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The atoms and their hidden reign,


unseen by the eye,


unknown to the brain.


Our dreams fall short, they cannot hold,


a vision that no mind can mould.


Quantum, a spark in recent years,


met our thought uncertain and unclear.


Yet now we see, as both align:


a deeper glance


rewrites the line.


It breaks the truths we thought we knew,


revealing worlds beyond our view.







   

   


THE PHYSICIST’S FOREWORD


This book is the result of a clash of cultures: between the scientific quest to ‘mathematize’ the world, gradually unravelling its mysteries, and the beauty and amazement we encounter in the realm of transcendent art; between uncovering symmetrical patterns in our material world and the simplicity and splendour of Schubert’s music; between the inherent unpredictability of a quantum system and the deeply conflicting emotions found in Hermann Hesse’s Narcissus and Goldmund.


The point is: there is no clash. Schrödinger’s equation belongs just as much to our cultural canon as Beethoven’s Ninth Symphony. Understanding how quantum mechanics gives colour to our world is just as delightful as admiring the splendid colours in Klimt’s paintings. Understanding how symmetry serves as a central organizing principle, preventing us from shrinking into a mere pea, is as humbling as standing before the majesty of the Grand Canyon. In essence, physics aspires to achieve what Michelangelo envisioned when he gazed upon the marble block that would become David: to observe and describe nature in such a way that all excess material can be chipped away, leaving only the true essence.


However, there is a fundamental difference: while contemporary art and art from hundreds or thousands of years ago is equally valuable and arouses equally strong emotions, they do not truly build upon each other. Art constantly reinvents itself and has to be (or not be) original. This does not apply to physics, where one theory builds on another in a seamless progression. Newtonian mechanics gave way to Einstein’s theory of relativity, which in turn evolved into quantum field theory; the quantum realm of the subatomic unveiled profound mysteries about chemistry, matter and the workings of the stars; alchemy transformed into an experimental science capable of turning mercury into gold. And this is precisely what makes the story of quantum physics so captivating and so fascinating to tell: it is a story of countless individuals, each building on each other’s ideas, igniting revolutions that fundamentally reshape our understanding of the world. It’s the story of how a handful of foundational quantum concepts enable us to comprehend an endless array of natural phenomena.


The premise of this book is simple: quantum physics is far from incomprehensible. On the contrary, it can be made accessible to all. By understanding a few foundational concepts – such as symmetry, the exclusion principle and the uncertainty principle – anyone can connect with the atomic world, which forms the basis of numerous technological applications we use every day. The inherent complexity and counterintuitive nature of physics must not be used to mystify it. That’s precisely the opposite of what a popularizing book should seek to do. Nor should readers be expected to follow every line of reasoning – that is only possible in the precise language of mathematics. Instead, the philosophy of this book is to encourage readers to focus on the ideas themselves, as these are much more intuitive and important than the technical deductions behind them. We do not intend – nor is it necessary – to explain the full mathematics of quantum physics in a book without formulas. What we aim to do is something else entirely: to inspire readers to see and feel new things, and to view the world from a fresh, quantum-inspired perspective.


Quantum physics works, and we are on the verge of a second quantum revolution – one that will profoundly transform our technology. Anyone who is curious about the fundamental workings and beauty of our world should have at least a basic understanding of quantum physics. That is the mission of this book.








   

   


THE WRITER’S FOREWORD


At school, no one ever managed to explain the purpose of mathematics to me. ‘Why do we have to learn this, Miss? It’s not like we’re ever going to need that later, right?’ The same old refrain, you know how it goes. Cross and frustrated, I would storm off, finding solace in the poster pinned to the wall above my bed: ‘Do not worry about your difficulties in mathematics. I can assure you that mine are still greater.’ Signed: Albert Einstein. Those of us not blessed with the divine gift of numbers resorted to borrowing answers from the clever classmate sitting next to us. By the time the holidays rolled around, all was forgiven – and promptly forgotten. And so, I earned my marks through book reviews, essays and presentations, where at least my knack for language served me well.


What actually frustrated me wasn’t just my struggle with mathematics, but my inability to understand why I struggled with it. Today, I’ve come to realize that maths isn’t so different from prose; it’s simply another form of expression, another language. It has its own rules, its own rhythm, its own poetry. Mathematics is the ultimate workout for our capacity to think abstractly, to ask the right questions, to (learn to) solve problems and to discover connections. Consider Newton: with one and the same formula, he explained both why an apple falls to the ground and why planets orbit the sun – a perfect testament to the elegance of mathematical thought.


Is it really that necessary, then, to understand how everything fits together? No, not really. Is it invaluable? Absolutely. Our point is this: quantum physics is an undeniable part of our culture, to the same extent as literature, music, theatre, film and all that jazz. Because culture equals knowledge. It’s the translation of how we evolve as humans, how we engage with our history, how we relate to the infinitely large and the infinitely small, and to everything we do and everything we have no control over. We derive our identity from culture. And when we think of identity, we inevitably think of history. Behind every turning point in history stands not just a strong man or woman, but also a strong idea. Nearly all of those ideas came about as a result of new insights in the natural sciences – think of the Enlightenment, industrialization, automation, globalization, digitization, et cetera. Therefore, it is our hope that thanks to (or: in spite of) this book, students will be inspired to study the sciences. Especially girls. Not because of their gender – though naturally also because of it. For girls and women are remarkably gifted in mathematics and science. This book provides hard proof of that.


