets, moons, and comets. Even as the
Universe seemed to expand before our very eyes, the problem remained that scientists
couldn’t pace out, drag out a tape measure, or use one of those ‘wheel on a stick’
things used by neon-clad road workers to figure out the distance between objects. So
how exactly did they measure distance in space?

18 HOW WE DISCOVERED THE BIG BANG
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THE PRIMEVAL ATOM

In 1931, Georges Lemaitre went on to imagine that, if the galaxies were moving
apart, they must, at one time, have been closer together. As he rewound his imaginary
Universe clock, he imagined the galaxies getting closer and closer, until they
converged into a single tiny entity that he dubbed the primeval atom (except this
‘atom’ was about 30 times the size of the Sun).

From this concept of a primeval atom, Iemaitre imagined the beginning of the
Universe as a burst of fireworks, with galaxies as the burning embers spreading out in
a growing sphere from its centre. For Lemaitre, this burst of fireworks represented
the beginning of time, taking place on ‘a day without yesterday’.

Despite his brush with an expanding Universe, Albert Finstein was quite
disparaging of Lemaitre’s idea, saying to the Belgian that ‘your calculations are
correct, but your grasp of physics is abominable’. Eventually, though, he came round
to praise it as a ‘most beautiful and satisfactory explanation of creation’.

FEinstein might have come round to the idea of an expanding Universe born
from a primeval atom, but not everyone was so easily convinced. Ieading the charge
were three astrophysicist pals, Fred Hoyle, Thomas Gold and Hermann Bondi. In
1948, they championed their alternative steady state” theory. They argued that, as
the Universe expanded, new matter (in the form of stars and galaxies) was continually
being created to fill up the gaps. In this way, the Universe could be as uniform today as
it was billions of years in the past and as it would be billions of years in the future — it
didn’t have a beginning, or an end, it just ‘was’.

In 1949, while arguing against the primeval atom theory during a radio show,
Hoyle disparagingly referred to it as being ‘that Big Bang idea’. The name stuck and,
from then on, it was known as Big Bang theory.

COSMIC MICROWAVE BACKGROUND

Over the following decades, arguments flowed from one camp to the other, but Big
Bang theory steadily gained followers — including the then Pope, Pius XTI, who
(rather optimistically) believed that it affirmed the idea of a divine creator.

The final nail in steady state’s coffin was hammered home in 1964 with the
discovery of the cosmic microwave background (CMB), which had been predicted by
a Ukrainian-born astrophysicist, George Gamow, in 1948. He had suggested that
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catalogue of the strange nebulous glows. By the time he died, oblivious to what he had
been cataloguing, he had charted the locations of 103 of these white smudges. For the
next two centuries, the identity of his ‘Messier objects’ remained a mystery.

By the 19th century there were two schools of thought as to the identity of the
nebulae. One, championed in the previous century by the great astronomer William
Herschel, was that they were ‘island
universes” located beyond our own
Milky Way. The other, more popular,
idea was that they were little more
than clouds of gas floating within (or
Jjust outside of ) the Milky Way.

In the 1860s, British
astronomer William Huggins
borrowed a trick from the field of
chemistry, which moved things on a
bit: spectroscopy. A spectroscope is
an instrument that splits light into

its component colours like raindrops

The 'Great Forty-Foot telescope’ was built in Slough, split sunlight to create a rainbow —
England, by William Herschel and his astronomer wife,
Caroline Herschel. Completed in 1789, it was the

largest telescope in the world for 50 years. into its different wavelengths. Hidden

spreading out the spectrum of light

in the rainbow is a series of bright
or dark lines (called emission and
absorption lines) that are caused by chemical elements in the object the light is coming
from. These lines act like a sort of chemical barcode that allows you to identify the
element that created it.
Using spectroscopy, Huggins was able to identify the elements that make up the
Sun and compare the Sun’s barcode with that of other stars. He found that starlight
contained pretty much the same spectral barcode as the Sun — meaning that distant
stars were made of the same mixture of chemical elements as the star on our doorstep.
Huggins then turned his spectroscope to Messier’s nebulae and, beginning in
1864, he examined the spectra of about 70. Around a third of the clouds didn’t exhibit
the spectral patterns of stars but instead seemed to be §ust’ clouds of hot gas. But the
majority showed patterns that could only have been produced by stars.

