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‌Introduction

   We live between fire and ice, between immensity and the unimaginably small, between the vacuum of space and the dark heat and pressure of deep rock. We live in moderation because life such as ours demands it. Our eyes see only a narrow band of the spectrum and our ears hear only a certain range of sounds because these modest sensory windows best serve our chances of survival. In size, in terms of orders of magnitude, we occupy the middle ground between the smallest conceivable thing and the universe in its entirety.

   But this book isn’t about the moderate or the middling. It’s an unabashed celebration of extremes. It asks: what’s the brightest light on Earth, the coldest place in the universe, the blackest material ever made, the lowest sound? It probes the boundaries of size and speed, depth and density, and reveals the stickiest, sweetest, smelliest and most poisonous substances known to science. Ka-boom! looks at the limits of what’s been achieved, and what’s possible, in both the human and natural world. In doing so, it presents not just a roll call of remarkable facts but also an exploration of the science behind the outer limits of the real world.

   We may be average in many ways but our curiosity and desire to explore are boundless. Even as children we ask: Where does the universe end? How deep could you dig a hole? What was the biggest dinosaur? Sometimes there’s a practical aim in pushing the envelope of what’s possible. New ways to hold vast amounts of information, materials that can withstand higher and higher temperatures – everything from non-stick surfaces to the latest smart phones are the products of investigating extremes.

   More scientific and technical records will fall in the years ahead as we grapple with climate change, pollution, food security and other existential threats. A chemical sponge has been developed that can absorb up to ninety times its own weight in spilled oil and then be squeezed out and used again. The highest sustained temperatures on Earth will eventually be used to generate vast amounts of clean energy. But we don’t always need a reason to push the envelope of current possibilities or to enquire as to what lies beyond the known: it’s in our nature to wonder what’s over the next horizon. So, fasten your seat belt, open your mind and prepare for a ride to the edge of the achievable.

  

 
  
   
‌Physics

  

 
  
   
‌Chapter 1

   How Low Can You Go?

   Try to sing the lowest note on a grand piano and you won’t even come close. Now imagine being able to hit a note that’s a whole keyboard’s-width lower. American singer Tim Storms doesn’t have to imagine it: he holds the Guinness World Record for the lowest voice of anyone on Earth.1 On March 30, 2012, he produced a sound that was slightly more than seven octaves below the bottom note on a grand piano. The sound was so low – just 0.189 hertz (cycles per second) – that his vocal cords, twice as long as those of an average adult male, were vibrating just once every five seconds. That’s well into the infrasound range, below about 20 hertz, which is undetectable to human hearing.

   Although most musical instruments aren’t designed to play outside our normal auditory range – for obvious reasons! – some can produce infrasonic notes. One of these is the octobass, a gigantic version of the double bass.

   The first octobass, built in Paris around 1750 and now on display in the Musée de la Musique, has three strings and stands 3½ metres (11½ feet) tall. A system of levers and pedals, connected to metal clamps on the neck, enables the player to fret the required notes while bowing in the conventional way. Only four functioning octobasses exist in the world today and only one, owned by the Montreal Symphony Orchestra, is ever used in performances.2 The lowest open string on the Montreal instrument sounds the note A0, with a frequency of 27.5 hertz, but an octobass at the Musical Instrument Museum in Phoenix, Arizona, fitted with modern wire-wound strings, is tuned to produce a lowest note of C0 (16.4 hertz), in the infrasound range.

   Large pipe organs can go down to C-1, or 8 hertz, which may seem pointless. However, just because we can’t hear something that low doesn’t mean we can’t be affected by it. In 2002, a live experiment called ‘Soundless Music’ was carried out to explore the psychological effects of infrasound.3 Under the guise of a concert featuring a variety of electronic and deep bass sounds, an infrasound generator was incorporated into the mix. Afterwards, people in the audience were asked to describe what they experienced. Many reported feelings of anxiety and foreboding, along with cold and tingling sensations. In the setting of a church or cathedral, it isn’t hard to see how the lowest notes from an organ could evoke a similar emotional response that might be taken to be the effect of a supernatural or spiritual presence.
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      The octobass of the Montreal Symphony Orchestra.