This reminds me of my master’s thesis, which focused on the translation of René Char’s Feuillets d’Hypnos into Italian. I had come across that little book one day, rather by accident; but, like the translator, I didn’t initially ‘get it’. The French felt unnecessarily difficult, almost impenetrable. And yet. Char’s aphorisms haunted me. I couldn’t quite shake the feeling that, in every text, he was reaching for something essential, something ‘beyond’. For months, I wrestled with the words, searching for meaning, until suddenly, one aha moment followed another. So that’s what he meant! Through the most mundane occurrences in daily life, I began to see connections I hadn’t noticed before, unravelling what he was truly trying to convey. Slowly, I found myself internalizing those aphorisms. I began to see the world through their lens, peeling back layers to reveal their core meaning – and, in the process, finding my own. And that’s exactly what I hope you will experience through these pages.


I wouldn’t go so far as to claim that, since writing this book, I now roam the supermarket aisles in search of a pot of (sugar-free) quark with mathematical formulas running through my mind. But as I stand at the self-checkout scanning that pot of quark, I find myself thinking of the chapter on lasers. When I text home to say I’ll be a little late, I recall the section on transistors. And when I reflect on the fact that my mother has been cancer-free for over twenty years, I’m overjoyed that MRI scanners exist and that I can see her smiling on my computer screen as we talk via Zoom, each in a different continent. Everything takes on a deeper meaning when you understand how it all works. And whether we owe it to a poet or a quantum physicist, what truly matters is the value and significance we attribute to the world around us – the way it reshapes our thinking and, ultimately, helps us grow.


One final thought on my collaboration with Frank. I thought our ways of thinking couldn’t be more different: mine felt much more instinctive, less linear, not bound by the black-and-white logic that is (seemingly) inherent in science and mathematics. I tend to live, work and think in a very intuitive way. For me, life is a succession of surprises and encounters, with plenty of scope for serendipity. But as I listened to Frank, I realized that we’re not so different after all. Actually, we think the same way and share the same craving for beauty. We are equally chaotic, equally creative and equally driven by a sense of urgency and the desire to share what we have and what we love with others. We just express this in completely different ways. And that’s exactly what made working together so fun – and so essential. It compelled us to listen even better to each other, to step into each other’s world, to try even harder to understand. It’s a matter of sensing and complementing each other. Of asking the right questions. Drawing the right connections. Is the professor foolish because he can’t explain it? Am I foolish because I don’t understand it? Perhaps! But the difference lies here: Frank thinks and speaks in mathematics; I think and speak in words.


At the same time, it’s all relative. There’s mathematics, quantum physics, formulas and entanglements, but there are other things in life that are far more complex. In daily life, we must learn to resolve conflicts, to find words for our feelings and thoughts. Here, too, we search for language, for understanding, for clarity. What we wrote here not only had to be correct and clear, but also beautiful. Knowledge should be something you want to pass on – something infectious. I hope that message resonates with you and that you don’t walk away feeling cross or frustrated. And if the subject still feels a little out of reach after reading this book, remember: that’s perfectly normal. At the very least, I hope it’s been fun to read. And if some things haven’t clicked yet – don’t worry, that aha! moment will come.


Céline Broeckaert and Frank Verstraete


Ghent, Cambridge and Nyons, June 2023







   

   


HOW TO READ THIS BOOK


This is not a physics book. It’s a book about quantum physics. After all, the essence of quantum physics is not mathematics – it’s the ideas behind it that matter most. That’s why we have de-ciphered our story as much as possible by stripping it of formulas and mathematics. Quantum logic is notoriously strange – baffling, even – and it can feel downright impossible to grasp at times. But that’s okay. You don’t need to master every detail to appreciate the elegance and beauty of nature’s laws. Bear in mind that even quantum physicists don’t fully grasp quantum physics. They’ve simply learned to live with it; they’ve developed a certain intuition for it. So, let the waves carry you away. Think of it like listening to music: you don’t have to understand the mathematical underpinning to enjoy it. Each chapter develops a variation on the quantum theme. You can savour it, even if you can’t untangle every nuance.





 


 


 



The structure of the book


This book is about quantum physics: how it emerged in the early twentieth century, evolved into the greatest revolution in our understanding of matter and how it underpins much of the technology we depend on. Yet, like all branches of science, quantum physics is just one chapter in a never-ending story. Where does such a story begin? How far back must we go to uncover its roots? We’ve chosen to begin in the sixteenth century with Simon Stevin, one of the first geniuses to challenge scientific dogmas and let experiments guide him towards surprising, counterintuitive truths. From there, the story of quantum physics unfolds like a relay race, with knowledge passed from one generation to the next. Step by step, it grew into an essential part of how we perceive the world and played a key role in shaping our everyday lives. That’s the thread connecting everything in this book.


Alongside the main text, this book also contains two other types of text:


FOR THE RECORD: these are the text sections marked with a vertical line. They bring a lively twist to the text.


FOR THE AFICIONADOS: these are the framed sections, for those who want to dig a bit deeper and embrace the figures and formulas. Rest assured, these sections are not necessary in order to follow the main text.












PART ONE



MATHEMAGICS















IN A NUTSHELL





>  Physics stands or falls on the results of experiments.


>  Mathematics: the language of nature (and unreasonably effective).


>  Physics is about ideas (not about mathematics).


