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Introduction


The Most Important Fact


The Universe began. The origin of everything we see about us – stars, planets, galaxies, people – can be traced back to a definite moment in time, 13.8 billion years ago. The ‘ultimate’ question that baffled philosophers, theologians and scientists for millennia has been answered in our lifetime. It has taken almost exactly half a century, starting in the mid-1960s with the discovery of the cosmic microwave background radiation,1 for the idea of a Universe of finite age to go from being a plausible hypothesis – but no more plausible than the idea of an eternal, infinite Universe – to being established as fact. The age of the Universe has been measured with exquisite precision using data from space observatories such as Planck. But accounts of this scientific triumph often overlook the fact that there is a second leg to the journey. The existence of this second leg is what makes the discovery of the beginning so compelling.


The most important thing we know in science is that our theory of the very small – quantum theory – agrees precisely with our theory of the very large – cosmology, aka the general theory of relativity. This is in spite of the fact that the two theories were developed entirely independently and that nobody has been able to unify these two great theories into one package, quantum gravity. But the fact that they separately give the ‘right’ answers to the same question tells us that there is something fundamentally correct about the whole of physics and, indeed, the whole scientific enterprise. It works.


What is that profound question? How do we know they agree? Because the age of the Universe calculated by cosmologists, 13.8 billion years, is just a tiny bit older than the ages of the stars it contains, as calculated by astrophysicists. This is such a profound insight that it ought to be shouted from the rooftops; instead, it is taken for granted. I intend to redress the balance.


Recent events have highlighted the way in which the significance of this agreement has slipped under the radar. I was provoked into writing this book when, in the spring of 2013, data from the Planck satellite made headlines. The story trumpeted by the media was that ‘the Universe is older than we thought’. This caused wry amusement amongst cosmologists. Although true, what the data told us is that the estimated age of the Universe had increased from 13.77 billion years to 13.82 billion years, an increase of less than half of one per cent (later revised down to 13.80 billion years). What is more astonishing about these data is that we know the age of the Universe to such a degree of accuracy. A generation ago (although even then we knew that there had been a beginning), we could only say that the Universe was somewhere between 10 and 20 billion years old. The precision of the new measurement is half of the most important fact – both in physics, which is the focus of this book, as well as in the wider world of thought. The philosophical and religious implications I leave for others to debate.


The ages of the oldest stars show that they are just a little bit younger than the Universe. If that doesn’t sound impressive, imagine how scientists would feel if it were the other way round – if stars were measured as being older than the Universe! It would tell them that at least one of their two most cherished theories, quantum physics and the general theory of relativity, must be wrong.


In fact, we don’t have to imagine how scientists would feel if stars were measured as being older than the Universe. The consensus I have just described has emerged since the end of the Second World War, which coincidentally means that it has emerged precisely during my lifetime and that I was not only a member of one of the teams that measured the age of the Universe but knew personally many of the people involved in this story. When I was a child, astronomers did indeed find that their estimates of the ages of stars came out bigger than their estimate of the age of the Universe. This was one of the underpinnings of the ‘steady-state’ model, which perceived the Universe as infinite in time and space, and essentially unchanging. I will explain how we got from the apparent conflict of the 1940s to the modern consensus, including the significance of the Planck results, and will make the importance of this consensus clear. But I will also set the scene by looking at the ‘prehistory’ of the subjects, cosmology and astrophysics, going back to the 19th century discoveries that pointed the way to an understanding of the nature of stars and the Universe – to the most important fact.


John Gribbin


1 June 2015
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2.712


Taking the temperature of the Universe


Half a century ago, in 1965, American astronomers Arno Penzias and Robert Wilson announced that they had accidentally discovered a weak hiss of radio noise coming from everywhere in space. Although they were unaware of it at the time, this ‘cosmic microwave background radiation’ had been predicted, more than a decade earlier, by George Gamow and colleagues in the context of the Big Bang model of the Universe. Bizarrely, unknown to Penzias and Wilson, in 1965 another team of astronomers, headed by Jim Peebles, had also come up with the idea (and were also unaware of the Gamow team’s work) and were building a detector to search for the radiation. When news of the discovery reached Peebles, he quickly interpreted it as evidence for the Big Bang, but even in their discovery paper Penzias and Wilson deliberately refrained from making this connection, because they favoured the rival steady-state model. Nevertheless, this publication marked the moment, dated almost to the day, when the idea of the Big Bang became the leading cosmological paradigm. The temperature of the background radiation today – 2.712 K, or –270.288°C – is an indicator of how hot the Universe was ‘in the beginning’ and is persuasive evidence that there was a beginning.