     



   

   French scientist Vladimir Gavreau became a pioneer of infrasonic research following his unexpected encounter with ultra-low sounds in 1957. He and his team of acoustical engineers were working in a large concrete building when the group began experiencing bouts of nausea, at first assumed to be due to chemical fumes or some pathogen in the air. Weeks of investigation revealed the true source of the problem: a loosely mounted low-speed motor. The team built special equipment to detect the vibrations from the motor and eventually tracked the cause of their nausea down to infrasound waves with a frequency of 7 hertz. These waves from the motor induced a resonance in the ductwork and structure of the building, which amplified the original sound and led to its unpleasant physiological effects. The discovery triggered a wave of research into building acoustics in the ultra-low-frequency regime. Today, it’s routine in new architectural schemes to test for and eliminate any infrasonic resonances and use sound-proofing where needed along with materials with special sonic properties.

   Although the normal limits of human hearing are roughly 20 to 20,000 hertz, depending a lot on the individual and their age, some animals can hear much lower (and higher) sounds than we can. With their giant ears and bodies it comes as no shock to learn that elephants are among the heavyweights of the low-frequency domain, able both to detect and produce sounds down to 16 or even 12 hertz. Because ultrasound can travel far without much attenuation, elephants can use it to communicate over long distances. This may explain how groups of elephants, several kilometres apart, are able to travel along parallel paths, change direction simultaneously, and move towards each other in order to meet. Baleen whales, such as the blue whale, take infrasound communication to an extreme. Their low-pitched vocalisations can be detected over areas as large as an ocean basin.

   Less obviously, ferrets, goldfish and some types of bird can sense infrasound. Experiments with homing pigeons have shown that they can respond to frequencies as low as 0.05 hertz. It seems they can use infrasound, produced by natural events, and which reverberate off the land and atmosphere, in their navigation. Where the local terrain or temporary atmospheric conditions, such as a temperature inversion, interfere with infrasound transmission, the birds lose their sense of direction.4

   Thunderstorms, avalanches, volcanoes, large ocean waves, earthquakes and geomagnetic storms are among the powerful phenomena in nature that generate infrasonic waves. These waves, travelling quickly through the Earth, can be picked up by animals in advance of an impending disaster, and even serve as a warning that something destructive is on its way.5 The earliest reference to animal behaviour of this kind comes from Greece in 373 bce, when rats, weasels, snakes and even centipedes were seen to flee their homes and head for safety ahead of a destructive earthquake. In China, in the winter of 1975, an earthquake forecast was made based partly on unusual animal activity. As a result, many people chose to sleep outside their homes and were thus spared when a large earthquake did strike shortly after.

   On December 26, 2004, captive elephants at a tourist site near the coast in Thailand began trumpeting and wailing in the early morning for no obvious reason. They broke their chains and stampeded up a nearby hill, pursued by trainers awakened by the commotion. But then the trainers heard a far more terrifying sound: the crash of an enormous wave as it smashed onto the shore, overwhelming everything in its path. More than 200,000 people were killed that day by a tsunami that had been triggered by an undersea earthquake.

   We’re all familiar with the squeaky, high voices of people who’ve inhaled helium. But other gases produce the opposite effect. Breathing in pure oxygen instead of ordinary air will give you slightly lower tones than normal, but to enjoy speaking with a really deep, Morgan Freeman-like bass for a few seconds one option would be to suck in some sulphur hexafluoride. (Don’t try it at home, though: this gas can irritate your throat and lungs.)

   The key factor affecting the pitch of voice is the speed of sound in the gas that passes over your vocal cords. The vibrating cords set up oscillations in the vocal tract which include the fundamental, or lowest frequency, together with a series of harmonics, or multiples of the fundamental. The speed of sound in helium is about 972 metres per second – nearly three times greater than the speed of sound in ordinary air. Because speed is proportional to frequency, the result is that when helium fills the vocal tract the frequencies of the resonant harmonics increase several-fold and a much higher-sounding vocal pitch is produced. The opposite is true in the case of sulphur hexafluoride, in which the speed of sound is a mere 133 metres per second, well under half the equivalent speed in air.

   The lowest sounds ever detected, however, come not from anywhere on Earth but from sources that lie far away in space. At a distance of about 250 million light-years is the Perseus cluster of galaxies. It’s one of the most massive known objects in the universe, containing thousands of galaxies immersed in a vast sea of multimillion-degree gas. Near its centre dwells the galaxy NGC 1275 – a brilliant source of radio waves and X-rays, powered by a supermassive black hole. The black hole blows bubbles in the charged gas surrounding it, which in turn causes ripples to spread outward through the hot, thin medium of the Perseus cluster. The ripples are visible in the X-ray region of the spectrum and are the equivalent of sound waves propagating through air. The time between each wave is a staggering 9.6 million years.6 In musical terms that equates to a B flat fifty-seven octaves below middle C on a piano – a billion times lower than anything the human ear can detect.