>  Dramatis personae: Simon Stevin, Galileo Galilei, Isaac Newton, William Hamilton.













   




ONE



THE UNREASONABLE EFFECTIVENESS OF MATHEMATICS



1.1 How Aristotle was knocked off his pedestal
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Simon Stevin





It all began in the sixteenth century, in the year 1586, with what seemed like a pointless experiment. The scientific playground: the Dutch city of Delft. Two visionary minds, the Flemish scientist Simon Stevin (a Bruges-born mathematician, physicist, proto-engineer and master of doubt) and his friend Jan Cornets de Groot (whom Stevin called ‘the most diligent seeker of Nature’s hidden secrets’), climbed to the top of the Nieuwe Kerk tower armed with two hefty lead balls, one ten times heavier than the other. From a height of thirty feet (about nine metres), they dropped the balls in perfect synchrony. 


Below, a third man – firmly planted on the ground, entrusted with the seemingly simple yet crucial task of observing – confirmed with his own eyes (and ears) that the two lead balls landed on the wooden platform at exactly the same moment. There was unmistakably only one, singular thud to be heard. By the time he stormed down the steps, breathless and drenched in sweat, Stevin’s conclusion was ready: Aristotle’s celebrated theory of gravity was false! For nearly 2,000 years (that is, ever since Aristotle), everyone had taken it for granted that heavier objects fall faster than lighter ones.1 But the verdict was unambiguous. They had all been wrong!


The study of falling bodies marked the beginning of an unprecedented scientific revolution. And so, our story begins. In the centuries that followed, the groundwork was laid: reason illuminated minds, knowledge expanded and the world moved steadily toward the birth of quantum physics. 


Stevin, often called the ‘Da Vinci of the Low Countries’, used the opportunity to delicately point out the weight of his experiment: no matter how elegant and logical – or even romantic, if you like – a theory might seem, and no matter how much it appeals to intuition, if an experiment proves it wrong, it’s worthless. The world of abstract ideas was politely asked to step aside in favour of empirical research and the harsh clarity of reality. Today, that might seem fairly obvious, but at the time, it marked a monumental shift from tradition. It also explains why such contrary viewpoints were initially met with fierce opposition. Of course, you can only conduct tests if you have the necessary instruments. The rapid acceleration of scientific progress in the seventeenth century was a direct result of inventions such as the telescope and the microscope. The more precise the measurements became, the more experiments revealed new insights and dismantled the once-unshakeable theories of the past.


This idea will weave its way throughout this story. The history of science is a perpetual game of ping-pong between theory and experiment, between thinking and testing. Ultimately, it is always experiments – not reason or gut instinct – that decide whether a new theory is needed. Scientists aren’t preoccupied with who discovered something first. The question that keeps them up at night is: what scientific law explains what I observe? And can that law predict the outcome of future experiments? This is the cornerstone of the scientific method – the only true way to do science. In the end, our intuition is merely shaped by daily experiences with the relatively large – the visible world, so to speak. But that intuition falters the moment we delve into the microscopic realm. An atom, which roughly consists of a nucleus surrounded by electrons, is not at all akin to a miniature sun with planets orbiting around it. Still, a solid understanding of the macroscopic world can absolutely shed light on the microscopic, and vice versa.


If we want to delve into quantum physics, we must adopt this radical mindset of Stevin. It was this same unrestrained spirit that drove the pioneers of quantum physics,2 350 years after Stevin, to turn the entire field of physics on its head. Since there were certain experiments and mysteries that couldn’t be deciphered, not with the best will in the world, and certainly not with classical physics, Werner Heisenberg and Erwin Schrödinger approached the problem with open minds and a willingness to rethink everything. The result? A groundbreaking new theory that delivered the answers classical physics failed to provide. This burst of innovation in science sparked a cascade of new questions, astonishment, daring ideas and ultimately the foundational laws of quantum physics. It challenged us to accept some truly strange truths: particles can behave like waves, and they can exist everywhere and nowhere at once. It all depends on how you look at them, and what and how you measure. And yes, quantum physics is packed with paradoxes, but that’s part of its charm. In exchange, it gives us an understanding of the tiniest building blocks of matter and a completely fresh perspective on reality, and it provided the essential framework for the incredible technological advances of the twentieth century.


Why did we start this book with Simon Stevin? Not only because he’s the great-grandfather of the scientific method, but also because he championed the use of everyday language (rather than Latin) as the ideal medium for doing science. In that spirit, we too will lean on accessible language to achieve our goal: demystifying quantum physics and explaining its fundamental principles to a broad audience. Lastly, we get the ball rolling with Stevin because the protagonist of the next part of the story, Galileo Galilei, owes an undeniable debt to this visionary from Bruges. Credit where credit is due.







GROPING AROUND IN THE DARK3



Once upon a time, a drunken man stumbled back and forth beneath a streetlamp, scanning the ground for his keys. A passer-by, noticing his plight, stopped to help with the search. After a while, when their efforts turned up nothing, the passer-by asked if the man was sure he had lost his keys in that spot. The drunk shrugged and slurred, ‘No. But at least there’s some light here.’ The story carries a deeper truth: nature may overwhelm us with mysteries, but it’s our job to discover the laws – the keys – that unlock them. It’s only natural to look where the light shines, because that’s where we can see. But as we’ll come to understand, sometimes we must grope around in the dark to truly find what we’re looking for.