But Penzias and Wilson had no idea of the significance of their discovery at the time. They were working at the Bell Laboratories of the American Telephone and Telegraph Company (AT&T), using an antenna designed and built to test the feasibility of global communication via satellites. They were able to use the antenna, located at Crawford Hill in New Jersey, for purely scientific research because of the enlightened policy of AT&T allowing their Bell Labs scientists freedom to carry out such research alongside their practical investigations of ways to improve telecommunications.


Bell Telephone Laboratories came into existence as the research arm of AT&T on 1 January 1925. Just two years later, two Bell Labs researchers, Clinton Davisson and his assistant Lester Germer, confirmed the wave nature of the electron, a key development in quantum physics. As a result, in 1937 Davisson became the first Bell Labs scientist to receive the Nobel Prize. He would not be the last. The transistor was invented at Bell Labs, for which John Bardeen William Shockley and Walter Brattain shared the Nobel Prize in 1956. By the early 1960s, the Bell Laboratories were widely recognised as centres of scientific excellence, where many young researchers were eager to work.


One of those young researchers was Arno Penzias. He had been born into a Jewish family, the son of a Polish (but German-born) father and a German mother, in Munich, on 26 April 1933, the same day that the Gestapo was formed. As the eldest child in a comfortable middle-class family, the troubles in Germany in the 1930s passed him by until 1938, by which time the Nazis were rounding up Jews who did not hold German passports and sending them into Poland. The Polish authorities had almost as great an antipathy towards the Jews as the Nazis had, and effectively closed the border to the exodus on 1 November 1938. The train on which the Penzias family were passengers arrived a couple of hours later, and they were sent back to Munich, where Arno’s father was given six months to get the family out of Germany or face the consequences. At the age of six, Arno was put in charge of his younger brother and sent on a train to England. The boys’ parents managed to get separate visas a little later and escaped just before war broke out. With great foresight, months before, Mr Penzias had bought tickets for New York, and the family travelled there by ocean liner in December 1939, spending Christmas and New Year on board.


Although life as refugees in America was financially much harder than it had been in Germany, as Penzias put it in his Nobel Prize autobiographical note: ‘it was taken for granted that I would go to college, studying science’. The only affordable option was City College of New York, where Arno met his future wife, Anne. When they had arrived in New York, the children had taken American first names, Arno becoming ‘Allen’ and his brother Gunter becoming ‘Jim’. But Anne already knew an Al, and called Penzias ‘Arno’ to avoid confusion. He got his name back, and took to signing himself ‘Arno A. Penzias’.


Arno and Anne married in 1954, the year he graduated from City College, and after two years in the Army Signal Corps he moved to Columbia University, completing a PhD in 1961 under the supervision of Charles Townes, who would receive the Nobel Prize for his work on masers and lasers in 1964. Townes had worked at Bell Labs from 1939 to 1947. It was Townes who introduced Penzias to Bell Labs, where he was offered a job in 1961. In the long term, Penzias intended to use the horn antenna at Crawford Hill for radio astronomy work, but at the time it was still reserved for use with satellites, notably Telstar (designed by Bell and due for launch in 1962), so he worked on another project. It turned out that the horn antenna was not needed for the Telstar work after all, and it became available for radio astronomy just about the time a second radio astronomer, Robert Wilson, joined Penzias at Bell. They began working together early in 1963.


Wilson was slightly younger than Penzias, having been born in Houston, Texas on 10 January 1936. His father worked in the oil industry, on the exploration side, but had a hobby repairing radios, which gave Robert a basic grounding in electronics. He passed through the school system as a good but not outstanding student, then moved on to Rice University in 1953, ‘having barely been admitted’, according to his Nobel autobiography. He enjoyed the courses and ‘the elation of success’ so much that he graduated with honours, moving on to the California Institute of Technology (Caltech) in 1957 for a PhD in physics with no clear idea of what kind of research to do. There, he took a course on cosmology given by Fred Hoyle, which made him an enthusiast for the idea of a steady-state universe (more of this later), but more significantly he followed up a suggestion made by David Dewhirst (like Hoyle, a visitor from Cambridge) to work in radio astronomy. Before doing so, he went back to Houston for the summer of 1958, where he married Elizabeth Sawin.