  

 
  
   
‌Chapter 2

   Slo-o-o-w

   The three-toed sloth has a well-earned reputation for being one of the slowest animals on the planet. It’s certainly the slowest-moving mammal, creeping – when it moves at all – through its treetop habitat at an average speed of about 4 metres a minute. The sloth’s metabolism, fuelled by leisurely munching on leaves and twigs, is as pedestrian as its lifestyle. It takes around a month for a single leaf to pass through the four-chambered stomach and digestive tract, and the creature needs to defecate only once a week or so, at which time it expels about a third of its total body mass in faeces and urine.

   Just about the only time a sloth moves quickly is when it falls, which is surprisingly often. About once a week on average, the creature loses its grip and plummets to the ground. It might drop as much as 30 metres, or roughly the height of a ten-storey building, and reach a speed of 24 metres per second at the point of impact. But sloths are tough and unflappable, and generally crawl back up into their arboreal home, none the worse for wear.

   On a large scale, everything about the sloth is sluggish (except for their occasional unscheduled tumbles). But it’s a different matter when we descend to the sub-microscopic level. As much as 70 per cent of a sloth’s body is made up of water in which the molecules are darting around at about 600 metres per second or 1,300 mph.

   All the things around us are made of atoms or molecules that are moving quickly – vibrating fast in the case of solids or barrelling along freely at high speed in gases and liquids. Strange as it may seem, one of the best ways to slow the particles in a substance way down is to employ the fastest things in nature – photons, travelling at 300,000 kilometres per second. In 2021, researchers in a lab at the University of Colorado used laser beams to chill a group of yttrium monoxide molecules to the lowest temperature ever achieved and thereby almost halt their motion.1 The process is done in stages, steadily isolating the coldest and therefore slowest molecules so that, in the end, the 1,200 left are at just a millionth of a degree above the lowest temperature possible – absolute zero. They move so slowly that it would take them about an hour to cross from one side of a room to the other.

   Among the longest experiments ever carried out, and one that’s still running, is also the most boring because hardly anything ever happens. It started in 1927 when Thomas Parnell, the first professor of physics at the University of Queensland in Brisbane, Australia, heated a sample of pitch (a derivative of tar) and poured it into a glass funnel with a sealed stem. Three years were allowed for the pitch to settle, then, in 1930, the sealed stem was cut. From that date on the pitch has slowly oozed out of the funnel – so slowly that, up to the present time, only nine drops have fallen. The last one detached itself in April 2014, and, for the first time, was captured on camera.

   The experiment stands in a display cabinet in the foyer of the Department of Physics at the University of Queensland demonstrating for all to see the fact that pitch, though it feels like a solid and is brittle enough to smash with a hammer, is really a fluid of very high viscosity, about 100 billion times that of water. If you’re patient, you could be among the lucky ones to witness the fall of the next drop: a live webcam is trained on the famous black goo night and day. A similar experiment, at Aberystwyth University in Wales, was recently found to have been running since 1914, predating the Queensland set-up by thirteen years. But its pitch is stiffer and, even after a century, has failed to bear fruit. In fact, it’s only just entered the stem of its funnel and is unlikely to produce its first drip for at least another 1,200 years.
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      The University of Queensland pitch drop experiment in 2012.

     



   

   If that seems mind-numbingly slow, it’s nothing compared to some other processes in nature. Xenon-124 is a radioactive isotope of the element xenon, a rare and highly unreactive gas. The half-life of xenon-124 – the time taken for half of the atomic nuclei in a collection of the isotope to decay – is about a trillion times longer than the present age of the universe. It’s the slowest process ever witnessed by direct observation.

   You may be wondering how something that takes on average about 160 trillion years to happen could ever be detected. It came about as a by-product of the search for another elusive aspect of nature: dark matter. The XENON1T dark-matter detector lies beneath 1,400 metres of rock in the largest underground research facility in the world, in the Gran Sasso e Monti della Laga National Park, about 120 kilometres from Rome. The detector contains 3.2 metric tons of xenon, including a small amount of the Xe-124 isotope. Although in any sample of a radioactive substance the average time for a decay to happen is given by the half-life, nuclear decay is a random process and some decays happen much faster. In fact, over a period of a year, the team at XENON1T detected the energy released from the decay of 126 Xe-124 atoms, a measurement that allowed them to calculate the isotope’s incredibly long half-life.2

   Surely, nothing human-made could run as slowly as a process that makes even cosmic timescales seem fleeting. Enter Dutch engineer Daniel de Bruin who, to celebrate reaching the grand old age of 1 billion seconds (in his thirty-first year!), built a machine to represent the number googol, which is one followed by a hundred zeros, or 10100. The machine consists of 100 interconnected gearwheels each with a ten-to-one reduction ratio.3 For the final wheel to complete one rotation, the first wheel in the chain would have to turn around a googol number of times. Given that it manages about 1,000 spins per hour, a googol revolutions would take 1097 hours or roughly 10 billion trillion trillion trillion trillion trillion trillion trillion years.

