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For Arthur, how lovely to have finally reached the region of spacetime with you in it


and for my great-great-grandchildren: 
come and visit, I’ll put the kettle on …
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Preface


We tie it to our wrists and hang it on our walls. We mark its passage with candles and fireworks as it in turn marks our faces with lines and wrinkles. It can be wasted and killed. Spent and saved. Kept and lost.


We’re so obsessed with time that it is the most used noun in the English language. Time will tell, waits for no one, will mend a broken heart and flies when we’re having fun. More often than not we wish we had more of it. How often, though, do you stop and think about time itself? Could you explain it to someone else? The moment you do, it feels like trying to hold a puddle of water in your hands. It seems to wriggle through the gaps.


The Roman philosopher Augustine of Hippo, known more popularly as St Augustine, perhaps put it best when he said,


‘What is time? If no one asks me, I know; if I wish to explain [it], I know not.’


The book you’re holding is my attempt to explain time from the point of view of a physicist. As you’ll see, time is not just one of the most enduring mysteries in science, but it is one of the most enduring mysteries in all human experience. We’ll embark on a journey from when we first started keeping track of time thousands of years ago to the forefront of modern physics research. We’ll see how time can be slowed down, sped up and maybe even stopped. You’ll discover how to travel back in time to meet your past self and perhaps even discover that time may not exist at all.


The celebrated physicist Richard Feynman once compared trying to decipher the laws of physics to playing a game of chess; except that you can’t see all the pieces at once and no one has told you the rules. You have to figure them out for yourself through a combination of experience, experiment and occasional glimpses at the board. Up until the last few centuries, we humans spent most of our multi-millennia existence living in a tiny corner of the board, seeing only a very limited number of moves play out. This has led us to think about time in a very particular way and those ideas have become firmly entrenched. They’re wrong. Physicists have shown beyond a shadow of a doubt that time does not work in the way you think it does.


Think back to your distant ancestors. It would have been very rare for them to leave their home town. Rarer still to journey abroad. When you can travel outside the confines of your immediate existence you realise there’s more to the world than meets the eye. Cultures, languages and ideas that you’d never conceived of before. Wonders untold. However, when it comes to time, few of us have ever left our little mental hamlet. The incredible developments in physics over the last century or so – since Albert Einstein gifted the world with his theories of relativity – provide a more complete picture of time.


Reading about these ideas as a teenager changed my life. After discovering them I was never going to study anything other than physics. I simply had to know more. At a stroke I realised the subject was far richer than the boring circuits and levers taught in the classroom. I’ve spent the last twelve years writing and speaking about time and space because I want to give you that same revelatory moment. I’ve seen jaws drop, but I’ve also seen how reluctant people are to give up their cherished notions of time. Encountering these ideas for the first time is a bit like a deep-tissue massage. It’ll make you uncomfortable at first, but in the end it’s so worth it. Cast aside what you think you know about time and you may just fall in love with physics as much as I have.
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The Earth Is a Terrible Timekeeper


American swimmer, Nathan Adrian can hear the muffled cheering of the crowd through the water. He’s giving it everything to reach the other end of the pool first. In the next lane is the race favourite, Australian, James ‘The Missile’ Magnussen. The two men are neck and neck and appear to touch the wall together, before the result confirms that Adrian is the victor by a margin of just 0.01 seconds.


This dramatic end to the 2012 Olympic 100 metre (328 feet) men’s freestyle final underscores the extent to which we increasingly carve up time into miniscule amounts. The tiniest fraction of a second can be the difference between gold and silver. It can also make you a fortune. In 2009, construction workers installed a 1,300-kilometre (807 mile) -long underground cable between the stock exchanges in Chicago and New York at a cost of $180 million. All to shave 0.000004 seconds off the time it takes to send trading information between the two hubs. Even that small difference increased profits by £12 billion a year in an industry where time is quite literally money.


When our ancestors first decided to break up the unceasing passage of time into manageable chunks they had no need for such tiny divisions. In fact, the first minute hand didn’t appear on a clock until 1680, with the second hand following a decade later. Their system of time was based on the sky. The gap between sunrises became a day, which was divided into hours, minutes and seconds (the last two were originally called ‘first minutes’ and ‘second minutes’, which is why we now call them seconds). They collected days together into blocks of seven, called weeks – one day for each of the seven celestial objects they could see moving in the sky (SATURN-day, SUN-day, MOON-day, etc.).1 A month – or MOONth – is how long it takes for the Moon to wax and wane through its cycle of phases. The pattern of the seasons repeats after 365 days – a year – which today we know is because that’s how long it takes for the Earth to orbit the Sun. So each birthday is really a celebration of completing yet another billion-kilometre (621-million-mile) -long lap of our nearest star.


This ancient system creaks under the weight of our modern digital age, particularly as our planet is a terrible timekeeper. At the heart of the issue is the variability of Earth’s spin. The day lasts twenty-four hours because that’s how long it takes for the Earth to rotate once on its axis so that the Sun returns to the same spot in the sky. Yet, far from being fixed, Earth’s rotation speed can change.


Back in 2011, a magnitude 9.1 earthquake struck in the Pacific. It created a colossal tidal wave that swelled to a height of 40 metres (131 feet) and crashed over a huge area of Japan, killing more than ten thousand people. Over a hundred thousand buildings collapsed. At the Fukushima power plant three reactors went into meltdown in the worst nuclear accident since Chernobyl. The quake was mighty enough to move the entire island of Honshu – Japan’s largest – by over 2 metres (7 feet). It also made the day shorter. The force of the earthquake sped up Earth’s rotation, slicing 1.8 millionths of a second off the length of the day. Earthquakes in Chile in 2010 and Sumatra in 2004 reduced the day by roughly similar amounts.


The Moon’s gravity also wreaks havoc with timekeeping. A vast mound of water rises on the side of our planet nearest the Moon as our neighbour tugs on us. Anyone on the coast in this location experiences a high tide. The Moon does its level best to keep this tidal bulge in place, but the Earth is turning underneath it. If you’re standing at the beach and see the tide go out, you’d swear it was the sea running away from the sand. In reality, it is the Earth’s rotation carrying you and the shore-line away from the water. The Earth loses some of its rotation speed as it struggles to spin underneath the tidal bulge, making every day a little longer in the process. This gradual but relentless effect is currently extending the day by 0.0017 seconds every century. Although that doesn’t sound like much, it all adds up. Incredibly, 430 million years ago, the day was just under 21 hours long and there were 420 sunrises a year instead of 365. This isn’t simply a guess: fossilised coral seals the deal. Coral is made of calcium carbonate, which is laid down in lines each day as the organism grows. Corals grow more in the dry season than the wet season, meaning the lines are arranged into a pattern that repeats every year. Each block contains 420 lines, corresponding to a year lasting 420 days.


Earth’s lousiness as a clock has profound consequences for how we define the second. There are 86,400 seconds in 24 hours and so the length of a second used to be defined simply as 1/86400th of a day. Yet if the length of the day is variable, so is the duration of a second. How can a second today be shorter or longer than a second yesterday? As computers became more prevalent, it was essential that they all operated with a consistent system of time. We needed to standardise the second. So, in 1956, scientists redefined the second as a fraction of the year rather than the day because the Earth’s rotation around the Sun is more reliable than its spin on its axis. That made the second equal to 1⁄31,556,925.9747th of a year. Not just any year, though. Very specifically the duration of the year 1900. Even the length of a year varies slightly, meaning they had to pick one. This change turned out to be temporary. Eleven years later, in 1967, we moved away from using the unreliable Earth as a timepiece entirely. The second is now defined using the building blocks of the universe: atoms.
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