1.2 Mathematics is the language of nature


Once there was a young man who loved to study but wasn’t particularly fond of attending church. One day, while Galileo Galilei (1564–1642) was supposed to be dutifully murmuring psalms, his attention wandered to a lamp, suspended on a chain, swinging gently back and forth from the ceiling of Pisa Cathedral.4 Lacking a proper timepiece, he improvised, using the rhythm of his own heartbeat to measure how long it took for the lamp to complete each swing. With this enlightening little experiment, Galilei discovered the counterintuitive law behind a swinging object: no matter how wide the swing of a pendulum, the time it takes to complete each arc remains exactly the same.


Galileo Galilei would not have been Galileo Galilei if he hadn’t taken ample inspiration from his contemporaries. But with his own ‘drop test 2.0’, the father of modern science took things a step further than Stevin. He set his sights on the elusive concept of time and its intervals. The challenge? He couldn’t quite put it into words. To untangle the mechanics of something as abstract as ‘time’, Galilei had to turn to the one tool that could make sense of it: mathematics.5


One crisp, starry night, nestled among the cypress trees of idyllic Pisa, Galilei found his conviction growing stronger. As he peered at the sky through his telescope, an avant-garde toy of its time, a sudden thought crossed his mind: what if I spotted another civilization out there? What language could I use to speak to them? Stevin’s Dutch and Galilei’s own Italian wouldn’t get him any closer. E allora . . .? Matematica! Though he hadn’t yet cracked the formula for his swinging objects, the realization that mathematics was the universal key – to both unlocking the mysteries of nature and bridging the gap with extraterrestrials – was itself a breakthrough. As Galilei so memorably put it: ‘The book [i.e., nature] [is] written in the language of mathematics [. . .] and without that [knowledge] it is impossible to understand even a single word [of the book].’


Here’s the essence of it: the laws of nature exist independently of us. Humanity didn’t invent mathematics to explain nature – mathematics is the language of nature. And every so often, experiments compel scientists to expand that language’s vocabulary. This is why the outcome of an experiment is objective and unchanging, always leading to the same result, no matter where or when. Whether on Earth or Mars. A mathematical model of the world doesn’t just help us describe what we see – it allows us to make predictions and in turn to falsify6 those predictions on the basis of experiments. That process of testing, refining and understanding – that’s physics, in its purest form.


Galilei ‘mathematized’ physics, pulling it away from the realms of philosophy and religion, a bold move that earned him the ire of the church and plenty of sceptics. Centuries later, quantum physics would take this separation to its extreme. Thanks to (very) abstract mathematics, we can now predict and explain nearly everything in nature. Everything in the world is expressed through mathematical functions. The sound slipping into your ears: functions! The light landing on your retina: functions! The path a particle travels over time: functions! The warmth spreading through a too-crowded cafe: functions! The probability that a measurement will give you the answer you’re hoping for: functions! Even the butterfly in the Amazon flapping its wings and somehow nudging the weather in your town: functions! Functions are the language of the universe, describing how everything depends on something else.7 Yet, for all its elegance, mathematics can only be fully understood, and made tangible, through words. Because ultimately, physics isn’t about maths; it’s about ideas. And behind every transformative idea is a person – a giant, if you will. The next giant in our story is Isaac Newton.





1.3 We know the lion by his claw


The year was 1665. A pandemic had brought Europe to a standstill, universities shut their doors and Isaac Newton (1643–1727), then a Cambridge student in his early twenties, retreated into quarantine at his family’s manor in Woolsthorpe, about seventy miles (roughly 110 km) north of the city. What followed was nothing short of an annus mirabilis for Newton. Never before had anyone introduced so many new concepts and gained so many insights into physics in such a short time as Newton did – a man who, by the way, never travelled further than London, not even to see the sea (despite his enormous fascination with waves); a man who was said never to have been loved by any woman, not even by his mother, and perhaps even because of his mother, who left him in the care of his grandmother at the age of three. Whether this lack of warmth contributed to Newton’s notoriously difficult personality is up for debate, though such details are not really relevant here.


At the time, the biggest conundrum in physics was how to describe the orbits of the planets. Or rather, the glaring lack of a way to do so. The mathematics of the day simply wasn’t up to the task. Newton, ever undaunted, decided to fix this by inventing a brand-new branch of mathematics: calculus. With differential and integral calculus, Newton provided a tool that could do something revolutionary: if you know the position and speed of particles, and the forces acting between them, you can use calculus to determine both their past and their future. In essence, everything in the universe boils down to movement and change. Everything influences everything else and everything evolves over time: clocks tick, grass grows, planets revolve, electrons spin, cats grin.


Using calculus, Newton cracked what had been the biggest problem in physics. With a single, unified formula, he described the orbits of planets and explained why apples fall from trees. The same laws applied to both phenomena. This was pretty spectacular as, prior to Newton, the science of celestial motion and earthly physics were thought to belong to completely separate domains. Thanks to calculus, even Stevin and Galilei’s pendulums and falling objects could (finally!) be expressed in precise mathematical terms. In doing so, Newton accomplished what Galilei couldn’t: he wielded mathematics to describe the behaviour of accelerating bodies, unifying the heavens and the Earth under the same set of physical laws.
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Isaac Newton







NEWTON VERSUS LEIBNIZ


Nine years after Newton’s Philosophiae Naturalis Principia (better known as The Principia) was published, a competition was announced to challenge the world’s sharpest scientific minds. The men behind the plan to find out who was truly the great master of calculus were the mathematicians Johann Bernoulli and Gottfried Wilhelm von Leibniz. They posed a fiendishly difficult problem, to be solved within six months: what is the optimal shape of a marble run to ensure that a marble rolls from point A to a lower point B in the shortest time possible? When Newton received the challenge, it must have unleashed a torrent of brilliance within him, because he solved it in just twelve hours. However, wary of his rival Leibniz, Newton submitted his solution anonymously. It was a futile effort. Newton’s distinctive mathematical prowess gave him away immediately. Bernoulli could not have put it any more aptly: ‘We know the lion by his claw.’


