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1 – The Poetry of Reality

A rose makes us aware that nothing and nobody stands alone. The more we know about how things in the universe relate to each other, the more mysterious the world seems to us.

2 – A Marble in the Cosmos

The Earth rises over the Moon and we see the universe as it is being born. Much greater spaces are concealed behind the visible cosmos. Reality is quite different from how it seems to us.

3 – Riding on a Ray of Light

A young man wonders what light is, and his reflections on light explain the world to him. Time and space are revealed. But when Albert Einstein dies, light is still a mystery.

4 – The World Spirit Fails

A hurricane sweeps across Germany, a storm no one saw coming. Reasons why the world is unpredictable, and praise of the creative universe.

5 – A Crime Story

A villainous gang is raiding flats in London and New York. Although the burglars were not able to arrange things with each other, their raids are perfectly coordinated. Investigator Glock is looking for a secret plan, but cannot find one. His conclusion: all the places in the world are in reality one place.

6 – Is the World Real?

A hammer hits a thumb. But the hammer, like all matter, consists of emptiness. How can nothingness hurt like that? And then – does the nothingness exist at all?

7 – ‘Who ordered that?’

We live in a shadow world. No matter where we look, there is twenty times more than appears to us. More of what? We have no idea. But without dark energy, without dark matter we couldn’t exist.

8 – How Time Passes

A greying beard makes you wonder why the past can never come back. We experience the passing of time because we are not omniscient. The universe is growing older as well.

9 – Beyond the Horizon

The night is dark because the world had a beginning. Since then the universe has been expanding. Space is bigger than we can imagine. Thoughts on being amazed.

10 – Why We Exist

In each of us one of the most astonishing characteristics of the universe appears: intelligent life is not only possible but even probable. How can anyone maintain therefore that we are meaningless?
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NOTES

Chapter 1

Poe’s disparaging opinion of science is astonishing, as he himself looked into the problems of cosmology and came to some original conclusions. In his prose poem ‘Eureka’, published in 1848, he anticipated ideas that much later became part of science. Poe talked about an expanding universe that began with a ‘big bang’, and also solved the problem of the dark night sky that is dealt with in Chapter 9 of this book. Did Poe distrust his own enthusiasm for physics?

Genetics, which my fellow speaker at an event at the Munich Literaturhaus in 2000 feared would give us the complete decoding of humanity, has shown us how science poses dozens of new problems for every one it solves. In recent years, for example, the extent to which the living conditions of an organism change its genes has become impressively apparent. The underlying mechanisms are extremely complicated and still largely unknown. And it is out of the question – or as good as – that we will ever succeed in controlling the living conditions of a human being under laboratory conditions and thereby create something like a transparent person with no secrets.

Richard Feynman lived from 1918 to 1988. He was one of the most versatile physicists of the 20th century. He was awarded the Nobel Prize in 1965 for his contributions to quantum field theory, which describes the formation and destruction of elementary particles.

The chronology of the accumulation of oxygen in the atmosphere is described by Lyons, Reinhard and Planawsky in Nature 506 (2014). For the perception of light by cyanobacteria, see Schuergers and others, eLife 5 (2016).

The metaphor of knowledge as an island in the ocean of ignorance goes back to the distinguished Austro-American physicist Victor Weisskopf (1908–2002). He made his name with contributions to theoretical nuclear physics and campaigned against nuclear weapons testing after the Second World War.

The British biologist J. B. S. (John Burton Sanderson) Haldane lived from 1892 to 1964. He established the field of population genetics, thus providing the modern basis for the theory of evolution. Beyond that, he was a prolific writer, publishing political essays, works of popular science and a children’s book. In protest against the attitude of the British government during the 1956 Suez crisis, he emigrated to India, where he spent his final years as head of research at the Indian Statistical Institute in Calcutta.

Chapter 2

The Earth rising over the Moon was photographed by the astronauts of Apollo 11.

The woodcut ‘Traveller on the Edge of the World’ comes from Camille Flammarion’s book L’atmosphère, Paris, 1888.

The photograph of the cosmic background radiation comes from the European Planck space probe.

That the cosmic background radiation can indeed be captured with materials from a DIY store was demonstrated by two Berlin schoolboys. Timo Stein and Christopher Förster even managed to measure the properties of background radiation with a satellite dish they had adapted themselves. They described their setup in Sterne und Weltraum magazine, July 2008.