   De Bruin’s machine will obviously never achieve its goal or anything like it, for a mountain of practical reasons. But there is one process that would take even longer to complete and might actually happen – if the universe itself survives that long. It involves some of the most extreme objects in the universe: black holes.

   A popular image of a black hole is of a terrifying, bottomless pit into which anything that comes too near must inevitably plunge, never to return. And it’s true that the kind of black holes known to exist, at the centres of galaxies and the remains of giant stars that have exploded, do swallow up any matter that crosses the point of no return – the so-called event horizon. But, according to theory, black holes aren’t completely black. They give off what’s known as Hawking radiation. Over time, this would cause them to evaporate and eventually disappear.

   The rate of evaporation depends on the black hole’s mass. A mini black hole, only the size of a proton, would disappear in a fraction of a second in a flash of gamma rays. But bigger black holes hang around much longer. A black hole with the mass of the Sun would take about 1064 years to evaporate. The universe itself, by comparison, is a mere 13.8 billion years old. A supermassive black hole weighing as much as 100 billion Suns, such as exist at the centre of some large galaxies, could endure for 2 × 10100 years. Finally, if the universe survives long enough, it might outlive the slowest process ever theorised: the evaporation of monstrous black holes formed from the collapse of entire superclusters of galaxies. These gloomy, longest-lived of cosmic objects would give up the last of their contents by Hawking radiation after an astonishing 10106, or 10 billion trillion trillion trillion trillion trillion trillion trillion trillion trillion years.

  

 
  
   
‌Chapter 3

   Brilliant

   In a city renowned for its bright lights, the Luxor Hotel and Casino in Las Vegas, Nevada, has the brightest of them all. From dusk to dawn, from atop a black pyramid shines the Luxor Sky Beam. On a clear night, it can be seen by airline passengers flying at cruising altitude over Los Angeles some 440 kilometres away.

   In a lamp room 15 metres below the top of the Luxor pyramid, the light produced by thirty-nine separate 7,000-watt xenon bulbs is collected and focused by curved mirrors into a single beam that shoots vertically up into the sky. As well as the intense light, plenty of heat is generated and the temperature in the lamp room rises to about 150 °C when in operation.

   Not surprisingly, the Sky Beam has proved to be a big attraction – and not just to human tourists. Every night, millions of moths and other flying bugs are drawn to the brilliant glow. In turn, swarms of bats arrive in the evening to feed on the all-you-can-eat insect smorgasbord, while the bats themselves fall prey to opportunistic night owls. Besides predators, the fauna of the Sky Beam face the danger of the light itself. Anything that wandered into the beam would be instantly blinded and possibly also cooked – the temperature near the base of the beam is as high as 260 °C.

   The standard unit for measuring intensity of light is the candela. Its name is the Latin for ‘candle’ and its definition, though sounding abstruse, continues to be based on the amount of light that a traditional candle gives off. In 1979, scientists defined the candela as: ‘the luminous intensity, in a given direction, of a source that emits monochromatic radiation of frequency 540 × 1012 hertz and has a radiant intensity in that direction of 1/683 watt per steradian’. The frequency of 540 × 1012 hertz (cycles per second) is a very human-centred choice. It corresponds to a certain hue of green to which, of all the colours of the rainbow, our eyes are most sensitive. The value for the radiant energy in the definition approximates that of a typical candle. So, although the language may seem abstruse, it refers to something simple and familiar: how bright an ordinary wax candle appears when we look at it.

   You need a lot of candles to illuminate a room reasonably well. The intensity of light from a 100-watt bulb is the equivalent of more than a hundred of them – about 120 candela. The brightest commercially available flashlight puts out a blindingly bright 450,000 candela. But even this seems barely more impressive than a glow-worm compared with the Luxor Sky Beam. The light that spears from the top of the Las Vegas landmark has an intensity of 42.3 billion candela.