While the rivalry between Newton and Leibniz may appear, at first glance, to be a petty squabble over ‘who was first’, the stakes were anything but trivial. The debate concerned nothing less than the invention of calculus, one of the most transformative discoveries in scientific history. Today, historians largely agree on a nuanced conclusion: Newton and Leibniz developed calculus independently of each other. But Newton got there first.





Newton’s laws of motion and calculus introduced the concept of a deterministic universe, aligning with the philosophical framework of his near-contemporary, René Descartes. This model left no room for chance and firmly dismissed randomness. For Newton, the universe was as orderly and predictable as the ticking of the clock in his kitchen. Two o’clock would always be followed by half-past two, sixty minutes would always make an hour and tomorrow’s twenty-four hours would unfailingly mirror today’s. In Newton’s eyes, the universe operated in much the same way: if you know the position and velocity of every particle – be it stars, planets, moons or apples – at a given moment, you could, with absolute precision, calculate where they would be at any future point in time and trace their trajectories back into the distant past.


From all of the above, we can confidently conclude that Newton is the father of all classical physics. However, it will eventually become clear that Newton’s classical physics has its limitations. It struggles to describe the very smallest scales, and that’s where the laws of quantum physics will take over. Similarly, it falls short when dealing with the very largest scales or objects approaching the speed of light, gaps that Einstein would later fill with his theory of relativity. Even Newton’s deterministic worldview would face significant challenges. This is because, in quantum physics, chance isn’t just a consequence of our ignorance; it plays a central role. At the quantum level, everything exists by virtue of randomness and probability. Remark-ably, quantum physics used Newton’s own invention, calculus, to undermine the theories he built with it. No new mathematics was required for this shift. Instead, the same calculus formulas were simply reinterpreted in a fundamentally different way, this time through the lens of wave functions and probabilities – two concepts, as the chapters ahead will reveal, that form the core thread of this story.


What quantum physics also shares with calculus is its remarkable unreasonable effectiveness. Initially developed to describe how electrons orbit a nucleus, quantum physics turned out to have far broader applications than anyone could have anticipated. Eugene Wigner (1902–1995) eloquently captured this sense of wonder at the ‘unreasonable effectiveness’ of mathematics in the natural sciences: ‘It is difficult to avoid the impression that a miracle confronts us here, quite comparable in its striking nature to the miracle that the human mind can string a thousand arguments together without getting itself into contradictions, or to the two miracles of the existence of laws of nature and of the human mind’s capacity to divine them.’


Simon Stevin had championed Dutch as the language of science. Galilei replaced everyday language with mathematics and, with Newton’s calculus, mathematics reached an absolute pinnacle. Newton was, in short, the first true scientist – or perhaps more aptly, the last of the sorcerers. Before his time, people mostly operated on intuition, mixing and matching ideas and methods in a haphazard way. With a fair share of patience and a bit of guesswork, they occasionally stumbled upon explanations for everything (okay, not quite everything). Then suddenly, the planets were orbiting the sun – not the other way around. Except no one could explain why that was so. The ‘why’ stopped dead at a question mark. Although Galilei and Stevin had introduced the scientific method, it was Newton who gave it structure and substance. His genius lay in defining a methodical approach to understanding nature, which required new insights, fresh tools and a mindset that would take generations to fully develop. Our next giant, the brilliant astronomer and mathematician Sir William Rowan Hamilton, was ready to take up that challenge.




THE APPLE


‘[Newton] is our Christopher Columbus. He has led us to a new world, and I would like to travel there.’ When we think of Newton, it’s almost impossible not to picture the apple. Yet the famous apple story wasn’t born under a tree but in the creative mind of writer, philosopher and fervent Newton admirer François-Marie Arouet, better known as Voltaire (1694–1778), the author of the quote above. While Voltaire’s tale of the falling apple owes more to imagination than to history, it proved an ingenious way to humanize Newton and make his revolutionary ideas more accessible to the broader public.


À propos, if you’ve ever wondered why some of Voltaire’s works occasionally display striking scientific depth, the answer lies in the embrace of Émilie du Châtelet (1706–1749). For many years, Voltaire and du Châtelet lived in the best of worlds, spending their days immersed in love, literature, theatre and rigorous study. But why does Émilie du Châtelet deserve special recognition? Because she was the first female scholar of the modern era, a physicist and mathematician who tackled some of the most complex problems with astonishing clarity and ingenuity. She refused to let the male-dominated world of science exclude her from Newton’s ideas. But most notably, she translated Newton’s monumental Principia from Latin into French. And not just translated, excuse us: she refined, expanded and supplemented it, ensuring the work was as precise as it was comprehensive, particularly regarding the concept of energy. Du Châtelet demonstrated that energy cannot be created or destroyed, only transformed. She also settled a lingering dispute between Newton and Leibniz by proving that kinetic energy is proportional not to velocity (Newton’s view) but to the square of velocity (Leibniz’s). While Newton may have triumphed in the calculus wars, this time, Leibniz had it right. Du Châtelet’s insights on energy would later become central to the work of William Hamilton and Joseph-Louis Lagrange, whose work would provide the mathematical foundation of quantum physics.