12 HOW WE DISCOVERED THE BIG BANG
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STAR LIGHT, STAR (REALLY, REALLY) BRIGHT

Redshifted galaxies and stars (see page 14) are good
evidence that the Universe is expanding from a point
of birth, but if you don't have access to expensive
telescopes, s there any way to reach the same.
conclusion from the comfort of your own back garden?

w.from here..  and here...

If the Universe s infinite and unchanging, it would
contain an infinite number of stars that would all be
visible from Earth.

In a Universe of infinite age, light from even the most
distant stars would have had an infinite amount of time
to reach us and, if the Universe is static, the light from
those stars would arrive unchanged (not stretched into
different parts of the spectrum).

and here ...

Luckily there is one easy way to show that the Universe
can't possibly be infinite and unchanging — just look up at the
sky on a cloudless night (unless you live beneath a floodlight)
and you will see 2 mostly black sky peppered with stars.
But, if the Universe is static and infinite, all the stars ...

and here...

...would be visible from here,
and the night sky would be
as bright as the Sun.

1 can’t feel

So,in an infinite Universe, a star would be visible at
every point and the night sky would be as bright as the
Sun. Since it is pretty much accepted that you can't get
asuntan at night, it's quite clear that the Universe must
be expanding.

a Frenchman, Charles Messier — who was trying his best to discover new comets (he

discovered 13 in his lifetime) — kept stumbling across strange fuzzy objects in the heavens,

which he would at first mistake for comets. To avoid this confusion, Messier compiled a

Ibillion years

Solar system forms:

9 billion years

Death of the Sun

187 billion years

Fate of the Universe
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THE QUICK AND THE RED

When astronomers like Edwin Hubble studied the light spectra from distant
galaxies, they noticed that they appeared redder than they should have been.
Hubble realized that the further away a galaxy was, the redder it appeared to be.

Light is part of the electromagnetic spectrum and, s such, has 2 wavelength. Light at the red end of
the spectrum has a longer wavelength than light at the blue end

Longer wavelength Shorter wavelength

Somehow the light from distant galaxies was being stretched into the red end of the spectrum (called
redshift). The answer must be that the galaxies were actually moving.

If a galaxy is moving towards the observer,
the wavelength of the light it emits is
compressed and the galaxy appears blue

If the galaxy is moving away, the
wavelength of s light is stretched
and the galaxy appears red

The faster the galaxy moves away, the more its light is
stretched and the longer the wavelength becomes

The fact that more distant galaxies appeared redder meant that they must be moving away faster
than nearby galaxies
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But, were these nebulae just collections of stars floating around within the
Milky Way, or were they more distant? The answer wouldn’t be forthcoming for
several decades, so, for the time being at least, the extent of the Universe remained
bound up within the Milky Way.

In the 1920s, an American astronomer, Edwin Hubble, finally solved the
mystery of Messier’s fuzzy objects. (See “The Cepheid Yardstick’, page 23). He proved
that they were actually other galaxies located outside of our own galaxy, the Milky
‘Way. The Universe was suddenly a whole lot bigger than we humans had realized.

A DAY WITHOUT YESTERDAY
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Although Hubble is often credited with thinking up the idea of an expanding
Universe, the true Big Bang daddy was (perhaps a little ironically) a Catholic priest
from Belgium called Georges Lemaitre.

In 1927, Lemaitre proposed that distant galaxies appeared to have been shifted
into the red part of the electromagnetic spectrum — ie redshifted — because they are
moving away from us, carried away by a Universe that was expanding in all directions.

THE THEORY OF GENERAL RELATIVITY
& HUBBLE'S LAW

A man who had never touched a telescope had come to the conclusion that the
Universe must be expanding more than a decade earlier than Lemaitre. When Albert
Finstein formulated his theory of General Relativity in 1916, which describes gravity
as the result of mass, energy and the curvature of space-time (we’ll get to this later,
on page 83), he found the equations were telling him that the Universe had either to
be expanding or shrinking, but it couldn’t be static. Einstein thought this must be a
mistake, so to balance things out he added a bit of mathematical jiggery-pokery to his
equations that he called the cosmological constant — a move he would later describe as
his ‘biggest blunder’. (However, we’ll discover later in this book that the cosmological
constant was not the cosmological cock-up Einstein thought it was.)

