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1
            INTRODUCTION: IN THE BEGINNING

         

         Kept busy in our hectic days filled with work, family, bills, health and whatever recreation we can slip in between them, it’s easy to consider cosmology an irrelevance, removed from our everyday lives by 13.8 billion years of time and space. Yet in dismissing cosmology, we are doing ourselves a disservice. The story of the Universe is our story – it describes how the cosmos came to be such that it could support galaxies of stars, planets and life, and our own origins are hidden within that story, veiled by the mists of time. Our ability to ask, on the most grandiose scale of all, where did we come from, and where are we going, allows us to touch on some of the most profound concepts that we are ever likely to embrace.

         So whatever it is that you are doing, just stop for a moment and think about how you came to be there. Look back beyond your own birth, and the birth of the generations that came before. Look back even further than the birth of our own planet, and the birth of the stars that lived before the Sun ever began to shine. As Carl Sagan once said, 2‘To make an apple pie from scratch, you must first invent the Universe.’

         The origin of the Universe, and the question of its ultimate fate, are perhaps the greatest mysteries of all; and who doesn’t like mysteries? Every human society throughout time has attempted to answer those questions through the lens of their own culture, myths and beliefs. Now, in the 21st century, we are tackling those questions through science and the magic of cutting-edge observations coupled with theories crafted by some of the finest minds of our time.

         It’s often painstaking work. Despite all of our astronomical aptitude, despite all of our cosmological cleverness, we still have much to learn. Some things we know for sure, cornerstones in our framework describing the Universe, but the evidence for other things is scant, or lacking entirely. Even with our largest, most powerful telescopes, we have to push our instruments to their observational limits, and even then, our theories are often inferred, having to make do without vital evidence. Frankly, there are still huge voids in our understanding as we grapple with the concepts of how and why our Universe is the way it is.

         And that’s okay. It is! Because we are on a journey, and it would be pure arrogance to assume that we should arrive at our destination straight away. To further the analogy some more, we know we’re heading generally in the right direction, but which route to take to reach it still remains unclear. Many roads will lead to dead ends, but some could take us to bold new horizons. We won’t know until we head down them and find out.

         This book is about that journey, and our struggle to understand. In the pages that follow you will be transported back to the tiniest fraction of a second after time began, 3and into the smallest nooks and crannies within the fabric of space. You will encounter observations in which seeing is truly believing, and theories that will challenge what you thought you knew about your existence. Sometimes those theories are not yet quite fully formed, or are in competition with one another, and some will ultimately find themselves on the scrapheap, supplanted by another theory that supports the evidence better. And again, that’s okay – it’s how the scientific method works. Consider the story presented here as a work in progress, a snapshot of the science on the route towards answering our greatest questions. After all, as the saying goes, the journey is often just as important as the destination.

         We join the story not at the beginning, but about 13.8 billion years later, in the summer of ’64, in New Jersey on the East Coast of the United States, where two young astronomers were about to make the discovery of a lifetime … 4
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            1

            THE FIRST LIGHT IN THE UNIVERSE

         

         A Little Bit of History

         Like a tune that you just can’t stop playing in your mind, the anomalous hum of radio static refused to go away.

         It was June 1964, and Arno Penzias and Robert Wilson didn’t quite know what to make of their persistent radio hiss. Employed by Bell Labs, the pair of radio astronomers were gearing up to use a large, anvil-shaped contraption called the Holmdel Horn Antenna. Their plan was to use it to study the strength of radio waves emanating from distant celestial objects, such as galaxies host to active black holes, or the expanding remnants of exploded stars.

         At the time, radio astronomy – that is, the observation of the Universe at radio wavelengths – was still in its formative years. It was just three decades since Karl Jansky, a previous employee at Bell Labs, had made the first astronomical observations in radio waves, when he detected emissions coming from what we now know to be charged particles moving through powerful magnetic fields around the black 6hole at the centre of our Milky Way Galaxy. Jansky’s discovery had opened up an entirely new astronomical frontier, one that Penzias and Wilson were eager to explore.