The speed at which the universe is expanding can be determined using the speed at which distant galaxies appear to be moving away from Earth. That this speed is greater than the speed of light does not contradict the special theory of relativity. That simply asserts that no object can move faster than light through space. In the case of the expansion of the universe, however, it is space itself that is changing.

Chapter 3

Astronomers in the 18th century already knew that light cannot travel infinitely fast. As early as 1729, the English astronomer James Bradley noticed that he had to shift his telescope slightly in order to observe a star that was directly above him – just as a hunter has to aim in front of a running hare for the bullet to hit it. (The hunter would only be able to aim directly at the hare if the bullet were infinitely fast.) Bradley explained this otherwise inexplicable ‘aberration of light’ with the movement of the Earth around the Sun and the finite speed of light, which he set with astonishing precision at 301,000 kilometres per second. Furthermore, the starlight clearly always arrived at the same speed. Whether the Earth was speeding towards a star or, later in the year, moving away from it, the light did not seem to notice. That was more than surprising.

The wave theory of light could explain many phenomena, such as interference and diffraction, but swiftly ran into trouble because no one could say what the nature of light waves actually was. In order to save their theory, 19th century physicists believed – more out of desperation than with good reason – that a rarefied element filled cosmic space. They called this substance ‘the aether’. But in 1881 the American physicist Albert Michelson put an end to the aether. In a famous experiment that he carried out in Potsdam, he sent one ray of light off to the north and a second to the west. If the aether did exist, then the Earth, in its journey around the Sun, would plough through it from east to west, in which case the ray heading westward would feel a kind of headwind and be slowed down in comparison with the one going north. But Michelson established that both rays spread out at the same speed. The aether cannot exist. The American chemist Edward Morley confirmed this result when he repeated Michelson’s experiment in 1887 with an improved configuration.

Robert Friedmann presents an interesting picture of the Nobel Prize Committee that was to honour Einstein in Europhysics News, July–August 2005.

The explanation of the special theory of relativity through two flashes of lightning that strike in front of and behind one moving and one stationary observer comes from Einstein himself. He used the image of a train travelling very fast towards one flash of lightning and away from the other. For the passenger in the train, the two flashes appear one after the other, for the observer beside the track simultaneously.

The way time is stretched in a moving object from the point of view of a stationary observer can be made clear by the famous twin paradox: if one of a pair of twin sisters heads off to a distant destination in space as a young girl, she will return as a woman in the prime of life. Her sister who remained on Earth will be an old woman by then. The travelling sister’s heartbeat will have slowed down on the way, her days will have grown longer and her first grey hairs appeared later. The reason: both sisters can only measure the same speed of photons. But as seen by the observer on Earth, a flash of light in the spaceship travels a slightly longer distance, because the spaceship is moving. In order to compensate for this difference, time must pass more slowly for the traveller.

Einstein made his remark about not being sure whether ‘the Lord God was pulling his leg or not’ when he discovered the equivalence of mass and energy to the Swiss physics teacher Conrad Habicht. The two men had got to know each other in Schaffhausen, where in 1901 Einstein was temporarily earning his living as a private tutor. Habicht and Einstein remained friends throughout their lives.

Chapter 4

With his work, Pierre-Simon Laplace (1749–1827) created the basis for probability theory and analysis. He also proved that planetary orbits are in general stable, which was doubted at the time. He also served as Napoleon’s minister of the interior, an office in which he displayed such unbearable pedantry that Napoleon dismissed him after only six weeks.

For those interested, the Schrödinger equation is given below:
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The equation indicates how the N-particle wave function Ψ (r,t) develops in time. This wave function, as a solution of the Schrödinger equation, fully describes the quantum mechanical state of the system. It allows us, for example, to deduce the probability of the location of each particle.

i is the imaginary unit, ħ the reduced quantum of action, r the position vector of the N particles r = (r1, r2, … rN) and, as usual, t stands for time and ∂/∂t for the partial derivative with respect to time. Ĥ is the Hamiltonian for the system of N particles that consists of Ne electrons, and NA atomic nuclei:

[image: illustration]

m is the mass of the electron and e the electron charge. Ma is the mass and Za the number of protons in the nucleus a. ∇i stands for the derivative with respect to the coordinates of location of particle i. The first sum in the Hamiltonian describes the kinetic energy of the electrons, the second sum the kinetic energy of the nuclei, the third sum the Coulomb interaction between the electrons and nuclei, the fourth the Coulomb interaction between the electrons, the fifth the Coulomb interaction between the nuclei. Relativistic effects have been ignored because they have no part to play under everyday conditions. In order to make the whole clearer, non-relativistic gravity and the effect of electromagnetic radiation have been omitted, but there is no problem adding them. With its Schrödinger equation and the wave function at a random point in time t0 as the initial condition, the dynamics of the system are completely determined.