In 1929, Edwin Hubble provided observational evidence of T.emaitre’s theory
of an expanding universe by showing that, relative to Earth, the galaxies were indeed
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he notion that the Universe was born in a ‘Big Bang’, or

indeed anything else, is a relatively new concept. In fact

even the term ‘Big Bang’ was coined by someone who

didn’t believe in it and intended it as a disparaging put

down. Today, however, Big Bang theory is one of the
most successful ideas in science, but how did we get there?

From the age of the ancient Greeks to the Scientific Revolution nearly 2,000 years
later, it was believed that everything in the Universe was entrapped within a series of
celestial spheres that encased the Earth, which was (of course) the central pivot around
which the rest of existence rotated. These celestial spheres were the Solar System,
which was thought to be the full extent of the Universe.

Science moved on a bit by the 16th and r7th centuries, with the likes of the
astronomer Nicolaus Copernicus and the famous Italian polymath Galileo Galilei,
who used reasoning, mathematics and observation to prove that the Earth and the rest
of the planets orbit the Sun.

A crucial innovation at that time was the invention of the telescope. Originally
little more than an amusing curiosity, the telescope was introduced to astronomy in
1609 by Galileo Galilei and the not-so famous English polymath, Thomas Harriot
(who used his telescope to sketch the Moon four months before Galileo’s celebrated
observations, and who is sometimes credited with introducing the potato to England).

The telescope helped increase the size at which we could view the Universe.
Galileo’s observations of the strange milky band that crossed the night sky revealed that it
was made up of stars — the Universe had now increased in size to include the Milky Way.

BEVOND THE SOLAR SYSTEN
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After a few decades of being used to peer at planets, moons and comets, the telescope
was next put to use to seek out objects beyond our home galaxy. In the late 1700s,

BigBang Particles form  CMB Dark ages (first dark matter structures) First stars and active galaxies

13.82bn years ago 377,000 years after Big Bang 200 million years
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that the Universe, rather than being static and eternal,
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The 'miracle’ of you

‘When humankind first pondered its existence, it did so in a hostile world. Living as small
nomadic groups of hunter-gatherers, early humans had no control over their destiny so they
sought it by imagining that their fates were in the hands of gods. After all, nothing pierces the
gloom of a short, hard life more effectively than the hope of a good miracle. Then science came
along and, through the gathering of evidence and the testing of ideas, uncovered the natural
laws and mechanisms that govern the cosmos. Even the miraculous could be explained with the
correct application of critical thinking, evidence and experimentation. As science was dispelling
the superstitious miracles, it uncovered the greatest miracle of all: the miracle of you.

Your journey began some 13.8 billion years ago in a place before space and time, on a
day without a yesterday. Somewhere in the middle of nowhere, all the future potential of the
Universe was bound together in an area smaller than the smallest particle. Then (for reasons
still unknown) all this potential was released in a colossal ‘WHOOSH?” and the Universe was
born. At first, a roiling soup of super-heated plasma, the Universe expanded and cooled and,
as it did so, the first particles coalesced from the soup. All those particles were created in two
varjeties — matter and, its opposite, antimatter. Had matter and antimatter been made in equal
measure, the Universe would have ended there and then —in a chain reaction of mutually
assured destruction. But, for reasons we still don’t understand, matter ever so slightly
outnumbered antimatter and the Universe (and the potential you) continued to exist.

But your existence still wasn’t a foregone conclusion. As the Universe expanded, matter
spread out. Had it done so evenly (like water filling a bucket), it might have remained that way
forever. Luckily, the expanding Universe wasn’t perfectly even and, in pockets where stuff
was just a little denser, gravity went to work. It pulled matter together to create clouds of gas,
which collapsed — creating enough heat and pressure to kickstart the nuclear fusion reactions
that powered the first stars, and squeezed atoms together to create the heavy chemical
clements that you would be built from.

All of those chemical goodies were of no use locked away in the hearts of the stars.
Fortunately, those carly stars were truly massive and a massive star is a short-lived star, so,
after cooking up those heavy elements, they exploded as supernovae — peppering the cosmos
with their fertile seed. If the laws of physics had been slightly different, those stars might
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not have been massive enough to go ‘KABOOM? and your chemical ingredients would have
remained half-baked and locked away for eternity in the bowels of a cooling lump of carbon.
After a few billion years, several cycles of nuclear fusion, galaxies forming and the Universe
still existing, one region of a galaxy called the Milky Way was ready to witness the next miracle.