         
            
[image: ]The Holmdel Horn Antenna that Penzias and Wilson used to detect the CMB.
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         Both astronomers were still young, Penzias just over 30, and Wilson still in his twenties, having graduated with a PhD in physics from the California Institute of Technology a few years earlier. At Caltech, Wilson had been taught by the brilliant but controversial Yorkshire-born astrophysicist Fred Hoyle, who at the time had been promoting his ‘Steady State’ theory of an eternal universe, in competition with the theory of the Big Bang. Penzias was already at Bell Labs and had recruited Wilson after getting to know him at various scientific conferences. 7

         The Holmdel Horn had been designed and built a few years earlier by engineers at Bell Labs, with the intent of bouncing signals off the world’s first crude communications satellite, Echo 1, but now Penzias and Wilson were given permission to use it for radio astronomy instead. Although it wasn’t the largest radio telescope in the world – it had an aperture of 6.1 metres (20 feet), amounting to a total collecting area of 25 square metres, which is minuscule compared to the 4,560 square metres of the 76-metre Lovell Telescope built in 1957 at Jodrell Bank, in the UK’s Cheshire countryside – it had several things going for it. One was that its horn-shaped design meant that its receivers were well sheltered from any terrestrial radio interference – radio waves from space weren’t going to be drowned out by the Billboard Hot 100. Second was that Penzias and Wilson believed that all sources of ‘noise’ – i.e. radio interference from things like the telescope’s electronics – were already well known, which would assist them in making their absolute radio brightness measurements. Coupled with specially designed amplifiers, it was arguably the most sensitive radio telescope in the world, pound for pound, when observing celestial sources that filled its field of view.

         However, before they could embark on their radio astronomy experiment, the antenna required some upgrades. In particular, Penzias and Wilson added a device known as a ‘cold load’, which was nothing more sophisticated than a radio-wave-emitting container filled with liquid helium at a temperature of about –270 degrees Celsius (approximately three degrees above absolute zero, which is designated as 0 kelvin/–273.15 degrees Celsius). The cold load, radiating radio waves at a wavelength correlating to its frigid temperature, was critical to what Penzias and Wilson were trying to achieve. In those early days of exploring the radio sky, 8astronomers were mainly estimating the true radio brightness of objects using a technique called the on/off method. It was quite simple – point a radio telescope at a radio-wave-emitting target, log the strength of the radio waves, and then turn the telescope to an apparently empty part of the sky and measure the strength of the radio waves in the background, which in theory should be roughly the same value in any random direction. At which point the background value could be subtracted from the target’s radio signal, to leave just the radio waves from the target.

         The trouble was that this was all very imprecise, since the vagaries of the background sky were still uncertain and not well understood. What Penzias and Wilson intended to do was to bypass the background sky entirely, by using the cold load as an artificial source of radio waves with a precisely known output to compare against the radio emission from celestial targets in order to produce an absolute measurement of their brightness. Since the wavelength of radio emissions are related to the temperature of their source, in the sense that the hotter an object is, the shorter the wave-length of its emitted radiation, and vice versa (according to Wien’s law, developed by physicist Wilhelm Wien in 1893), the cold load has to be as chilly as possible so that any radio waves it emits are at a wavelength long enough not to drown out any of the radio signals from space.

         After adapting the horn antenna for radio astronomy by adding the cold load and a microwave receiver called a radiometer, Penzias and Wilson switched it on and found to their dismay that there was something wrong: an excess of signal that they couldn’t account for. They had expected some noise – a degree from the walls of the antenna absorbing and re-radiating photons, and a few degrees from the 9background radio sky behind their target of interest – but this was something else, a radio hiss at a wavelength equivalent to a radiation temperature of 2.73 kelvin (–270.45 degrees Celsius) that the two radio astronomers could not explain. The signal was like a faint static, and whichever direction they pointed the horn antenna, day or night, it was there.

         The obvious solution seemed to be that it was interference from somewhere, perhaps from the telescope itself, or, in spite of the Holmdel Horn’s design, from the environment around it. For the best part of a year, Penzias and Wilson battled away, trying to rid themselves of this annoying radio hiss so that they could get on with their astronomical experiments. At one point they even suspected a pair of pigeons that had been nesting inside the horn and leaving their droppings on the surface, which in theory could have produced a small radio signal. So they safely extracted the pigeons and mailed them away, to be released over 60 kilometres from the antenna, before sweeping out all of the pigeon droppings. Yet before Penzias and Wilson had chance to test whether this had solved the problem, the pigeons managed to find their way back to the antenna, and so more serious measures were taken, with a colleague bringing a shotgun to the antenna and unceremoniously shooting the birds.

