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INTRODUCTION: THINGS ARE NOT AS THEY SEEM

We live in a classical world. By this I mean that the environment around us, with which we interact, obeys the laws of classical physics.

We are all students of classical physics: we have all been studying and experimenting with it since the day we were born. We have all developed a subconscious intuition about the behaviour of objects that we can probe with our human senses. If you throw a rock directly upwards, our eyes can track its motion as it is flung into the sky and slows to a halt before plummeting back to Earth under the relentless pull of gravity. If you place a pot of water over a fire, your fingers can feel the water getting hotter as energy is transferred to the water molecules, until you can no longer bear to touch it. If you see a lightning bolt flash across a dark and threatening sky, you can figure out how far away the storm is by counting how long it takes for the almighty rumble of its accompanying thunder to reach your ears after its light arrives at your eyes. We’ve been making these connections between cause and effect since day one, and we’ve become pretty good at predicting the outcomes of our actions.

Since the earliest days of our evolutionary history as humans, we have made use of projectiles to hunt animals, defend against dangerous predators and fight enemies. Our ability to throw handcrafted weapons sets us apart from almost the entirety of the rest of the animal kingdom. This exceptional skill not only comes from the specialised development of our skeleton, tendons and muscles, but from an explosion of cognitive power. Our brain can predict the trajectory that a spear will follow through the air when we throw it with a certain force at a certain angle. The processing power of our brain is sufficient to subconsciously solve the classical physics equations of motion, allowing us to predict where the spear will be in the future. As a species, we have prospered by learning to place our absolute faith in these classical equations of motion. No matter how many times throughout history we have repeated the activity, if we throw a spear with the correct force according to the equations, it will pierce the desired target. Every time. Even if we close our eyes as it flies through the air. Voila, skewered antelope for dinner.

If you’re unlucky enough that an apple falls from a tree while you’re sitting under it, it will always hit you on the head. All humans have developed a sense for the effect that gravity has on objects. We are finely tuned in to the strength of Earth’s gravitational field. The size of our planet, and the density of the matter from which it is made, determine how long something will take to hit the ground when dropped. If humans end up following Elon Musk on his mission to Mars, they will have to go through a disorientating period of acclimatisation to a gravitational field that is around three times weaker than that on Earth. They will quickly realise they have taken our brain’s calibration to our Earth’s gravitational field for granted, but with enough time they would recalibrate. Gravity, experience has taught us, is reliable.

Despite our longstanding intuition about the laws of motion and gravity, it wasn’t until the seventeenth century that those laws were written down. This came about in 1687, when Sir Isaac Newton, the renowned English polymath, published his Philosophic Naturalis Principia Mathematica, which contained his laws of motion and law of universal gravitation. Written in Latin, the universal language of intellectuals at the time, this singular book marked the birth of classical physics and soon became the bible for physicists. In one scientific masterpiece, Newton created the framework that allowed humans to predict with unprecedented accuracy the effect of our actions on every object around us.

Since ancient times, humans have also learnt that rubbing certain materials against each other generates static electricity, and we have long grasped that when sufficient static electricity builds up in a storm cloud, threatening bolts of lightning will strike as electric charge is dissipated from the cloud to the ground. The ancient Greeks knew that rubbing amber (transparent orange fossilised tree resin) against the fur of a cat would attract pieces of dried grass. It’s perhaps not such a surprise, then, that the words ‘electricity’ and ‘electron’ come from the Greek elektron, meaning amber.

Alongside electricity, our species also encountered the physical phenomenon of magnetism. Some of the earliest records of experimentation with magnetism date all the way back to the sixth century BCE, when the Greeks discovered naturally magnetised rocks called lodestones. They noticed something rather strange about these rocks: they could attract iron filings, lifting them straight up off the ground without needing to touch the filings at all. This phenomenon would have seemed like magic at the time. In fact, lodestones are composed of the mineral magnetite (an ore of iron) and are thought to become permanently magnetised by the extreme magnetic fields generated when a lightning bolt strikes the ground.