For his research project, Wilson made a radio map of the Milky Way, using a new telescope at the Owens Valley Radio Observatory; the work involved the ideal mix, for him, of electronics and physics. His thesis was submitted in 1962. Wilson had originally been supervised by John Bolton, an Australian who played a large part in the construction of the telescope, and when Bolton returned to Australia the supervisory role was taken over by Maarten Schmidt. Wilson ‘developed a good feeling toward Bell Labs’ during this work, when they developed a pair of maser amplifiers for use at the Owens Valley telescope, and he had also heard about the new horn antenna. He joined the Crawford Hill team in 1963, where it clearly made sense for him to work on a joint project with Arno Penzias, the only other radio astronomer there, rather than working separately. The collaboration was to endure – when financial cuts reduced the funding available for radio astronomy at Crawford Hill to one full-time researcher, they agreed to work for half their time on radio astronomy and to devote the other half to more immediately practical work. But that happened after the discovery for which they won the Nobel Prize.


The shape of the horn antenna is designed to minimise interference from the ground and to provide the best possible measurement of the strength of radio noise (like light, part of the electromagnetic spectrum) coming from different places in space, primarily artificial satellites but also natural objects such as stars and clouds of gas. The strength of this radio noise is measured in terms of temperature, calibrated by the temperature of radiation emitted by a so-called ‘black body’. This counter-intuitive term for a radiating object came about because objects that are perfect absorbers of electromagnetic radiation (hence black) are also, when heated, perfect emitters of radiation (see Chapter One). The nature of this radiation depends precisely on the temperature of the radiating object.


Scientists measure temperature in degrees Kelvin, denoted by K (without a degree sign, °). Each degree is the same size as one degree Celsius, but 0 K is the absolute zero of temperature, the lowest possible temperature, which corresponds to –273.15°C. In round numbers, the average temperature of the surface of the Earth is about 300 K. But the superb design of the horn antenna meant that the interference from the ground picked up by the radio telescope was less than 0.05 K. In order to do justice to the antenna, before they began astronomical observations Penzias and Wilson wanted to build a receiver, the electronic business end of the telescope (a radiometer), which was equally sensitive, or at least as sensitive as they could possibly make it.


The amplifiers used in the receiver (similar to the ones Wilson had used in California) were cooled to 4.2 K using liquid helium, and Penzias devised a ‘cold load’, itself cooled by liquid helium to about 5 K, to calibrate the system. By switching the antenna from observations of the cold load to observations of the sky, they could measure the apparent temperature of the Universe (expected to be zero K) then subtract out known factors, such as the interference from the atmosphere above and the radiometer. What was left, they thought, would be noise due to the antenna itself, which they could then eliminate by whatever means proved appropriate (polishing it, maybe). Of course, what they hoped was that there would be no residual noise, that the telescope was working fine, and that they could get on with some radio astronomy.


In fact, something similar to this calibration had already been done, using slightly less accurate technology, and without the all-important cold load, by the engineers who built the horn antenna, to check that it was sensitive enough to do the job it had been designed for. One of them, Ed Ohm, had published their results in the Bell System Technical Journal in 1961. He reported that the temperature measured by the telescope when pointed at the sky was 22.2 K, with an uncertainty of plus or minus 2.2 K, meaning that it could be anything in the range from 20 to 24.4 K. His team’s calculation of the amount of noise in the system from the atmosphere, the residual heat of the radiometer and so on came out as 18.9 K, plus or minus 3 K, making anything from 15.9 to 21.9 K possible. Taking the middle of each range at face value, and subtracting one from the other, you would be left with 3.2 K as the temperature of the sky. But within these ranges of uncertainties, the two sets of numbers agreed with one another. So Ohm concluded that ‘the most likely minimum system temperature’ was therefore 21 ± 1 K. But as Penzias and Wilson refined their system, the errors became smaller and a gap grew between the expected measurements and the actual measurements. It soon became clear that the radiation coming from the antenna into the receiver was at least 2 K hotter than they could explain.