         Alas, the pigeons died in vain, as the rogue hiss didn’t go away. By April 1965 the two young astronomers were at their wits’ end, when it was recommended to Penzias that he speak to Bob Dicke, who was a physicist at nearby Princeton University, and who, it was intimated, may have some answers for him. As a last throw of the dice, Penzias picked up the telephone and made the call.

         
            * * *

         

         10There is a scene at the end of the film Raiders of the Lost Ark where, having handed over the Ark of the Covenant to government officials, our erstwhile heroes ask who is now studying the powerful artefact. ‘Top men,’ comes the blunt reply.

         If the field of study had been physics rather than archaeology, then Bob Dicke would have been one of those ‘top men’. His work included pioneering advances in radar technology and microwave receivers during the Second World War, a patent for an infrared laser, the science of spectroscopy and testing Albert Einstein’s General Theory of Relativity. It was this latter work that brought Dicke to cosmology in the early 1960s. Working alongside fellow cosmologist Jim Peebles at Princeton, he made an important theoretical breakthrough, although what neither realised was that they’d already been beaten to this breakthrough about fifteen years earlier.

         Anyone working in cosmology is already standing on the shoulders of giants, beginning with Edwin Hubble and what was, and probably still is, the greatest achievement in all of astronomy. During the 1920s Hubble turned the 2.5-metre mirror of the Hooker Telescope, atop Mount Wilson in California, towards the distant, misty patches of light that were called the spiral nebulae, and discovered that they were not nebulae in our galaxy at all, but galaxies in their own right, existing far beyond the confines of the Milky Way. Thanks to Hubble, what we thought of as the Universe had suddenly vastly increased in size, while at the same time our contextual place in that Universe had conversely grown smaller.

         That was in 1924, and five years later, after continued study of the spiral galaxies, Hubble arrived at another galaxy-shattering conclusion, all thanks to the same phenomenon that causes a police siren to change in pitch as the car drives past. That’s caused by the Doppler shift, whereby the 11sound waves of the passing siren are compressed and then stretched. The same occurs with light waves – a galaxy moving towards us will have its light compressed towards bluer wavelengths, while a galaxy moving away will have its light stretched to redder wavelengths. This blue- and red-shifting can tell us whether galaxies are moving towards or away from us, and Edwin Hubble discovered that almost every galaxy he looked at (with one or two notable exceptions, in particular the nearby Andromeda Galaxy) is moving away from us. Furthermore, the more distant a galaxy is, the faster it appears to be receding from us. Everywhere we look, the Universe seems to be expanding.

         
            
[image: ]How the Doppler effect works, using the example of a passing emergency vehicle with its siren blaring. The wavelength of the sound waves from the siren as it moves away are stretched longer, whereas the sound waves moving ahead of the vehicle are compressed to shorter wavelengths.

            

         

         Hubble left it to theoreticians to come to conclusions, but those conclusions seemed obvious: if the Universe is expanding, then in the past it must have been smaller – much smaller. And so the Big Bang theory came to the fore – the idea that long ago, the Universe, and all the matter and energy it contains, was condensed down to a single point that 12had begun to expand, and continues to do so to this day. This expansion is characterised by a simple calculation, named the Hubble–Lemaître law since it was actually first conceived by the Belgian mathematician and physicist Georges Lemaître in 1927, two years before Hubble announced his observational results. The law describes the rate of expansion, known as the Hubble constant, as being equal to the recessional velocity of a galaxy away from us divided by its distance from us.

         Although the expansion was beyond doubt, evidence for the Big Bang wasn’t yet conclusive. Not every scientist was fond of the idea that the Universe may have had some kind of beginning, since it smacked of the notion of a Creator. Among those that railed against the notion of the Big Bang was Fred Hoyle, who developed a counter-model, the aforementioned Steady State theory, which described how new space was continually being created as the Universe expanded, allowing the cosmos to be eternal.

         Dicke and Peebles realised that if the Big Bang theory was correct, then all the matter and energy in the Universe crushed into a microscopic volume when the Universe was still in its infancy would have created an exceptionally hot environment, well into the range of trillions of degrees Celsius. The Princeton duo calculated that the radiation left over from the hot Big Bang should still be present in the Universe, but since the Universe had been expanding for 13.8 billion years, the temperature of this radiation should now be only a few degrees above absolute zero, placing it firmly in the range of microwave wavelengths (part of the radio realm of the electromagnetic spectrum).