   The most brilliant natural light we see regularly is the Sun. It’s roughly as bright as a thousand 100-watt bulbs at a distance of 3 metres. But the Sun is 150 million kilometres away, so its total light output is tremendous. Astronomers gauge the brightness of objects in space using a quantity called magnitude, of which there are two main forms: apparent and absolute. Apparent magnitude indicates how bright something appears as seen from Earth; absolute magnitude measures how bright it really is.

   Magnitude is a reverse logarithmic scale, so that the brighter an object, the lower its magnitude number. It’s a scale that approximates the ancient system invented by the Greek astronomer Hipparchus in the second century bce, in which he assigned the brightest stars a magnitude of one and the dimmest stars a value of six. Every jump of one in the modern magnitude scale corresponds to a change in brightness by a factor of 5√100, or about 2.512. For example, a star of magnitude two shines 2.512 times brighter than a star of magnitude three. The brightest objects in the sky have negative apparent magnitudes: Sirius –1.46, Venus –4.2, the full Moon about –13. On this scale, the Sun looks mightily impressive with an apparent magnitude of –26.8, or 10 billion times brighter than Sirius, the brightest star in the night sky.

   But, of course, the Sun is cheating because it’s so close, relatively speaking. Absolute magnitude evens the playing field by insisting that we place objects to be compared at the same distance. It’s defined as the apparent magnitude that an object would have if seen from a distance of 10 parsecs – an astronomical unit equal to about 33 light-years or 310 trillion kilometres. On this scale, the Sun scores much less impressively, with an absolute magnitude of +4.83 compared to Sirius’s –1.33. In fact, every star you can see in the night sky with your unaided eye is in reality brighter than the Sun. (The far more numerous stars fainter than the Sun are revealed only through telescopes.)

   Among the true stellar luminaries we can catch sight of at night are the blue supergiants Rigel, at a distance of 863 light-years, and Deneb, about 2,600 light-years away, which have absolute magnitudes of –7.8 and –8.4, respectively. Both are in the order of 100,000 times brighter than the Sun.

   Several of the most luminous stars known inhabit the Tarantula Nebula – a huge region of intensely active star formation within the Large Magellanic Cloud, a satellite galaxy of the Milky Way. Close to the centre of the Tarantula is BAT99-98, a stellar behemoth 226 times more massive than the Sun and about 5 million times more luminous. Only one other star has been discovered to date that significantly outshines it.

   In a galaxy, far, far away – 10.9 billion light-years, to be precise – resides a star with no official designation known only as Godzilla. Thanks to a cosmic quirk, called a gravitational lens, the light from this distant galaxy is greatly magnified so that astronomers can see details within it, which would otherwise be invisible.1 Some of the features in Godzilla’s spectrum resemble those seen in very large, luminous and unstable stars in our own galaxy, such as Eta Carinae, which are very near the end of their lives. Godzilla shines about 15 million times more brightly than the Sun, but perhaps not for much longer. Soon, astronomically speaking, it is doomed to explode as a supernova and, for a few days or weeks, outshine an entire galaxy.

   Only a tiny proportion of stars ever blow up. Those that do have at least eight times the mass of the Sun. A supernova can briefly reach an absolute magnitude of –19, so that if one went off just over 30 light-years away it would shine fifteen million times brighter than Sirius, or about 500 times brighter than the full moon. The supernova of 1054 ce, the remnant of which we can see today as the Crab Nebula, was visible during the daytime even though it lay 6,500 light-years away.

   The brightest supernova on record is named ASASSN-15lh, after the All Sky Automated Survey for SuperNovae (ASAS-SN) telescopic survey that found it. A member of the elite class of ‘superluminous supernovas’, it was first detected on June 14, 2015, and found to lie in a galaxy 3.8 billion light-years away in the southern constellation Indus.2 At its peak it was 570 billion times brighter than the Sun and twenty times brighter than the combined light output of the Milky Way galaxy. Put another way, in its death throes it gave off ten times more energy than the Sun will produce in its entire lifetime.

   Some astronomers have questioned whether ASASSN-15lh was a supernova at all. The same uncertainty hangs over another astonishingly bright event known as PS1-10adi, which was detected in 2010 using the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) at Haleakalā Observatory, Hawaii. PS1-10adi could be another superluminous supernova or a different kind of traumatic stellar death – a ‘tidal disruption event’ – in which a star is torn to shreds by the intense gravitational field of a giant black hole at the centre of a galaxy. Either possibility excites astronomers. Either offers them a chance to watch one of the universe’s most extravagantly energetic processes at work.