The pair did everything they could think of to remove any sources of interference in the antenna, including cleaning out the layer of droppings that had accumulated in it from a pair of nesting pigeons and sticking shiny aluminium tape over all the riveted joints; nothing made much difference. The mystery of the ‘excess antenna temperature’ continued to baffle them throughout 1964, putting their whole radio astronomy research project in jeopardy. But they still had time for other things, and in December 1964 Penzias made the acquaintance of a fellow radio astronomer, Bernard Burke, of the Massachusetts Institute of Technology (MIT), at a meeting of the American Association for the Advancement of Science, held in Washington, DC. Three months later, during a telephone conversation about something else, Penzias mentioned to Burke the continuing problems with the antenna noise. Burke told Penzias that he had heard that a team headed by Jim Peebles and Robert Dicke, working at Princeton University (just a half-hour drive away from Crawford Hill), was working on a project of their own which just might have some bearing on the problem. After talking things over with Wilson, Penzias called Dicke, who happened to be in a meeting with his colleagues – Peebles and two junior researchers, Peter Roll and David Wilkinson. Dicke listened intently to what Penzias had to say, occasionally making comments. As he put the phone down, he turned to his colleagues and said: ‘Well, boys, we’ve been scooped.’2


Unknown to Penzias and Wilson, the Princeton team was investigating the idea that the Universe had expanded from a hot, dense state which had left it filled with cold background radiation, radio noise in the microwave band. They were actually building a small radio telescope to look for this radiation. The next day, they made the 30-mile trip to meet Penzias and Wilson and to check out the radio telescope. They were quickly convinced that the Bell researchers had found this ‘relict’ radiation, that the ‘excess’ temperature was nothing to do with the antenna itself but was actually the temperature of the Universe at large. Penzias and Wilson were not so sure, not least because they favoured the steady-state idea, which said that on the largest scales the Universe is essentially eternal and unchanging. But they were relieved to be offered any kind of a scientific explanation for their measurements.


What, though, was this explanation? Dicke’s idea might be most succinctly described as ‘the Big Bang, but not as we know it’. Dicke, born in 1916, was from an older generation than Penzias, Wilson and his junior colleagues at Princeton. He had worked on radar during the Second World War and had developed an instrument known as a Dicke Radiometer to study exactly the kind of microwave radiation that would later attract the attention of Penzias and Wilson. Indeed, in 1946, while using such an instrument to study the radiation from the Earth’s atmosphere, he found that any ‘noise’ coming from straight overhead (that is, from space) must correspond to a temperature below 20 K; but at the time he was not thinking about cosmology, and by 1965 he had completely forgotten that he had made this measurement. He had become interested in the background radiation again because of a puzzle involving the origin of the elements – a recurring theme of the various strands of research described in this book.


By the middle of the 1940s, it was clear, as I shall explain in Chapter One, that most of the visible matter in the Universe is in the form of hydrogen and helium. Roughly 75 per cent of the stuff in bright stars and galaxies is hydrogen, some 24 per cent helium, and about 1 per cent everything else, including the stuff that planet Earth and your body is made of. Hydrogen is the simplest element, and each atom of hydrogen consists of a single proton accompanied by a single electron. Assuming that this is the basic building block of matter, astrophysicists puzzled over where everything else had come from.


The first person to apply cosmological ideas to try to calculate how the other elements had formed was George Gamow, a Russian émigré physicist then working at George Washington University in Washington, DC. Gamow was one of the first physicists to espouse the idea fully – based on the then-new evidence that the Universe is expanding (see Chapter Six) – that the Universe had been born in a hot, dense state, now known as the Big Bang. Gamow guessed that the Universe might have started out as a hot, dense gas of neutrons. These neutral particles are unstable and quickly decay, each one breaking down into a single proton and a single electron, giving a supply of hydrogen. If the conditions in the Big Bang were hot enough and dense enough, protons (hydrogen nuclei) could be forced together to form nuclei of deuterium (heavy hydrogen), a process known as fusion, with further collisions building up nuclei of helium, each of which consists of two protons and two neutrons. Gamow gave a graduate student, Ralph Alpher, the task of carrying out the calculations to see just how effective this process would be, and together they found that, although it would indeed be easy to make helium in this way, it would be very difficult to build up heavier elements before the expanding Universe cooled and fusion reactions stopped. Unabashed, Gamow, a larger-than-life character who never doubted his own ability, pointed out that the theory explained where 99 per cent of the visible Universe came from, and that the rest was a detail which could be left for other people to work out.