         Neither Dicke nor Peebles had knowledge that all of this had been calculated once before, in the late 1940s by George Gamow, who was a Russian immigrant and cosmologist who 13had set up home at the George Washington University in Washington DC in the 1930s, and in particular his research students Ralph Alpher and Robert Herman. For over a decade their conclusions had been forgotten about, for several reasons; partly because Alpher and Herman were not big names in astrophysics, partly because their interest was more in the pure physics of the problem rather than the cosmological consequences, and also because it was erroneously thought to be too difficult to detect such a signal – the coldest signal detectable at the time was 20 kelvin.

         Dicke, with his experience building radiometers, knew that it was possible to set about detecting such a signal, and so with his colleagues Peter Roll and David Wilkinson, and with input from Peebles, Dicke set about building a microwave telescope to detect this ‘cosmic microwave background (CMB) radiation’ – a telescope that would feature a cold load and which they believed was unique in the world. The quartet would hold regular meetings in Dicke’s office as they planned their project to discover the CMB radiation. It was during one of these meetings, at lunchtime on a spring day, that Dicke’s telephone rang. On the other end of the line was Arno Penzias.

         Dicke listened intently to what Penzias said, and then, hanging up the receiver, turned to his group and, with a deep breath, famously said, ‘Well boys, we’ve been scooped.’

         Of course, the microwave telescope that they were building on the roof of their department building was not as unique as they had thought, with Penzias and Wilson operating a very similar device, and only about 50 kilometres from Princeton at that; yet until that fateful telephone call neither group was aware of the other’s existence. Although Penzias and Wilson had not realised it, their unwanted static 14was the discovery of a lifetime: the relic heat of the Big Bang, having cooled for 13.8 billion years. Despite glowing at just 2.73 degrees above absolute zero, it turned out not to have been as difficult to detect as George Gamow had expected. In fact, back in the not-so-olden days of analogue television, approximately 1 per cent of the static between stations was produced by the microwave radiation of the CMB.

         Penzias and Wilson were awarded the 1978 Nobel Prize in Physics for their chance discovery, while Jim Peebles won the Nobel Prize in 2019 for his contributions to cosmology. Gamow, Alpher and Herman, angry and upset that they were not afforded the recognition they deserved for predicting the CMB seventeen years prior, were relegated to mere footnotes in cosmological history.

         However, the story of the CMB was not over yet. Although the discovery had provided vital additional evidence for the Big Bang theory, the CMB’s nature was still only vaguely understood at that time. Much remained unknown. Was it the same temperature in every direction in space? What could it tell us about what happened at the beginning of the Universe, and about how the cosmos has since evolved? Was the Universe rotating? Could it even introduce brand new physics as scientists pursued a grand theory of everything? The quest for the answers to these questions has not only seen even more Nobel prizes dished out, but continues to be one of the driving forces in cosmology.

         The Face of God

         The accomplishments of astronomers such as Edwin Hubble have provided a picture of what the Universe looks 15like today, with its vast collection of galaxies distributed in enormous clusters spanning millions of light years. On the other hand, Penzias and Wilson’s discovery of the CMB gave us an indication of what the Universe was like when it was very young. The big mystery was how the Universe grew from that described by the CMB to the one visible to us today through our telescopes, and how large-scale structure – principally galaxies – was able to form in the aftermath of the Big Bang. Galaxies are made from matter, so presumably gravity must have had a hand in attracting all that matter to coalesce into the galaxies long ago. However, gravity could only act if the primordial Universe were, for want of a better word, lumpy, with regions of slightly higher density and therefore stronger gravity that were able to pull matter together. A perfectly smooth distribution of matter would have resulted in a Universe with no galaxies, no stars and no planets.

         The more dense regions have stronger gravity, so photons of CMB radiation have to expend more energy escaping from them, and this reduction in energy makes these regions seem slightly colder than the less dense regions, which therefore appear slightly warmer by comparison, and the temperature differences between regions of different density is reflected in the CMB as ‘anisotropies’. This is a word that you’ll come across frequently throughout this book, and essentially means that something – in this case the temperature of the CMB – is dependent upon direction. In other words, the temperature of the CMB should not be completely uniform across the sky, but have variations, reflecting the differing densities of matter when the Universe was very young.