As a species, we gradually became accustomed to the invisible electric and magnetic forces of nature and the intricate dance between repulsion and attraction that we could choreograph with electric charges and magnetic poles. However, for all our increasing familiarity with electricity and magnetism, it wasn’t until the eighteenth century that scientists began formulating laws that could describe these phenomena. In an exciting period of scientific enlightenment from the late 1700s to the early 1800s, physicists and mathematicians developed a series of important equations to explain both electricity and magnetism in increasingly greater detail.

First came the law to describe the force between stationary electric charges, then the law to describe the force between moving electric charges in current-carrying wires, and finally the law to describe how electricity is generated in a conductive wire by a moving magnetic field. As time went on, it became clear that the invisible forces of electricity and magnetism were intrinsically linked. In one of the grandest unifications in the history of physics, from the 1850s to the 1870s the Scottish physicist James Clerk Maxwell wrote down and refined his famous set of equations that show that electricity and magnetism are two aspects of the same phenomenon.1 He showed that a changing magnetic field generates an electric field, and vice versa. In the process, he discovered that light is an electromagnetic wave composed of oscillating electric and magnetic fields that generate each other and travel through space at a fixed speed (3 x 108 ms-1 – the speed of light). Now that’s not a bad by-product!

Armed with equations that described the laws of motion, gravitation and electromagnetism as written down by scientific heavyweights such as Newton and Maxwell, humans seemed fully equipped to understand and exploit the world around them. We now had the power to build transformative machinery and harness electricity to make life significantly easier. With the gift of classical physics, it seemed we were able to explain reality in its entirety. We were in a very comfortable situation where our innate intuition about the laws of classical physics that describe the behaviour of objects around us, which we can see with our eyes and touch with our skin, had been validated with elegant mathematical equations. Everything was behaving as expected.

Such was the level of scientific contentment by the start of the twentieth century that many scientists believed the key fundamental laws of physics had all been discovered, with only more precise measurement to be unlocked. Indeed, Albert Michelson, an American physicist known for his work on measuring the speed of light, declared ‘our future discoveries must be looked for in the sixth place of decimals’ around that time. However, as is often the case with bold predictions, this swiftly proved to be false. Within the same period, clues began to pop up from experiments that left scientists grappling to keep hold of their understanding of the universe. In 1900 Max Planck, a German theoretical physicist, was looking at how hot objects radiate and discovered that light behaves as individual packets of energy.2 This idea was revolutionary, as light had been thought to be an electromagnetic wave, not a stream of individual particles. Five years later, the iconic German physicist Albert Einstein backed up Planck’s findings by explaining how electrons are ejected from a metal upon illumination: light had to be made up of particles for this to occur.3 It turned out that these experiments were revealing an unseen world living at the smallest scale, beyond the reach of our human senses.

After these revelations, physicists had to accept that their work was nowhere close to being complete. Indeed, there was a great deal to be discovered before we could claim to understand the inner workings of our universe. In the exotic land of minuscule atoms and electrons, all matter and energy refuses to obey the classical laws of physics. Instead, they abide by an entirely different set of rules – rules given by the laws of quantum physics. In the quantum world, waves can behave like particles and particles like waves. Quantum objects can tunnel through supposedly impenetrable barriers and be in multiple places at the same time. They can instantaneously influence each other even when they are separated by cosmological distances. They refuse to follow the paths predicted by classical physics and certainly don’t behave how we might expect them to.

Our interactions with the world around us had lulled us into a false sense of security, fostering a belief that classical physics provided a simple and complete description of reality. However, the laws that govern our universe were much richer than our species had previously thought. When we probed inside matter at the scale of atoms and electrons, we discovered a deeper layer of truth to our universe. On the quantum scale, the contents of our universe display a plethora of weird and wonderful behaviours that we may previously have written off as implausible science fiction. Our brains are intuitively attuned to the classical world around us and so it is forgivable that the revelations from the quantum world were initially met with disbelief. Even now, we are grappling with how to interpret the implications of quantum physics for our reality. Interpreting quantum physics remains one of the biggest open inquiries at the interface of physics and philosophy.