The work formed the basis of Alpher’s PhD thesis and was adapted into a scientific paper published in the journal Physical Review in 1948. Gamow, an inveterate joker, decided to add the name of his friend Hans Bethe as co-author of the paper (without Bethe’s knowledge) so that it would be signed Alpher, Bethe, Gamow, in tribute to the Greek alphabet (alpha, beta, gamma). Alpher was not exactly delighted at this dilution of credit for his first significant piece of work but had little choice in the matter. To this day it is known as the ‘alpha, beta, gamma’ paper. But at least his name came first. It was a key step in cosmology simply because it introduced the idea that you could do real calculations involving the Big Bang. But it left unanswered the question of the origin of all the elements except hydrogen and helium.


The puzzle of the origin of the elements (nucleosynthesis) was one of the reasons why an alternative to the Big Bang idea, known as the steady-state model, was put forward by Hermann Bondi, Tommy Gold and Fred Hoyle, also in 1948. The basic idea was that, although the Universe is expanding – so that the islands of stars known as galaxies are getting farther apart from one another – it has not expanded out of a hot, dense state a definite time ago but has always looked much the same. As it expands new matter, in the form of hydrogen atoms, appears in the gaps between galaxies and is incorporated into new stars and galaxies. Nucleosynthesis then takes place inside stars. This is a much slower process than the kind of Big Bang nucleosynthesis envisaged by Gamow and his colleagues, but since the steady-state model says that the Universe is infinitely old, time is not a problem. As we shall see, Hoyle, in particular, was instrumental in developing an understanding of stellar nucleosynthesis, and for a time in the late 1950s he was able to dismiss the Big Bang idea as unnecessary (incidentally, he coined the name ‘Big Bang’ in a BBC radio broadcast). But it turned out, as Hoyle himself found, that although stellar nucleosynthesis can indeed explain the 1 per cent, it cannot explain the origin of all the helium in the Universe. You need both Big Bang nucleosynthesis and stellar nucleosynthesis to account for all the stuff of the visible Universe. But that is getting ahead of our story.


Dicke didn’t like the idea that all the stuff of the Universe could have been made in a fraction of a second in a Big Bang; nor did he like the idea that matter is being continuously created in the spaces between galaxies. There was, though, a third alternative, known as the cyclic universe. In this picture, the amount of matter in the universe stays the same, but after a phase of expansion there is a phase of collapse, leading in to a hot, dense state just like the Big Bang, from which the universe bounces out, Phoenix-like, for another cycle.a


By the 1950s, it was clear that there are two families of stars in a galaxy like our own Milky Way, so-called Population I and Population II. Population II are old stars that contain relatively little in the way of heavy elements (to astronomers, all elements heavier than helium are known as ‘metals’). They are almost entirely hydrogen and helium. Population I are young stars that contain relatively high proportions of heavy elements (metals). The inference is that the younger stars have been made from material recycled from previous generations of stars and enriched (or dirtied) with metals – clear evidence for stellar nucleosynthesis. But for the cyclic (or oscillating) universe model to work, Dicke realised, the dense phase would have to be hot enough to clean up the universe by breaking all of these metals back down into hydrogen and helium. This led him to the idea that the Universe we see around us has indeed expanded from a hot, dense state, even if it was not a unique Big Bang. Sometime in 1964 he suggested to Jim Peebles, a colleague who had recently completed his doctorate, that Peebles might calculate the temperature required to do the job and the temperature of the resulting leftover radiation today. Peebles’ rough calculation suggested that the Universe today should be filled with a sea of microwave radiation at a temperature below 10 K, and Roll and Wilkinson were setting out to find this radiation when the call came from Penzias.