         Penzias and Wilson’s apparatus had not been sensitive enough to detect the anisotropies as differences in the CMB 16hiss measured in different directions, so efforts began in earnest to try to perceive them.

         In 1967, a young British astrophysicist by the name of Joseph Silk, who was studying at Harvard University, published a paper in the journal Nature entitled ‘Fluctuations in the Primordial Fireball’, which presupposed that quantum energy fluctuations in the very first fractions of a second after the Big Bang would have led to the anisotropies that would, according to theory, grow to become the galaxies and galaxy clusters of today. The paper was seen by a contemporary of Silk’s, namely George Smoot, who was a graduate student at the University of California, Berkeley, and Silk’s work proved to be something of an inspiration for him. After joining the Lawrence Livermore National Laboratory in California, Smoot started thinking more carefully about temperature variations in the CMB. Some theories of the time posited that the Universe might be rotating; if it were, then it should cause a noticeable effect visible in the temperature of the CMB. Along with the Nobel Prize-winning physicist Luis Alvarez of the University of California, Berkeley, Smoot designed a radiometer that flew on a once-top-secret U-2 plane, which was able to reach altitudes of 21 kilometres (70,000 feet), high above much of the microwave-absorbing water vapour in Earth’s atmosphere. The experiment found no evidence for the purported rotation, but it did discover the CMB dipole,1 in which the CMB appears about 0.1 per cent warmer in the direction of the constellation Leo than it does in the opposite direction. Predicted by Jim Peebles, the dipole 17is an illusion created by the Doppler effect as the Earth, the Sun and indeed the Milky Way Galaxy travel through space together at 370 kilometres per second relative to the CMB. In the direction of Leo, which is the overall direction in which we are moving, the CMB photons are blue-shifted, and therefore receive an energy boost, while in the opposite direction the microwaves are red-shifted, causing an apparent decrease in energy. 

         It was around this time that scientists were starting to consider where next to take the fledgling study of the CMB. Stratospheric flights in U-2 planes, sounding rockets and high-altitude balloon experiments could produce some data, but to really answer all of our questions, a dedicated space mission was required. In 1974 John Mather, who had just taken up a post-doctoral position at the Goddard Institute for Space Studies at Columbia University in New York, had gathered a small group of interested scientists, including David Wilkinson and Alvarez, to plan a proposal, which they would submit to NASA, for such a mission. This mission would become COBE: the Cosmic Background Explorer. Alvarez later reluctantly opted to back out of the team that was headlining the mission, and in his place he recommended his young protégé, George Smoot.

         COBE was set to fly on the space shuttle in the mid- 1980s, but after the Challenger disaster in January 1986, the space shuttle fleet was grounded and Mather and Smoot’s team had to quickly reconfigure their space probe to launch on board a Delta rocket on 18 November 1989.

         COBE carried on board three instruments. FIRAS, the Far Infrared Absolute Spectrophotometer, was designed to conclusively determine whether the CMB possessed a black-body spectrum, as theory predicted. In physics, a black 18body is an idealised construct that is a perfect absorber and emitter of electromagnetic radiation, a.k.a. light, and hence is in perfect thermal equilibrium; in other words, the heat that it absorbs is precisely balanced with the heat that it radiates away. Naturally, a radiation field such as the CMB doesn’t absorb or reflect light or heat, but it would describe a black body if its total energy per unit area on the sky is equivalent to the temperature of a black body radiating the same amount of energy. This is called its ‘effective temperature’, and FIRAS would be able to determine whether the CMB had a black-body spectrum by charting on a graph its energy per unit area against the microwave wavelength of its photons. A black body would fit a specific curve on the graph, described solely by its effective temperature.

         The second instrument on COBE was called DIRBE, the Diffuse Infrared Background Experiment, which would look for the faint infrared light from the very first galaxies to form in the Universe. The final instrument was the DMR – Differential Microwave Radiometer – which would look for anisotropies in the CMB.

         Just 56 days after COBE launched, John Mather attended a meeting of the American Astronomical Society in Washington, DC and revealed the first data back from FIRAS. Although it amounted to just nine minutes of initial observations, it unequivocally showed a black-body spectrum with an effective temperature of 2.73 kelvin – the most perfect natural black-body spectrum ever seen. Rapturous applause followed – a key piece of evidence for our theoretical understanding of the CMB had been confirmed.