About 4.5 billion years ago, around an unremarkable star, a planet coalesced from a
swirling disk of dust and ice. Tt wasn’t much to look at — just a searingly hot ball of molten
rock and sinking metals — but it had formed at a near-perfect distance from its star. It wasn’t
so close that it would remain oven-hot forever and not so distant that it would become a large,
novelty ice cube. Life would stand a pretty good chance on a planet like that, but it would take
one more miracle for that to occur.

"T'hat miracle arrived in the form of a Mars-sized planet, which smashed into our infant
planct throwing a vast mass of rocky material into space. This formed our Moon. The impact
that created the Moon also knocked the Farth sideways on its axis, which meant that the Sun’s
cenergy wasn’t focused on a single region, and the gravitational presence of the Moon stopped
the Earth from wobbling erratically on that axis. This stabilized the Earth’s climate and
prevented violent (potentially life-extinguishing) climactic swings. The Moon’s creation had
turned the Earth into a perfect nursery for life. But it wasn’t done yet. The Moon’s gravity
tugged on the planet’s oceans, and so began the tides that daily massage the world’s coastlines
today. It may have been this very tidal action of repeatedly (and regularly) exposing and then
submerging the coast that actually caused life to evolve in the first place.

Here’s one final miracle for you... Whatever the mechanism that caused their evolution,
among those first, single-celled life forms was your ancestor. For you to be sitting here
reading this today, there has been an unbroken chain of existence between you and that tiny,
floating forebear. For 3.8 billion years, every one of your ancestors survived long enough to
pass their genetic material on to the next generation. Just think how unlikely that is. Over
almost 4. billion years of mass extinctions, predation, disease, social upheaval, war and famine,

there is an unbroken chain of life that leads to you. Now that’s what I call a miracle.

In this book

In this book we’ll chart how energy became matter and how a set of physical laws guided the
interactions that allowed matter to build the stars, galaxies and you. And we’ll chart some
of the scientific discoveries and breakthroughs that have helped us understand how to build

a Universe.
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One such computer was Henrietta Swan Leavitt. In 1908, she discovered that
there was a predictable link between the brightness of Cepheid stars and the period of
their variation (in other words, a Cepheid that varies from bright to dim to bright over
a period of two days will have a different brightness to one that has a period of seven
days). If astronomers could find the distance to a Cepheid of a known period (which
they did, in 1912, using the techniques we have already discussed), then all they had to
do was find another Cepheid with the same period, measure its brightness, apply the
inverse-square law, and voila!

Suddenly, astronomers had a standard yardstick they could use to measure
almost any distance in the Universe (later, supernova explosions would be used to
measure the most extreme distances). For this reason, Cepheids are known as
standard candles.

Two decades later, Edwin Hubble used Cepheid measurements to prove that
some of Messier’s ‘fuzzy blobs’ were too far away to be within the Milky Way and had
to be separate galaxies. He measured the distance to our nearest galactic neighbour,
the Andromeda Galaxy, and determined that it was some 800,000 light years away
(one light year is about 10 trillion kilometres). With that single conclusion, the size

of the Universe as we understood it
expanded well beyond the confines

LIGHT YEAR

Until the mid-1800s, the largest unit of
measure was the Astronomical Unit (about
150 million km — the distance between the
Sun and Earth). When astronomers set out
measure the distances to the stars, they
realised that they needed a more suitable

of our galaxy. Cepheids helped
reveal that, far from being unique,
our galaxy is just one of countless
billions in a Universe that, from
our standpoint, had just increased
exponentially in size.

measurement. The speed of light (about
67 I million mph) had been calculated in 1729

26

by English Astronomer; James Bradley. In 1838,
a German astronomer; Friedrich Bessel, used
this figure to calculate how far light would
travel in a year and used the ‘light year' to
describe the distance to a star called 61 Cyni
(also known as ‘Bessel's star).
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SIZE 1S EVERYTHING

Hubble’s 800,000 light-year distance
to Andromeda might sound a lot, but
when he used the distance as a yard
stick for other galaxies, there was a
problem. When he applied his Redshift
TLaw to figure the speed that galaxies