The upshot of the meeting between the two teams was that they produced a pair of papers which were published alongside each other in the July 1965 issue of the Astrophysical Journal. The paper by Dicke, Peebles, Roll and Wilkinson came first, setting out the theory of leftover radiation from a hot early Universe; then came the paper by Penzias and Wilson, prosaically titled ‘A Measurement of Excess Antenna Temperature at 4,080 mc/s’. It made no mention of the possible significance of the discovery except for the sentence: ‘A possible explanation for the observed excess noise temperature is the one given by Dicke, Peebles, Roll and Wilkinson in a companion letter in this issue.’ They were not yet ready to abandon the steady-state model! ‘We thought,’ said Wilson in his Nobel Lecture, ‘that our measurement was independent of the theory and might outlive it.’ In fact, according to Dicke: ‘Penzias and Wilson weren’t even going to write a paper at all until we told them we were writing one.’3 But in 1978, after many measurements at a wide range of wavelengths, by many teams of astronomers, had confirmed that what they had discovered really was the leftover radiation from the Big Bang itself, now with a temperature of 2.712 K, Penzias and Wilson shared the Nobel Prize for the discovery. It has been suggested that Penzias and Wilson would have been happy simply to have news of their discovery added to the Dicke, Peebles, Roll and Wilkinson paper, with their names as fifth and sixth authors.b If so, the Nobel Prize would probably have gone to Dicke. But don’t feel too sorry for him; there are other candidates worthy of your sympathy in this story.


Ralph Alpher didn’t stop thinking about the Big Bang after he completed his PhD. By then, he was working with another of Gamow’s protégés, Robert Herman, following up another of Gamow’s insights. Gamow had a happy, but sometimes (to his colleagues) infuriating, knack of coming up with profound insights based on incomplete, or just plain wrong, reasoning. In 1948, he came up with an idea that Penzias described as ‘wrong in almost every detail’, but which contained a profound truth.4 He realised that although the Big Bang had to be hot in order for nuclear fusion to work, it could not be too hot, or energetic photons (particles of light) would break helium nuclei apart as fast as they had formed. This sets a limit of roughly a billion degrees (109 K) at the end of the fireball phase that produced the helium, regardless of what conditions were like at even earlier times. Alpher and Herman took this idea and refined it, making it correct in almost every detail, and extended it by calculating that the leftover radiation from this fireball should still fill the Universe today, with a temperature of a few K; this result was published in 1948 in a short note in one of the most widely read scientific journals, Nature.5 They concluded that: ‘the temperature in the universe at the present time is found to be about 5 K’.


The suggestion is often attributed to Gamow himself, but this is wrong. According to Alpher and Herman: ‘although our good friend and colleague Gamow did not at first believe that our prediction of 5 Kelvin was meaningful, useful, or amenable to observation, and several years elapsed before he took it seriously, thereafter he wrote about the subject in a number of papers.’6 Gamow was also a great populariser of science and wrote about the idea in his books, leading to the widespread notion that he thought of it – an example, as Alpher and Herman point out, of the Matthew Effect.c In The Creation of the Universe (1952), for example, Gamow wrote: ‘we find Tpresent = 50 degrees absolute’, an overestimate based on a typically Gamowian arithmetical slip, but still something that ought to have made scientifically aware readers sit up and take notice. It is astonishing that Dicke and his colleagues were unaware of the work of Alpher and Herman prior to 1964, not least because Dicke had been working with microwave equipment in the 1940s. If he had read the paper by Alpher and Herman, even with the technology of the time (and a suitable cold load) he would have been able to detect the microwave background, and Alpher and Herman would have received due credit. Even stranger, both Wilson and Wilkinson have said that their early interest in science was stimulated by reading Gamow’s books, but the story of the background radiation seems to have passed them by.7


Naturally, Gamow, Alpher and Herman were deeply upset when the discovery made headline news without any mention of them – the first they knew of it was a front-page story in The New York Times. The resulting recriminations have been well documented by John Mather and John Boslough, two later players in the cosmic background game; there is no need to elaborate on them here.8 But a couple of other missed opportunities are worth mentioning.


As I have explained in my book In Search of the Big Bang, the string of missed opportunities to identify the background radiation goes right back to the early 1940s and studies of the spectra of starlight that has passed through clouds of interstellar material, a mixture of gas and dust. The way this light is absorbed, leaving lines in the spectrum, can reveal the temperature of those clouds, and through studies of a particular feature associated with molecules of cyanogen, Andrew McKellar of the Dominion Astrophysical Observatory in Canada inferred that these clouds had a temperature of between 2 and 3 K. The result was well known to astronomers, but nobody realised that the clouds were being kept at this temperature by being bathed in the background radiation, as if they were in a very cool microwave oven.