Despite the seemingly magical implications of quantum physics and our struggle to interpret its implications, the maths is solid. Quantum physics truly is the best description we have of the reality we observe around us. Not one of the numerous experiments that have tested quantum physics since its inception more than 100 years ago has produced results that invalidate it. It provides the most accurate predictions in the history of science for the world we observe around us. It can predict a magnetic property of an electron to a breathtaking accuracy – the value that we can measure in our experiments agrees with this prediction to one part in a trillion.4

We have already used our knowledge of quantum physics to develop technologies that underpin our society. Without knowing how electrons behave inside semiconductor materials such as silicon, we would not have the transistors that power the computer chips inside our laptops and phones. Without knowing how atoms interact with magnetic fields and radio waves, we would not have MRI machines that can see inside the human body without a doctor needing to get a scalpel out. And without knowing how atoms emit light, we would not have lasers – which, of course, we need for fighting aliens (and which provide us with high-speed internet).

So, reality is not as classical as it seems. But if the true quantum nature of things only reveals itself at the tiniest of scales, does it bear any relevance to our daily life? Can we just ignore the quantum world that is bubbling away down below and happily live in ignorance in our classical physics box?

In this book, I aim to convince you that we ignore the quantum world at our peril! I provide you with a field guide to wonders of the quantum world that can be seen and felt all around us. This ‘quantum field guide’ will help you to identify, in our seemingly classical world, some of the most consequential phenomena that have quantum origins. Take this book with you whenever you explore within the universe and it will be sure to help you spot quantum in the wild.

First, we will embark on a journey through scale, from our familiar human world to the quantum realm. We will imagine shrinking in size, delving deeper inside matter, until we will observe some unusual quantum effects coming into play. Upon reaching our destination, we will get well acquainted with the magical realm of quantum physics by exploring the many ways in which quantum particles rebel against classical physics. These telltale quantum traits are not just mystical quirks of nature: they have profound and tangible consequences on the world we see around us.

In Part II, we will explore our quantum universe. We will discover how quantum physics causes our Earth to be warmer and our mountains taller than they would be in a purely classical world. We’ll see how quantum physics holds the key to how stars shine and to why black holes have an expiry date. Without quantum phenomena, we can be sure that our universe would be an entirely different place.

Next, we will dive into quantum life on Earth. The field of quantum biology, which attempts to use the behaviour of quantum particles to explain certain biological processes, has sprung into existence and grown its fanbase in recent years. We will explore how the efficiency of photosynthesis and enzymes, the navigational skill of migratory birds and the origins of our sense of smell – and perhaps even our consciousness – may have roots in quantum physics. The evolution of life on Earth may have been shaped by the laws of quantum physics over billions of years.

Finally, we will turn to the technological advances that humanity is making thanks to our knowledge of, and ability to exploit, quantum physics. If Part II represents our past discoveries in understanding the universe around us and Part III represents our present-day research into the physics of life on Earth, the final section represents the future of what humanity will be able to achieve with new quantum technology. Here, we will explore the most advanced quantum technologies that will have the largest impact in solving our most challenging problems in the twenty-first century. We will find out how they will enable humanity to solve the unsolvable, see the invisible and secure our secrets. Quantum physics is the most powerful tool we have access to, not just for increasing our understanding of the world around us, but for helping us shape its future.

This book aims to completely change how your brain perceives reality by allowing you to think outside of the classical physics box. By being exposed to the fascinating behaviour of rebellious quantum particles, you will discover that our world is much richer than you once thought it was, with the classical laws of physics breaking down at the smallest scales. By visiting far-reaching and profound wonders of the quantum world, you will see just how consequential the magical behaviour of the smallest things is for our universe, for life on Earth and for cutting-edge technology.

Before we journey into the quantum world, though, a word of warning: after reading this book, you might never be able to think about the reality of the world in the same way again.