   Here on Earth, there’s obviously nothing remotely as luminous as an exploding star. But how much light is given off in total by an object, and the intensity of that light, are two completely different things. A supernova and a hydrogen bomb explosion, for instance, are both incredibly bright events. The supernova is incomparably more luminous but how do they compare in terms of the intensity of their light? Ignoring the instantly destructive effect of standing at the epicentre of an H-bomb blast, the amount of light falling on a person’s retina at ground zero would be about the same as that from a supernova half a light-year away!

   In theory, there’s no limit to the brightness of a beam of light. Unlike in the case of electrons or other subatomic particles, photons can be stacked on top of one another without limit. The only problem is a technological one: how to concentrate large numbers of photons in one place at the same time. In 2017, physicists at the University of Nebraska–Lincoln broke new ground in this quest by firing an ultra-high-intensity laser known as DIOCLES at electrons suspended in helium. The laser produced the most dazzling light ever made on Earth – 10 million times brighter than the surface of the Sun. It also resulted in some extraordinary and unexpected effects.3

   The aim of the Nebraska experiment was to study how photons from the laser scattered off single electrons. Scattering of light is what makes most of the world around us visible. In normal light, only single photons scatter off the electrons inside atoms. But the super-high brightness of DIOCLES means that hundreds of photons at a time can bounce off a single electron, making the scattered light more energetic because it has the combined energy of all the laser photons.

   The effect of the Nebraska experiment was to create scattered X-rays with unique properties. So bright was the laser that it altered the angle, shape and wavelength of the scattered light. Effectively, this means that, when illuminated by light above a certain threshold of intensity, things start to appear differently.

   What’s more, the X-rays generated by the laser beam hitting the electrons were powerful but lasted an incredibly short length of time and were held within a narrow energy range. This could enable sensitive 3D X-ray medical scans to be made using ten times lower radiation doses, for tracking down elusive tumours. The super-short duration of the X-ray burst also makes it work like the fastest of all strobe lights, freezing any high-speed motion. This should prove invaluable in studying chemical reactions that are impossible to follow using conventional X-rays.

  

 
  
   
‌Chapter 4

   Shhh

   John Cage was an American avant-garde composer perhaps best known for the quietest piece of music ever written. His piano composition 4’33” calls for the player to sit in silence for 273 seconds – this being the number of degrees below zero on the Celsius scale of absolute zero at which molecular motion stops.1 As Cage points out: ‘There is no such thing as empty space or empty time. There is always something to hear or something to see. In fact, try as we might to make a silence, we cannot.’

   Cage’s 4’33” breaks traditional boundaries by shifting attention from the stage to the audience and even beyond the concert hall. The listener becomes aware of all sorts of sound, from the mundane to the profound, from the expected to the surprising, from the intimate to the cosmic – shifting in seats, leafing through programmes, breathing, a creaking door, passing traffic, a recaptured memory. Not everyone is convinced this is art. In his essay ‘Nothing’, Martin Gardner wrote: ‘I have not heard 4’33” performed, but friends who have tell me it is Cage’s finest composition.’

   Sounds are all around us, although we’re not normally conscious of many of them. Quieter sounds may be lost in the mix of louder ones, and, as we saw in Chapter 1, human hearing is restricted to a narrow range of wavelengths, in the same way that we can see only within a small band of the electromagnetic spectrum.

   Sound intensity is measured in decibels, a unit named after the inventor of the telephone, Alexander Graham Bell. Roughly speaking, a 1-decibel difference in loudness between two sounds is the smallest difference detectable by human hearing. Like the Richter scale used to measure earthquakes, the decibel scale is logarithmic. Doubling the intensity of sound equates to an increase of just over 3 decibels. In going from a faint whisper of 1 decibel to normal speech at about 60 decibels, there’s roughly a million-fold jump in intensity.

   The quietest sound we can hear is generally reckoned to be zero decibels. But zero decibels doesn’t mean zero sound. There can be negative decibels, which apply to sounds that are even quieter than we can detect. In any case, 0 dB is only a rough guide to the threshold of hearing. Some people are sensitive to much fainter sounds and our hearing is more acute when we’re young. Also, the sensitivity of our hearing varies across the complete frequency range, from about 20 hertz (cycles per second) to 20,000 hertz, which it’s possible for humans to hear, reaching a peak between 2,000 and 5,000 hertz.