         More was to follow two years later. In the lead-up to COBE’s launch, cosmologists had begun to get antsy: despite their best efforts, no sign of the expected anisotropies 19in the CMB radiation had yet come to light. They were sure that the anisotropies must be there, because a perfectly smooth CMB would be unfathomable. Yet it had come down to COBE being the last chance to save cosmology as we knew it.

         A NASA-organised press conference was scheduled for 24 April 1992, at the American Physical Society. Smoot, who by now had risen to prominence among the COBE team, was one of the scientists fronting the press conference, although mild controversy occurred when Smoot and his home institution, the University of California, Berkeley, broke ranks and issued their own press release about COBE’s discovery a day ahead of the press conference. That discovery, the press release revealed, was none other than the expected anisotropies – tiny temperature variations just 30 millionths of a degree warmer than the average temperature of the CMB. Little wonder they had proven difficult to detect. An image was presented showing blobs projected onto a Mollweide projection (the elliptical shape commonly used for maps of the world) of the sky, the blobs being the observed anisotropies, displayed in false colours to make them obvious to non-astronomers. These blobs were the density variations that would become the seeds from which the galaxies grew. So profound was the discovery that, perhaps caught up in the excitement of the moment, Smoot described it as being like ‘looking at the face of God’.

         Hyperbole aside, the CMB is the oldest light in the Universe, and that in itself is profound. From that light we can begin to draw pictures of how the Universe came to be, and how it evolved from that point. More recent space missions, such as NASA’s Wilkinson Microwave Anisotropy Probe (WMAP, named after David Wilkinson, who passed 20away in 2002), and the European Space Agency’s Planck satellite, as well as ground-based facilities including the South Pole Telescope, have been able to measure the anisotropies in ever increasing detail, but it was the blobby image from COBE that proved the real breakthrough.

         
            
[image: ]COBE’s image of the CMB, from 1992. The blotches of different shades (false colour – remember that this light is at microwave wavelengths) are the long-sought anisotropies.

NASA Goddard Space Flight Center

            

         

         Large-Scale Structure Writ Small

         To truly understand what the anisotropies in the CMB are telling us, we have to go back in time, 13.82 billion years, to the dawn of the Universe in the event we call the Big Bang.

         Nobody knows what caused the Big Bang, but as we have seen, we do know that the infant Universe was exceptionally hot and dense. From the seething raw energy that filled this inferno, simple matter began to form: subatomic particles, 21starting with quarks2 and electrons, the quarks subsequently bonding to make protons and neutrons. Simple atomic nuclei formed: first hydrogen (each nucleus consisting of a single proton), followed by its isotope3 deuterium, two different isotopes of helium, a smidgen of lithium and beryllium (the latter of which decayed into lithium fairly quickly), and all in the first four minutes of cosmic history.

         
            
[image: ]The Planck spacecraft’s image of the CMB, from 2013. Note how it shows the anisotropies in far greater detail than the COBE image.
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         22We’ll go into further detail about what happened during these initial 240 seconds in Chapter 3, but following that brief flurry of activity, leading to the formation of those first atomic nuclei, nothing much happened for the next 379,000 years. The reason for this is the temperature of the early Universe. To form a complete atom, an atomic nucleus has to become bound to some electrons, the specific number depending on what kind of element it is. The force that holds electrons to atomic nuclei is the electrostatic force, in which opposite charges (the positive charge of the protons in the nuclei, and the negative charge of the electrons) attract. However, although the expanding cosmos was cooling, it was still so hot that electrons retained enough energy to avoid being snatched by the electrostatic attraction of the atomic nuclei. And so, for the first 379,000 years of cosmic time, the Universe was a sea of plasma (ionised gas; i.e. a gas made from atomic nuclei and uncountable numbers of free electrons).

         Density waves reverberated through this plasma sea, born from quantum fluctuations – that is, random and temporary bursts of energy brought into reality by the uncertainty of quantum effects – that flashed into existence in the very first fractions of a second and left their imprint on the burgeoning Universe. Like waves at the seaside but without a shore to crash onto, they swept through the plasma, causing atomic nuclei to bunch up at the crests of the waves, and thin out in the troughs. These waves are referred to as ‘baryonic acoustic oscillations’, which is a technical-sounding name, but if we break it down we see that it is referring to baryons (particles such as protons and neutrons, which are made from three quarks), and that the waves behaved like acoustic sound waves, or oscillations, crashing through the plasma, 23which was a reasonably dense medium. The early Universe would have been a noisy place!