We have Claude Shannon (1916–2001) to thank for modern information theory. He was a scientist with an unusually wide range of interests: when he was 21, he developed the fundamentals of the integrated circuit on which today’s computer technology is based; during the Second World War, he worked on cryptography; and in 1950 he built an electronic mouse that could find its way around a maze and is regarded as the first robot with a capacity to learn. In his free time, Shannon amused himself by riding a unicycle, juggling and using his understanding of game theory to win large sums of money at blackjack in Las Vegas. He published his groundbreaking thoughts on the possibilities of chess computers in The London, Edinburgh and Dublin Philosophical Magazine and Journal of Science 41, 1950.

For an analysis of the mistakes in the forecast of the Lorenz hurricane see: Majewski and others, Monthly Weather Review 130, 2002.

Chapter 5

In the literature on quantum mechanics, the two observers of entangled states who are apart from each other are generally called Alice and Bob, like Mr and Mrs Aspect in the crime story.

Alain Aspect, born in 1947, worked in the optics laboratory of the Université Paris Sud. The experiments in which entangled photons were sent from one island in the Canaries to another, or to Austria and China, go back to the Viennese physicist Anton Zeilinger, born in 1945. He too was a pioneer in quantum optics. Aspect and Zeilinger received all the important awards for physics, apart from the Nobel Prize.

Entanglement occurs everywhere in nature; the phenomenon always appears whenever elementary particles interact randomly. For the experiments described, the entanglement has to be established in a controlled way. The simplest way to do this is by sending a laser beam into special crystals, such as barium borate. When this is done, the atoms in the crystal become excited so that the original ray of light is divided into two partial rays. Now every photon in one partial ray has an entangled partner in the other.

Spin is a characteristic of elementary particles that does not exist in classical physics. The spin of electrons and other particles with mass is measured by an experimental arrangement that was designed in Frankfurt by the German physicists Otto Stern and Walter Gerlach in 1922. The particle is sent through a magnetic field; because spin links up with the magnetic field, the particle is then diverted either up or down. The spin of a photon can be established with polarisation filters.

In Aspect’s experiment, the spins of two paired photons were opposed to each other. In order to get corresponding answers, an upward spin is measured in one photon, a downward spin in the other, or vice versa.

One might suspect that entangled particles allow effects to be transferred faster than light and that entanglement therefore contradicts the special theory of relativity, according to which no effect can spread faster than light. But there is no contradiction. Cause-and-effect means that an earlier, known event sets off a later event. In quantum mechanics, however, there are no events that are known in advance. Events occur randomly, and only when a system is subjected to a measurement at that. Therefore two observers – let’s call them Alice and Bob – cannot send a message to each other by entangled particles alone. When Alice establishes by measuring her particle that there has been an event, all she knows is that Bob must notice a corresponding event on his particle. But she is unable to manipulate her particle in such a way that she can say in advance what event Bob will observe. Nor does she know what will happen on her side. So because Alice does not know what events will occur, she cannot cause an effect on Bob’s side. That means, therefore, that the simple fact of entanglement is not enough to transmit information; the special theory of relativity remains in force.

John Bell, born 1928, worked on particle physics at the CERN European research centre in Geneva. He died from a stroke in 1990. That same year, he was nominated for the Nobel Prize.

The three questions in the crime story correspond to three different measurements of the spin of two entangled particles, where the axes of the three measurements are each at an angle of 120 degrees to one another. In this case, the result brought about by Glock corresponds exactly to the argument deduced by Bell: on the assumption of a hidden plan, the measurement will agree with a probability of 5/9, but when such a plan is absent with a probability of 1/2.