   It’s hard to find natural places on Earth that are completely quiet. Getting away from the noises of civilisation is one thing but there are still usually the sounds of birds or the wind to disturb the silence. A place without wind and birdsong has to be somewhere barren and sheltered, such as a volcanic crater. One candidate for the quietest place on Earth is Haleakalā crater on the Hawaiian island of Maui. The more-or-less constant sound level here has been measured at just 10 decibels – about the same volume as your own breathing.2 The only place quieter would probably be underground, in a deep cave, assuming there were no subterranean movements of water or drips from the roof.

   ‘In space no one can hear you scream’ was the iconic tagline for the movie Alien. But the claim that space is the quietest place in the universe is debatable. To survive in the vacuum of space you need to wear a spacesuit and a helmet in which there is air and therefore sound. Take off the helmet and you’d be dead within seconds. Scientists, though, are a resourceful bunch and don’t let such trivial matters as survival get in the way of a good experiment.

   To test the proposition that in space a scream will go unheard, a graduate student from Brunel University, London, and the BBC Radio show The Naked Scientist teamed up to send a microphone and a speaker into the upper reaches of the atmosphere.3 A global invitation was sent out for people to record and submit their best screams, a selection of which made it onto the mission. Among the chosen yells was ‘Children! Come and clean your room!’ by Noha, a mother from South Africa.

   Up and up rose the ‘Screaming Satellite’, reaching a height of 33 kilometres, where the atmospheric pressure is only about 3/1000th that at ground level, before the balloon carrying it finally burst. Just before this happened, Noha’s exhortations to her offspring had faded to a barely audible whisper at the limit of what the mic could detect.

   Wherever there’s some medium for it to travel through, sound can propagate. There’s sound on Mars, for instance, because Mars has an atmosphere. Thanks to NASA’s Perseverance rover, which carries two microphones, we’ve been able hear the roar of a Martian wind, the clicking of the rover’s laser as it zaps nearby rocks, and the hum of the spacecraft’s miniature helicopter as it hovers overhead. But the atmosphere is colder, much thinner, and different in composition from that of Earth.4

   The Martian atmosphere is about 100 times less dense than the air we breathe, so that sounds, such as the human voice, would be much softer on the Red Planet. On Mars you’d have to be much closer to the source of a sound to hear it at the same volume as you would on Earth. The Martian atmosphere consists largely of carbon dioxide, which is a better acoustic absorber than the nitrogen that dominates our own atmosphere, so sounds on Mars would seem more muffled.

   On Venus you wouldn’t survive long enough to get any words out or hear anything. But assuming you had some way to survive the ridiculously high temperature, the sounds you could hear and make would again be unique to that world. Venus’s atmosphere is thick and soupy with pressures similar to those a thousand metres down in the ocean. The higher density would make vocal cords vibrate slower so that we’d all speak with a deep bass voice.

   Back on Earth are special facilities, called anechoic chambers, which absorb almost all sounds made inside them. They’re used in a variety of acoustic experiments, such as testing new audio equipment or the direction of noise from industrial machinery. It was during a visit to one of these chambers, at Harvard University, that John Cage got the inspiration for his 4’33”. He wrote that, while inside the chamber, ‘I heard two sounds, one a high and one a low. When I described them to the engineer in charge, he informed me that the high one was my nervous system and the low one was my blood circulation.’

   The walls, floor and ceiling of an anechoic chamber are designed, and made of materials, so as to absorb virtually all the sound energy falling on them. The only sounds a person inside can hear are those coming from their own bodies or voice that travel directly to their ears. The effect is extremely unsettling and few people can stand the experience for more than a few minutes. Some anechoic chambers are occasionally open to the public. But visitors are generally not allowed in for any significant length of time without supervision. The longest anyone has stuck it out in one of these dead rooms is about forty minutes. Well before that, however, most of us would find the sound of our own bones grinding, the louder and louder ringing in our ears, and our loss of spatial awareness (another effect of the lack of reverberation), unbearable. The ultimate soundless hell, sometimes described as the place ‘where sound goes to die’, is the world’s most advanced anechoic chamber: Building 87 at Microsoft’s research lab in Redmond, Washington.5

   The quietest sound in the universe is a single ‘phonon’. Just as photons are the tiny, indivisible packets of electromagnetic energy in which light comes, so phonons are the smallest possible units of acoustic energy. In various laboratories around the world, scientists are developing devices that let them detect and control individual phonons or quantized packets of sound energy.
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      The anechoic chamber in Microsoft’s Building 87.

     



   

   No one can hear individual phonons and, in any case, the phonons used in quantum experiments have frequencies many millions of times higher than what humans can sense. These laboratory phonons are created on a chip made of piezoelectric material, which means any motion on the surface generates a voltage. As phonons travel across the surface of the chip, they give rise to minute voltages picked up by a sensitive transducer, which serves as both microphone and a speaker.