PART I

Spotting Quantum in the Wild

By now, you’re probably getting the gist that quantum physics occurs on a small scale. Some of you may already know that quantum physics is needed to explain the goings-on at an incredibly small scale. But just how small is it? Exactly how far do we have to zoom in to be able to see particles disobeying the laws of classical physics? You’re about to find out firsthand as you imagine shrinking step by step, delving deeper than ever before into the matter around you.

At some scale you will begin to witness intriguing clues that not everything follows our trusty laws of classical physics that we have become so familiar with. Upon arrival in the magical realm of quantum physics, the matter and energy that you can witness around you will be behaving very differently from how you have learnt to expect from the classical world. Despite this seemingly chaotic behaviour, quantum physics provides a clear explanation of what is unfolding. All quantum ‘things’ (tiny pieces of matter such as electrons, and individual packets of energy such as photons of light) have characteristic traits that are perfectly described by the equations of quantum mechanics.

To make sense of this new world, we will explore these fascinating quantum traits and uncover just how differently quantum things behave from the objects we see around us in the classical world. Like a magnifying glass that reveals the true nature of our universe, this will enable you to spot the telltale traces of quantum physics in the wild. This quantum detective superpower will allow you to discover and appreciate the wonders of the quantum world that we will visit in this book.




1

JOURNEY INTO THE QUANTUM WORLD

To get a deeper grasp of the minute dimensions at which quantum physics dominates, we will start from our familiar classical world and gradually zoom in, magnifying the matter around us with increasing power until we reach the depths of the quantum underworld.

Before we embark on this journey, it will be useful to make sure we can communicate fluently with scientists about the size of things. One millimetre can be written as 0.001 m (that is, one one-thousandth of a metre), but if we are talking about sizes much smaller or much larger than 1 metre, the number of zeroes we have to write down becomes a real pain. In these cases, it becomes more convenient to place a symbol before the unit (in the case of 0.001 m, this would be 1 mm – where the symbol ‘m’ for milli prefixes the unit ‘m’ for metres) or scientific notation (in the case of 0.001 m, this would be 10-3 m), depending on your taste. The latter option, with the fancy-looking superscript power, tells you the number of zeroes to put before or after the number if the exponent is negative or positive, respectively. The following handy table will help keep track of things as we travel beyond our familiar scale.




	Quantity

	Prefix symbol

	Scientific notation




	1,000,000,000

	G (giga)

	109




	1,000,000

	M (mega)

	106




	1000

	k (kilo)

	103




	1

	-

	100




	0.001

	m (milli)

	10–3




	0.000001

	H (micro)

	10-6




	0.000000001

	n (nano)

	10–9




	0.000000000001

	p (pico)

	10-12




	Too many zeroes

	f (femto)

	10-15






To undertake this journey of investigation, we will imagine gradually shrinking to a size that even the most powerful electron microscope cannot probe. Starting from the familiar comfort zone of the classical world, we will imagine peering into the matter around us far beyond the limits of our human eyes. During this thought exercise, we will visualise the world around us getting an awful lot larger and an awful lot stranger. As with any good journey to discover the truth about reality, you are going to be searching within yourself, quite literally: this journey into the quantum world will bring you up close and personal with matter within your own body.

As you prepare to embark on your journey through scale, your height is the same as it was when you woke up this morning – I’d hazard a guess at somewhere between 1 and 2.5 metres. The world around you looks the same as it always has. Everything that surrounds you is designed to cater for your size – it’s no accident that the buildings, cars and other human-designed objects are optimally scaled to fit you. Even the terrain around you looks well-suited for you to traverse: humans, after all, have evolved and adapted over eons to spread out and conquer their surrounding environment, exploiting its resources and forming connections with other humans. Take a look at the natural environment. You’ll find that hills and valleys are an appropriate scale to walk across in search of water and food. Beaches are the perfect length to stroll along before the tide comes in to wash you away. Most lakes can be crossed and most mountains can be climbed. Even the vastest ocean can be sailed. Everything that surrounds you seems an appropriate scale to help humanity thrive as a species. Moving through your environment and interacting with its components is a breeze for you as you are subconsciously in tune with Newtonian mechanics, which describes how objects move under forces. You feel like you belong in the classical world, but you’re ready to explore beyond your comfort zone, to enter a world that you aren’t supposed to fit into.