Du Châtelet was over forty when she became pregnant (by a man who was not Voltaire). Given her age, she grew increasingly anxious about the risks and raced to complete her translation. The child was born healthy, but du Châtelet died shortly after, leaving Voltaire devastated. Before leaving France, he mustered all his courage (and honour) to have her Principes mathématiques de la philosophie naturelle d’Isaac Newton published posthumously. To this day, it remains the definitive French edition of Newton’s work. For the Epicureans among us, we recommend du Châtelet’s Discours sur le bonheur (1779). Oh, lest we forget, a crater on Venus was named after her. Though we prefer to mark our appreciation in this book.






1.4 Algebracadabra


One fine day, Sir William Rowan Hamilton (1805–1865) fell in love. But not just in love, oh no. He fell in love as only an astronomer could: to the moon and back. On an otherwise unremarkable 16 October in 1843, he stepped out of his study to take a stroll in the precious company of his beloved. As they wandered along, navigating unanswered questions such as what might be for dinner that evening, Hamilton arrived at a bridge spanning Dublin’s Royal Canal. There, in a sudden moment of blinding brilliance, he was struck by an insight so profound that he felt compelled not to carve his beloved’s name into the stone but rather his highly poetic equation8 i² = j² = k² = i . j . k = −1. 


‘Quaternions! Take that, my love!’ he declared triumphantly. ‘This is how you extend complex numbers into four dimensions! Away with commutativity!’ Lady Hamilton, however, simply nodded, feeling slightly passed over. Setting aside this minor romantic misstep, Hamilton’s spontaneous act of mathematical graffiti would go on to lay the cornerstone of linear algebra and the study of matrices. The fact that, even today, throngs of enthusiasts gather each 16 October to retrace his steps during the Hamilton Walk is a testament to how much the scientific world owes to this one moment of genius.
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Hamilton’s bridge over the Royal Canal





Before we go any further, we need to take a brief but necessary detour into the world of complex numbers and quaternions. One of the reasons mathematics and quantum physics can feel so intricate is their reliance on these unusual numbers. Most of us ‘normal’ people stick to real numbers, like 9 or 14 or ‒65 or 3.14 or ‒√2. Square any of those, and you’ll always end up with a positive result. After all, a number multiplied by itself can’t help but be positive. People with a slightly more mathematical mindset also work with imaginary numbers, such as the number i, which is the square root of ‒1 (so i . i = ‒1 and 10 . i is the square root of ‒100).


Complex numbers combine these two worlds: they have one real and one imaginary component. They might seem strange at first, but they prove incredibly useful for tackling complex problems. Before the advent of quantum physics, complex numbers were treated as a mathematical oddity, a clever tool to solve differential equations more efficiently and elegantly. Quantum physics, however, changed all that. Complex numbers shed their reputation as mere mathematical tricks and became indispensable. At the heart of it all is a remarkable fact: nature itself cannot be fully described without complex numbers. 


Back to our main thread: Hamilton. He didn’t just stop at complex numbers, he took a leap forward with quaternions, laying the mathematical foundation for quantum physics. And that mathematical basis is, yes, pretty complex. Unlike ‘ordinary’ complex numbers, which consist of two components, quaternions have four: 1 (a real number), i (an imaginary number), and two additional components, j and k. Their most notable property? Quaternions are non-commutative, meaning the order of multiplication matters: i · j is not the same as j · i. To put it in everyday terms: filling a swimming pool before jumping in is not the same as jumping in first and filling the pool afterwards. The correct relationship is i · j = ‒j · i.


However, quaternions are associative, which means that the grouping of terms doesn’t affect the result: a · (b · c) = (a · b) · c. In simpler terms, boiling and peeling an egg before eating it is no different from boiling the egg first, peeling it second and then eating it. This dual nature of quaternions (non-commutative but associative) opened up entirely new mathematical possibilities, ultimately forming the backbone of quantum physics.9


It soon became clear that this way of working with 1s, is, js and ks was a bit complicated after all. It needed to be simpler. And it could be made simpler; by invoking matrices. A matrix is like a big chequerboard filled with complex numbers, arranged in rows and columns. It might look like the image opposite.



[image: Start of image description, A matrix labeled A is represented in its general form. Matrix A has m rows and n columns, with elements denoted as a sub i j where i indicates the row number and j indicates the column number. The elements are arranged in a rectangular array enclosed by square brackets, with a sub 1 1 in the top-left position, a sub 1 n in the top-right, a sub m 1 in the bottom-left, and a sub m n in the bottom-right. Ellipses are used to indicate the continuation pattern of elements across rows and columns., end of image description]

A matrix with m rows and n columns





Switching to matrices opened up a world of possibilities, allowing non-commutative structures to be applied to far more interesting systems. Where Newton’s theory enables scientists to describe how a single particle evolves under the influence of applied forces, matrices allow them to do the same, but for entire systems of particles at once. These so-called ‘many-particle systems’ consist of countless particles, all exerting forces on each other. The numbers in the matrix show how strongly the particles attract or repel one another and predict how the entire system will evolve over time. A key concept here is eigenfrequencies.10 Every matrix has its own set of eigenfrequencies – its natural resonances – that reveal the vibrations of a many-particle system. And since every system vibrates, it’s these frequencies that dictate how particles move.