The idea that space develops through quantum mechanical entanglement was developed within the framework of string theory. Much discussed in recent years, string theory is an attempt to unite quantum mechanics and the theory of relativity. High-profile supporters of the idea that spacetime arose through entanglement are the American string theorists Juan Maldacena and Leonard Susskind; see for example Maldacena and Susskind in Fortschritte der Physik 61 (2013).

Chapter 6

It was contemporary philosopher Nick Bostrom at Oxford University who proposed that the reality we experience is a computer simulation from a post-human civilisation.

Buddhist conceptions of reality were already described in the discourses of the Buddha and later developed further. Central to them is a concept called shunyata; this word can best be translated from the Sanskrit as ‘emptiness’. See Nishitani Keiji, Religion and Nothingness, University of California Press, Berkeley, 1982.

In classical western philosophy, the Roman poet Lucretius speaks of ‘simulacra’, in line with the epistemology of the 1st century BC. These simulacra are very fine skins that peel off the outer surface of all things, leaving an impression on the eye. That is how we come by our perceptions, Lucretius explains, in his didactic poem ‘De rerum natura’ (On the Nature of Things).

Filmmakers of the 20th century have taken up this concept. In Rainer Werner Fassbinder’s World on a Wire (1973), which in many respects anticipated The Matrix, the characters are forced to accept that the world is just a ‘simulacrum’ – an illusion created by a computer. Neo, the main character of The Matrix, hides his secret software in a book by the French philosopher Baudrillard with the title Simulacra and Simulation.

Ernest Rutherford’s dark premonition that with an atomic chain reaction one could ‘make the world go up in smoke’ is reported by Richard Rhodes in his fascinating chronicle The Making of the Atom Bomb, 1986.

As with all experimental data, there is a detection limit for the measurements of particles. At the moment it is at 10-18 m. Given that limit, we can rule out elementary particles having dimension. In current theories, elementary particles are assumed to be points.

The Higgs field is a so-called scalar field. Scalar fields attribute a unique number to every point in a space. So the distribution of temperature in a room, for example, is indicated by a scalar field. All known particles apart from the Higgs, on the other hand, have to be described by vector fields – they have linear momentum and an intrinsic angular momentum, the spin. The Higgs lacks those characteristics, which means it is a fundamentally new type of particle. Whether there is just one kind or several kinds of Higgs particles remains an open question.

Leibniz speculated about the void in The Principles of Nature and Grace Based on Reason (1714).

Chapter 7

The gravity lens Abell 1689 is formed by the direct and the Einstein Cross by the indirect effect of dark matter. With Abell 1689, it is the dark matter itself that diverts the light from the surrounding stars. The galaxy at the centre of the Einstein Cross warps the light of the quasar behind it above all through the gravitational effect of the stars concentrated in the centre of the galaxy bthe stars concentrated in the centre of the galaxy. But this tight packing of stars is only stable because it is held together by a powerful halo of dark matter – see Trott and others, Monthly Notes of the Royal Astronomical Society 401 (2010).

The photograph of Abell 1689 shown here was transmitted to Earth from the Hubble space telescope.

Dokkum and others have described the dark twin galaxy of the Milky Way in Astrophysical Journal Letters 826 (2006).

An estimate of the amount of dark matter constantly hitting and passing through the Earth is given by Gaitskell and others in Annual Review of Nuclear and Particle Science 54 (2004).

Lisa Randall and Matthew Reece describe their theory in Physical Review Letters 112 (2014). See also Lisa Randall’s book Dark Matter and the Dinosaurs, HarperCollins, 2015. The clustering of cometary impacts asserted by Randall and others is disputed. For example, in 2011 scientists at the Heidelberg Max Planck Institute for Astronomy came to the conclusion that the apparent periodicity of the impacts is just the result of statistical artefacts and that there is no such correlation.

Muons, which once confused Rabi and his colleagues, are exotic particles with a life of only a few millionths of a second. Under normal circumstances, muons are unimportant for the behaviour of matter; the fact that they exist disrupted the much simpler construction set of particle physics that was known at the time. They also have their place in the Standard Model.

Einstein believed in a static universe, but recognized that his field equations for the general theory of relativity generally resulted in an expanding universe. He therefore added a constant to his equation that was intended to counteract the expansion. This constant describes a pressure of empty space and corresponds to what we today call dark energy. However, Einstein quickly realized that the cosmological constant could not do what he hoped it would. The statistical solutions of the modified equations are not stable against perturbations. A minor change in the parameters immediately results again in an expanding universe. Therefore he withdrew from his attempt. Today we know that his presumption of a stable universe was wrong.