My favourite story of how people who should have known better missed the implications involves Fred Hoyle and George Gamow. In 1956, Hoyle was visiting La Jolla, California, where Gamow was also on a short-term visit, driving around in a brand-new white Cadillac convertible (an archetypal Gamow vehicle). At that time, Gamow, the prime mover of the Big Bang idea, was promoting the idea that the Universe was filled with a sea of radiation with a temperature of about 5 K, and Hoyle, the prime mover of the steady-state model, thought that there should be no such radiation. They had plenty to talk about. Hoyle told the story in an article in New Scientist in 1981:




There were times when George and I would go off for a discussion by ourselves. I recall George driving me around in the white Cadillac, explaining his conviction that the Universe must have a microwave background, and I recall my telling George that it was impossible for the Universe to have a microwave background with a temperature as high as he was claiming, because observations of the CH and CN radicals by Andrew McKellar had set an upper limit of 3 K for any such background. Whether it was the too great comfort of the Cadillac, or because George wanted a temperature higher than 3 K whereas I wanted a temperature of zero K, we missed the chance […] For my sins, I missed it again in exactly the same way in a discussion with Bob Dicke at the 20th Varenna summer school on relativity in 1961. In respect of the microwave background, I was evidently not ‘discovery prone’.9





Nor was anyone else, except Penzias and Wilson! And it seems Gamow really only had himself to blame for being scooped by the Bell team.


By 1964, even Hoyle had begun to have doubts about the steady-state model, at least in its simplest form. Because it had proved impossible to make the required amount of helium inside stars, he had been investigating the possibility of making the helium somewhere else, if not in a single Big Bang then in a series of ‘little bangs’ spread out across the Universe. He developed the idea with a junior colleague, Roger Tayler, and together they calculated that such a series of events would also have produced a sea of background radiation – Hoyle, of course, knew all about the work of Alpher and Herman, but had arrived at the same conclusion by a different route. Somehow, though, even in 1964 he did not link this with McKellar’s observations. In the first draft of the paper that Hoyle and Tayler prepared for publication, they included a prediction of the cosmic background radiation; Hoyle took this out before publication, although Tayler, as he told me much later, wanted it kept in.


But the closest near miss in the saga of the discovery (or non-discovery) of the background radiation came from Russia. In a flurry of work mostly being carried out over a few months and published in 1964, Soviet researchers put together all the pieces of the puzzle except one. Yakov Borisovich Zel’dovich, one of the towering figures of Soviet-era science, had carried out calculations similar to those of the Gamow team and concluded, like them, that the Universe must have started in a hot Big Bang which had left a relict radiation with a temperature of a few K. He even knew of Ohm’s paper in the Bell System Technical Journal, but misunderstood Ohm’s conclusion, as we shall see. A less exalted Soviet astronomer, Yuri Smirnov, calculated a temperature for the background radiation in the range of 1 K to 30 K, and, jumping off from his calculations, Andrei Doroshkevich and Igor Novikov wrote a paper in which they pointed out that the antenna best suited for the job of detecting this radiation would be the horn antenna on Crawford Hill. The reason why none of the Russians realised that Ohm had already found this radiation was because something had been lost in translation. Ohm’s paper said that he had measured the temperature of the sky to be about 3 K. He meant that after he had subtracted out all other possible sources of radio noise, he was left with a 3 K background. But by coincidence, the effect of the atmosphere on the antenna, one of the things that Ohm had subtracted out, is also about 3 K. The Russians thought that Ohm meant that he had measured this temperature, so they subtracted it out again and were left with nothing. Today, such confusion would quickly be sorted out by email, but communications between scientists in the Soviet Union and the United States were severely restricted in the early 1960s.


In spite of all the false starts and misunderstandings, though, the cosmic microwave background radiation was discovered. Over the following years and decades, it was studied in increasing detail, and some of the fruits of those investigations will be described in Part Two of this book. The essential point is that this radiation, with a temperature of 2.712 K, tells us that the Universe as we know it had a definite beginning a finite time ago. But when? This is where the story really begins.


Footnotes


aDicke’s oscillating universe model was actually a little more complicated than this, but since it was wrong I won’t go into the details.


bThe suggestion came either from Penzias or from Wilson, but I have mislaid the source.


c‘For unto every one that hath shall be given, and he shall have abundance: but from him that hath not shall be taken even that which he hath.’ (Matthew 25:29, King James Version)
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