It’s time to take a closer look at the inner workings of your body and the matter from which it is composed. Imagine shrinking to an increasingly microscopic size and exploring from an increasingly close vantage point the matter you contain. At some point, our classical laws of physics will cease to describe what we are seeing.

Which part of your body shall we zoom in on? You may have a gut feeling about this. That’s right: let’s choose the organ right in the centre of your body – your stomach. I bet you’re feeling grateful for the imaginary nature of this thought experiment now.

To access your stomach, we need to travel through your mouth; other entrance routes are less desirable. Shrinking to the size of a pill that is easy to swallow, you admire the jagged, pearly-white mountains that are your teeth. At this proximity, you’re given a confronting reminder of the importance of flossing. As you’re swallowed down the oesophagus with the help of your muscular tongue, it suddenly becomes a lot darker. As you plunge into the abyss towards your stomach, you freefall with trepidation about what you will encounter next.

The scene that greets you on your exit from the oesophagus is a churning bath of stomach acid below. Fantastic. You can’t wait to dive in. With curiosity and a healthy dose of revulsion, you witness the chewed and partially dissolved food that you had for breakfast. The clump of overpriced smashed avocado sailing on a bite-sized raft of sourdough toast looms ever larger as we zoom in past the millimetre scale. The filaments and cavities that form the structure of your favourite sourdough bread start to consume your field of view. You have now shrunk to the size of one-tenth of a millimetre, or 100 micrometres (100 microns). You are about the width of a human hair. At this size, a human eye can just about spot you as a tiny speck, but we would need an optical microscope to get a good look at you frantically waving your arms around.

Looking around you, you don’t recognise anything from your everyday life. No familiar food to be seen here – it’s simply too large. Instead, you are welcomed into the squishy and chaotic world of cell biology. The grotesque scene in front of you is the gastric pit indenting the lining of your stomach wall. A rather stomachchurning sight at this hour! Humans have several million gastric pits, each spewing gastric juices to help you digest your food, and right now you’re lucky enough to be getting a unique view of one of your very own. Around the edges of this erupting volcano, you spot individual cells that are secreting an alkaline mucus to protect the stomach lining from its corrosive acidic contents. These cells are packed closely together to form a single protective layer, like spongy bricks in a rippling wall.

Peering through the transparent cell wall to the inside of one of the cells, you spot the bossy nucleus, commanding the cell to manufacture proteins from its long list of instructions. Surrounding the nucleus you can see a great number of mitochondria, living up to their name as the powerhouses of the cell, and a selection of other organelles floating inside each cell, designed to perform specific tasks. You stare transfixed as they jostle within a bag of liquid cytoplasm contained by the cell membrane.

A large, green plant cell slowly crosses in front of the activity you are currently witnessing inside one of your stomach cells. You are perplexed as to how it ended up inside your body until you remember it’s most likely from the flesh of the avocado you ate for breakfast.

Plant cells are easily distinguished from the human cells making up the lining of your stomach wall: due to their rigid cell wall, they look more like blocky cuboids than squishy bags. They’re also typically larger, at around 10–100 micrometres instead of the 10–30 micrometres typical of animal cells. There’s some fascinating cell biology happening here and it’s well worth a longer visit in the future, but it’s not our final destination on this journey.

It’s time to continue your shrinking process to get a closer look at the world inside you. As you continue to diminish in size, you spot a small, rather sinister-looking rod-shaped cell around 2 micrometres in length swimming along by beating a skinny little tail called a flagella. You notice it doesn’t have a nucleus – that mass so essential for controlling animal and plant cells – and a vision of a brainless zombie comes to your mind. Instead of being contained within a nucleus, all of its DNA, carrying genetic instructions, is just floating around in the cytoplasm of the cell. This intriguing and rather eerie- looking character is a bacterium – of the E. coli variety, to be precise. It can be bad news if ingested with food, resulting in the crippling cramps of food poisoning. Luckily, it will most likely be dissolved by your stomach acid and in the normal-sized world you can continue going about your business unaware of the inner battleground that is your gut.