The dark energy in the universe corresponds to the energy of seven protons per cubic metre. The dark energy of an empty space the size of all the oceans is thus far less than the energy of a drop of water.

Chapter 8

The only known exception to the indifference of the fundamental laws of nature to the direction of time concerns the decay of certain building blocks of the atomic nucleus under the influence of the weak interaction. With these processes of decay, the validity of the laws of nature during time reversal is only retained when at the same time space is mirrored and matter replaced by antimatter. This so-called CPT invariance is a fascinating phenomenon, but otherwise of no importance. As long as there is no degradation of the nucleus, the laws of nature allow time reversal.

Boltzmann’s most vehement opponent was the Viennese physicist Ernst Mach (1838–1916), whose work on mechanics prepared the way for the theory of relativity. The comparison with a bullfight was made by the Munich physicist Arnold Sommerfeld (1868–1951), a pioneer of atomic physics.

The cellular mechanism of hair turning grey is described by Emi Nashimura and others in Science 307 (2005).

The second law of thermodynamics can be formulated in various ways. The formulation of the second law given here is especially vivid and comes from the renowned German physicist Max Planck (1858–1947). Strictly speaking, it ought to say ‘almost never’. Fluctuations in the system can in fact reduce its entropy temporarily, but in the long term they are irrelevant.

Chapter 9

The observation that a night sky that is infinite in time and space cannot be dark is called Olbers’ paradox after Heinrich Olbers (1758–1840), a doctor and astronomer from Bremen, who described the problem in 1823. However, the issue was already known to Kepler. Olbers’ formulation rests on the plausible assumption that the shining objects in the universe are, on the whole, regularly distributed. The paradox cannot be resolved with the idea that cosmic clouds of gas or dust absorb the radiation. As the British astronomer John Herschel (1792–1871) recognized, after a certain time a thermal balance must ensue in which the cloud emits as much radiation energy as it absorbs.

Edwin Hubble (1889–1953) spent his whole working life at the Mount Wilson Observatory in the mountains near Los Angeles. When he took up his position there in 1919, astronomers still believed that the universe consisted of the Milky Way alone. Hubble was the first to realize that there are galaxies outside our own. In 1922 and 1923, he made the seminal discovery that objects such as the Andromeda nebula were much too far away to be part of the Milky Way. Six years later, he detected the red shift in the light of distant heavenly bodies, from which he concluded that the universe was expanding. In his honour, the correlation between the distance to a galaxy and its recessional velocity is today called Hubble’s Law.

Incidentally, Hubble explained his measurements with the well-known Doppler effect: he claimed that the wavelength of light coming from distant and therefore fast-moving stars changed in the same way that the siren of an ambulance will sound slightly deeper if is moving away than if it is approaching. However, the analogy doesn’t work: the ambulance is moving through space, while the red shift of the starlight comes from the fact that space itself is changing its size. Hubble had misunderstood the theory of relativity.

Even though the whole of modern cosmology rests on his pioneering achievements, Hubble was refused the Nobel Prize because at the time the prize committee was not yet allowed to honour work in astronomy.

The warp of the universe can be worked out from data on the cosmic background radiation collected by the WMAP and Planck space probes. To do so, physicists also exploit the fact that the cosmic background radiation shows tiny irregularities. These so-called fluctuations came from the pressure waves that were running across the universe when the cosmic background radiation arose. The measurements of such waves can be derived from the acoustic velocity in the early universe, which comes from the known natural constants. The figures calculated for the fluctuations are then compared with the data sent by the space probes. In a warped universe, the fluctuations would appear as if distorted through a lens, that is to say, they would look larger or smaller than expected. In fact, however, both the calculated and the observed measurements of the fluctuations agree precisely. From that it follows that the universe is flat.

Various estimates of the minimum size of the universe are given by Vardanya, Trotta and Silk in Monthly Notices of the Royal Astronomical Society: Letters 413 (2011), Caspar Douspi and Ferreira in Physical Review D 68 (2003), as well as Silk in his book The Infinite Cosmos: Questions from the Frontiers of Cosmology, OUP, London & New York (2006).

The reflections on probability during the frequent repetition of an experiment involving chance are easy to reproduce mathematically using a game of dice as an
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