COMMON-OR-GARDEN QUATERNIONS


What’s the point of all these abstract concepts? As it turns out, quaternions and matrices are the unsung heroes behind the lightning-fast image processing that powers smartphones, games consoles and pretty much anything else with a screen. If a diligent student today fancied recreating the Hamilton walk along the Royal Canal in virtual reality, a VR headset could help us zoom from one side of that now world-famous bridge to the other – perhaps to get a better look at a rare chiffchaff flying overhead. If our computer whiz-kid wants to keep the VR image sharp even during sudden movements, they’ll need to encode the digital rotations in terms of quaternions, since the mathematics of quaternions is an essential part of the fastest image-processing algorithms. Closer to home, matrices are indispensable for modern information processing. Google’s renowned PageRank algorithm, for instance, works by uncovering the eigenfrequencies of a massive matrix. Matrices also underpin the algorithms used in hedge funds, power AI innovations like ChatGPT, forecast your sunny weather and calculate all the roads that lead to Rome in Google Maps.





The simplest example of a classical many-particle system is a string (like those on a guitar, piano or mandolin). The mathematical model of a string starts with the idea that it’s made up of countless atoms (particles) that influence one another. Take the D-string, for instance: it’s described by a D-string matrix, whose eigenfrequencies (the different tones) dictate how the string sounds. When you pluck the D-string, it doesn’t just produce the fundamental tone; higher notes also resonate, each one a multiple of the fundamental frequency. Every string has its own unique matrix and eigenfrequencies, which means it can only produce a limited, discrete set of tones. In physics, this ‘limitation’ is called quantization. When you strike a string, all these allowed tones resonate at once, though some more prominently than others. And that leads us neatly to our next crucial concept: superposition.


In the illustration below, an unwitting hand plucks the D-string. Points A and B mark where the string is attached. The sound produced is a sum (or superposition) of various tones, determined by the shape (or function) of the string at the exact moment it is plucked. This fascinating property, where any function can be expressed as a superposition of different waves, forms the foundation of Fourier analysis, one of the most powerful tools in mathematics. French mathematician Jean-Baptiste Joseph Fourier (1768–1830) developed Fourier analysis to describe how heat moves through matter. Ironically, he struggled to regulate his own body heat. Perpetually cold, he layered himself in sweaters – yet still shivered. In the final days of his life, Fourier resorted to living in a black cardboard box, the only place where he found warmth and comfort.



[image: Start of image description, A diagram illustrates how the triangular shape of a plucked string, shown at the top being manipulated by a hand, can be understood as a superposition or sum of its fundamental tone and various overtones. Below the string, four waveforms labeled (a), (b), (c), and (d) represent these components. Waveform (a) shows the fundamental tone, appearing as a simple arc between points A and B. The subsequent waveforms (b), (c), and (d) represent higher overtones, each exhibiting increasing frequency and complexity. These waveforms are labeled with fractional values that indicate their contributions to the overall shape. A value of negative StartFraction 1 over 9 EndFraction is displayed at the starting point of waveform (b), StartFraction 1 over 25 EndFraction is written between the end of waveform (b) and the beginning of waveform (c), and negative StartFraction 1 over 49 EndFraction appears between the end of waveform (c) and the beginning of waveform (d). Structurally, waveform (b) contains two crests with one trough in between, waveform (c) has three crests and two alternating troughs, and waveform (d) features four crests and three troughs arranged in an alternating pattern., end of image description]

The triangular shape of the string is a superposition (sum) of a fundamental tone (a) and various overtones (b, c, d, etc.), all of which are multiples of the fundamental.





The timbre of an instrument is shaped by the volume of its overtones (how much the string oscillates up and down) and the exact moments when these vibrations hit their peak (known as the phase). In theory, any combination (or superposition) of amplitudes and phases of these tones is possible. For example, the fundamental frequency in the figure is 1. Overtone b has a frequency of 3 but is nine times quieter than the fundamental. Overtone c has a frequency of 5 and is twenty-five times quieter, while overtone d has a frequency of 7 and is forty-nine times quieter than the fundamental.


This might feel like diving into technical territory a bit early but bear with us – it’s worth it. Here’s why: one of the most important breakthroughs by quantum pioneers Heisenberg and Schrödinger was the realization that the behaviour of a single quantum particle (like an electron) follows the exact same mathematical principles that describe many classical particles (like a vibrating string). Sounds odd, right? Defining a single drop of water by studying an entire wave? How does that work? Simple: by turning your intuition off and quantum logic on. Once you do, it becomes clear: the possible energy levels of a quantum particle are quantized (hence the name quantum physics). A quantum particle exhibits both particle-like and wave-like behaviour. Like a string, it exists as a superposition of waves, which means it can also occupy multiple positions simultaneously.


In a nutshell, quantum particles are governed by wave equations – what we call the wave functions of quantum physics. The evolution of these wave functions is dictated by the Hamiltonian (named after Sir William Rowan Hamilton), an infinitely large matrix that forms the foundation of all quantum calculations, and its eigenfrequencies. If this all sounds a bit abstract or overwhelming, don’t worry. In the coming chapters, we’ll ride these waves together and unravel these concepts in greater detail.