Shrinking past the micron scale, you are able to get up close and personal with the many different types of bacteria wiggling around. Most of the bacteria found in your gut are beneficial for your bodily functions – they break down food, produce nutrients and synthesise vitamins. However, there are quite a few strains of bacteria that, if left to multiply, can cause unpleasant diseases. Outside of your gut, bacteria come in many more strains and in an assortment of shapes, colours and sizes. They are a diverse bunch. Collectively, they are able to survive in pretty much any environment on Earth – even acidic hot springs and radioactive waste. They were among the first forms of life to appear on planet Earth around 4 billion years ago, and are likely to outlive us all.

In your present situation, with bacteria as big as your head floating around, you can get a better look at the energy-providing mitochondria inside both plant cells and your human cells. You notice that they look remarkably similar to bacteria: both are similarly sized bags containing no nucleus but plenty of DNA sloshing around in fluid. This is no coincidence. Mitochondria were created at least 1.45 billion years ago when an ancestor of both plant and animal cells engulfed an aerobic bacterium that required oxygen for survival. This single act of a hungry cell having a munch on a bacterium represents one of the most critical stages of evolution of life on Earth. It meant that the animal, plant and fungi kingdoms could emerge with the shared ability to produce chemical energy from within their mitochondria, in a process known as cellular respiration.

Piercing through a plant cell wall, you find yourself surrounded by many green spheroids you haven’t come across in any of the human cells you’ve encountered so far. These small but mighty organelles are chloroplasts, which give plants the ability to photosynthesise. They also look suspiciously bacterial in their size and contents. It turns out that they were created in a similar turn of events as mitochondria. In an equally pivotal event in the development of life on Earth, chloroplasts were created over a billion years ago when a cellular ancestor of a plant cell decided to engulf a photosynthesising cyanobacterium. This allowed the plant cell to convert carbon dioxide and sunlight into glucose, which can then be converted into chemical energy through cellular respiration.

Both mitochondria and chloroplasts carry DNA whose genomes are remarkably similar to those of bacteria, providing evidence of the bacterial origins of these organelles that are locked inside animal and plant cells. There are mind-blowing things to research at the level of bacteria and subcellular organisms, but for now, remove yourself from the plant cell and continue your exploration.

As you continue your journey and shrink below 1 micrometre, you are reaching the limits at which optical microscopes can probe. This limit in resolution comes from the fact that features smaller than half the wavelength of the probing energy source (in this case, light) cannot cause diffraction and thus cannot form an image. Since the wavelength of visible light ranges from 0.7 micrometres at the red end of the spectrum to 0.4 micrometres at the violet end, an optical microscope can’t possibly image anything smaller than 0.2 micrometres. If anyone wants to observe you down here now, they will have to use a powerful electron microscope, in which the electrons have high-enough energies – and hence smallenough wavelengths – to be able to image features down to the size of atoms.

As you pioneer onwards into new territory beyond the reach of optical microscopes, a strange-looking structure fills your vision. It has an angular head mounted on a stick with legs, and looks not dissimilar to a lunar landing module. You have reached the realm of the viruses that lurk all around and within you. They range in size from about 20 to 250 nanometres. One nanometre is one-billionth of a metre (1 nm = 10-9 m). The particular individual you are staring at is actually an example of a bacteriophage, or a virus that exclusively attacks bacteria cells. Bacteriophages dominate the microbiome of the human gut and play an important role in shaping the colonies of bacteria that live there. How can something that appears so simple and lifeless be such an efficient killing machine? It is under debate whether viruses are truly living things, since they require other cells to replicate. They achieve this feat by hacking into the control centre of cells by injecting them with viral RNA or DNA, causing the cells to create many thousands of viral replicas before they rupture and release the replicas into the surroundings. This makes for a rather haunting sight. Viruses
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