   The quietest sound we use to communicate among ourselves is a whisper. In the future, the near-silent whisperings of phonons, each representing a quantum binary digit or qubit, may form the basis of a new generation of high-speed computers. So-called ‘phi-bits’ are less sensitive to environmental conditions than fragile quantum bits stored electronically. It may seem like the stuff of science fiction but the most powerful computers ever built, capable of supporting everything from advanced AI to complex cryptography, could eventually be based on the softest sounds that nature has to offer.

  

 
  
   
‌Chapter 5

   Up to Eleven

   In the 1984 movie This Is Spinal Tap, fictional guitarist Nigel Tufnel shows off his new amplifier that goes ‘up to eleven’, which he believes makes it louder than amps that are numbered only to ten. After the film was released, and as a nod to its humour, several prominent musicians, including Eddie Van Halen, began using equipment that could be dialled up to eleven or more.

   In my years of going to concerts as a student in the early 1970s it was common for touring bands to boast about how much power their sound systems generated. But long before there was rock, some classical composers scored music that was intended to be played at high volume. The 1813 premiere of Beethoven’s fifteen-minute work Wellington’s Victory was performed by 100 musicians. New York Times music critic Corinna da Fonseca-Wollheim described it as a ‘sonic assault on the listener’ and the ‘beginning of a musical arms race for ever louder … symphonic performance’.

   Louder music was made possible in part by innovations in instruments: trumpets with valves, metal flutes, and so on. The piano, invented in the early eighteenth century, saw some of the most dramatic changes. Early pianos used a combination of brass strings (for the lowest notes) and iron strings. As time went on, composers such as Mozart, Beethoven and Liszt demanded more and more of the instrument, especially in terms of range and volume, so that the sound could fill ever-expanding concert halls. In response, designers added more strings and increased their tension, which meant they had to strengthen the frame with the addition of an iron plate. The biggest change began in the mid-nineteenth century, when steel strings were introduced. By 1912, these had reached their modern form with a tensile strength three times greater than that of the iron wires in the earliest pianos.

   In some cases, steel wire also replaced the gut that had previously been used in all string instruments. One of the chief beneficiaries was the guitar, which in its new louder, steel-string incarnation found its way into folk and country music and, eventually, jazz and rock ’n’ roll.

   Among the loudest instruments in the orchestra is the French horn. A study by researchers at the universities of Queensland and Sydney in 2013 found that up to a third of French horn players under the age of forty had some noise-induced hearing loss.1

   The loudest sounds ever used in an outdoor orchestral performance are those produced by live artillery in Tchaikovsky’s 1812 Overture – a piece hated by the composer himself, who described it as ‘very loud and noisy and completely without artistic merit’. Indoor performances of the work normally employ drums, pre-recorded bangs, or other non-explosive substitutes. However, live cannon have accompanied the 1812 on occasions in the Royal Albert Hall.

   As mentioned in the last chapter, the intensity of sound is measured in decibels (dB). On this scale, the quietest sound most of us can hear is around 0 dB (although negative decibels are possible). Each time the decibel level jumps by ten, the intensity of the sound multiplies by ten: a 10 dB sound is ten times more intense than a 0 dB sound, a 20 dB sound is 100 times more intense, and so on.

   The gentle rustle of leaves reaches a mere 20 dB, the hum of a refrigerator about 50 dB, normal conversation perhaps 60 dB, and city traffic around 80 dB. The roughly 20 dB jump from ordinary speech to busy street noise explains why it’s hard to chat to someone by the side of a town-centre street full of passing cars and buses. Although a 20 dB increase corresponds to a 100-fold leap in sound intensity, to our ears it seems only about four times louder. The fact that each tenfold jump in intensity is perceived by us as roughly only a doubling in loudness is one of the contributing causes of sound-induced deafness: we don’t realise the damage that, say, loud music in headphones or other persistent exposure to high noise levels is causing.

   A motorcycle registers about 100 dB and a thunderclap around 120 dB. Louder than that and we enter an auditory realm where sounds can lead to hearing loss, depending on the intensity of the sound and length of exposure. There was a time when some rock bands vied for the title of world’s loudest. Deep Purple held the record for a few years in the early 1970s, then the mantle passed to The Who for having registered 126 dB at a distance of 32 metres from the speakers during a concert at The Valley in London in 1976. But much louder still are some of the most extreme sounds made both by human hand and nature.
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