         Loud, yes, but dark too. Because the density of electrons in the primordial plasma was so great, photons of light could not travel very far without colliding with these electrons and being continuously scattered by them (the technical terminology for this is Thomson scattering, in which an electron absorbs the energy of a photon, giving the electron a kick in one direction, and re-emitting the photon in another direction). It was only by around 379,000 years after the Big Bang, when the temperature had cooled to below 3,000 kelvin, that electrons and atomic nuclei were able to combine to form complete atoms. As the electrons were soaked up by the nuclei, photons found themselves being scattered less and less, until they could finally travel through space unhindered. This point in time is known as the moment of last scattering, and it’s these same photons, which fill the Universe, that we are detecting when astronomers observe the CMB radiation. Consequently, the anisotropies are showing us the Universe as it was just 379,000 years after the Big Bang. There’s no older light in the Universe, and it’s impossible to see beyond to earlier times with electromagnetic radiation.

         The anisotropies are the imprint on the CMB of the baryonic acoustic oscillations that were sweeping through the plasma, frozen in time at the moment of last scattering. The slightly cooler, denser regions signify the crests of the wave that caused matter in the Universe to bunch up, whereas the warmer, less dense regions are where the troughs were, as the waves left sparser matter in their wake. Nevertheless, despite the presence of the anisotropies, the Universe could still be considered remarkably smooth, as evidenced by how small the anisotropies are in terms of their differences in 24temperature. This tells us that the Big Bang was an equally smooth process.

         Over the next few hundred million years, gravity took control. The denser regions of matter began attracting more and more matter from their surroundings. At this stage, matter was just made of gas clouds, mostly of neutral hydrogen gas, and dark matter (an unknown form of matter that is invisible and which we can only detect by its gravitational effects).4 There were no planets, no stars, no galaxies.

         As more and more matter was attracted by gravity, the gas clouds grew more massive and their cores began to condense to form the very first stars. Astronomers have gone searching for the time when the first stars switched on, by looking for evidence of how ultraviolet light from those first stars, which are predicted to have been very large and very hot, excited the prevalent hydrogen atoms in the Universe around them, causing the atoms to absorb photons in the cosmic background radiation. Astronomers have now detected the signal of this absorption, dating back to 180 million years after the Big Bang.

         Things developed from this point on. Thanks to gravity, the denser patches indicated by the anisotropies grew even denser and became the formation sites for long chains and clusters of galaxies, while the less dense regions became ever more sparse. Today, we know of these less dense zones as cosmic voids – large volumes of space containing 25relatively few galaxies, surrounded by the ‘cosmic web’ – a Universe-spanning network of filaments made from matter that are what the denser regions of the CMB condensed into under the pull of their own gravity. Astronomers know this for sure, having been able to map the large-scale structure in the Universe today, identifying great walls and chains made of numerous galaxy clusters, and directly match them to the location of colder, denser anisotropies in the CMB. 

         The importance of the CMB to our continued studies of the cosmos cannot be understated. It tells us where the Universe has come from, namely a hot Big Bang, and it is the starting point for how the Universe developed over cosmic time. Moreover, as we shall see in the next chapter, the existence of the CMB decisively won the battle between the Big Bang theory and its main rival, Fred Hoyle’s Steady State Universe. 26

         
            1 A dipole is a property that is both equal and opposite. A familiar example of a dipole is a bar magnet, which has equal yet opposite magnetic poles. Another example is a dipolar molecule, where atoms in the molecule have opposite electric charges.

            2 Quarks are one of the most basic building blocks of everyday matter; they are fundamental particles, since there are no other known particles that combine to make them. They come in six types, or ‘flavours’, and different combinations of two or three quarks form particles called hadrons, which include baryons such as protons and neutrons that are made from combinations of three quarks.

            3 Atomic nuclei are built from different numbers of protons and neutrons. Atoms of the same element must have the same number of protons, but the number of neutrons can vary a bit. Atoms of the same element but with different numbers of neutrons are referred to as isotopes.

            4 Nobody knows what dark matter is, or even if it is definitely real. Some sceptics, admittedly making up a minority of the astronomical community, argue that dark matter does not exist and that tweaking the laws of gravity would explain it away. Nevertheless, the existence of dark matter is the current consensus, which is what we’ll go with in these pages.
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