IN A NUTSHELL





>  Symmetry is the most powerful concept in physics. The laws of nature only know one god: symmetry.


>  Symmetry: break it to make it! In nature, all structure and order emerge from the breaking of symmetry.


>  Group theory is the language of symmetries.


>  Dramatis personae: Emmy Noether, Lev Landau, Évariste Galois, Wolfgang Pauli.













   




TWO



SYMMETRY



2.1 The order of the chaos


The grande dame of symmetries in physics is the incomparable Emmy Noether (1882–1935). Upon her untimely passing, Einstein shared these words in a letter to The New York Times:


In the judgment of the most competent living mathematicians, Fräulein Noether was the most significant creative mathematical genius thus far produced since the higher education of women began. In the realm of algebra, in which the most gifted mathematicians have been busy for centuries, she discovered methods which have proved of enormous importance in the development of the present-day younger generation of mathematicians.


Noether’s brilliance lies in her realization that the laws of physics governing change and motion also conceal a fundamental constancy. She uncovered the key to understanding why the laws of physics are the way they are. While Newton and Galilei displayed genius by ‘guessing’ specific laws, Noether looked deeper and discovered an organizing principle behind them all: symmetry. She demonstrated that Newton’s conservation laws are not isolated truths but direct consequences of these symmetries. Symmetries, as it turns out, are the building blocks of nature. They’re woven into the very DNA of physics, and their most exquisite application is found in quantum mechanics.



[image: Start of image description, A sketch shows Emmy Noether., end of image description]

Emmy Noether





Here’s the (slightly technical) reasoning behind her theorem: when an apple falls from a tree (and promptly gets eaten), its total energy doesn’t disappear – it’s conserved. This conservation of energy stems from the fact that the laws of nature don’t change over time. Similarly, momentum (the ‘amount’ of motion) is conserved because these laws hold true everywhere. These principles are, respectively, time-invariance and translation-invariance. But there’s more. Kinetic energy is proportional to the square of velocity. This relationship arises because the laws of physics are symmetric (invariant) under Galilean transformations. These transformations, named after Galilei’s famous thought experiment, propose that you wouldn’t notice any difference between experiments conducted on a ship in motion and those conducted on one at anchor. Einstein’s theory of relativity is also all about symmetries. It builds on and expands Galilean transformations, ensuring that interactions don’t happen instantly but at the speed of light.




THE NOETHER BOYS


As a student, Emmy Noether often found herself relegated to the back of lecture halls – not by choice, but because women in Germany were still barred from pursuing higher education at the time. Eventually, however, she was welcomed into the mathematics faculty of the University of Göttingen by none other than David Hilbert, widely regarded as the greatest mathematician of his age. When critics objected, Hilbert famously shot back: ‘I do not see that the sex of the candidate is an argument against her admission. We are a university, not a bath house.’ Once admitted, Noether quickly earned respect and admiration. Her students, fondly dubbed the ‘Noether boys’, became loyal disciples, while she rose to prominence at lightning speed. With her unrelenting enthusiasm, she didn’t just teach; she revolutionized mathematics itself. Noether laid the foundations of category theory, a new framework for mathematical thinking that remains one of the most dynamic fields in mathematics and theoretical physics today. By the way, it was Noether who proved that energy is conserved in the theory of general relativity, a problem that had captivated the brightest minds in science, including those of Hilbert and Einstein.


In 1933, as the Nazi regime tightened its grip, Noether was forced to flee Germany. She found refuge in the United States, where she was warmly welcomed as a professor at Bryn Mawr College in Pennsylvania, an institution that prided itself on empowering women. There, the benches and lecture halls were filled not with ‘Noether boys’, but with ‘Noether girls’. Tragically, her time at Bryn Mawr was cut short. Just two years later, at the age of fifty-three, Noether died following surgery to remove a tumour. It was a life that ended far too soon, but her legacy continues to shape mathematics and physics to this day.






[image: Start of image description, A sketch depicts David Hilbert with a beard, wearing a suit., end of image description]

David Hilbert





Nearly all major breakthroughs in theoretical physics stem from discovering new ways in which symmetries manifest themselves in nature. The simplest example is Mendeleev’s periodic table, where the periodicity reflects how the rotational symmetry of an atom is represented. A more advanced example of symmetry shaping the laws of nature is the Standard Model, which defines the properties of all elementary particles. This model is entirely built around a symmetry group. In essence, quantum physics is a blend of three vital ingredients: a pinch of symmetry, a pinch of conservation laws and a pinch of evolving insight. The perfect recipe for a three-layer cake. And once again, we’re faced with the almost unreasonable effectiveness of mathematics: one key can unlock an entire series of doors. In this sense, Emmy Noether held a true master key in her hands.


Behind every strong woman is a strong man. The grand homme of symmetries in physics is the much-lauded Lev Landau (1908–1968). Where Noether’s theory demonstrated that the laws of physics are dictated by symmetries, Landau, building on ideas from Pierre Curie (who will make an appearance later), discovered the key to bringing order to the rich complexity of matter. And you get that structure, curiously enough, by looking at the way symmetry breaks. It’s when symmetry shatters that things truly get fascinating. Landau preferred to pick up the pieces.




THE BIG LANDAU SHOW


Several decades after his death, Lev Landau was brought back to life – at least in spirit – in a colossal and eccentric project called DAU. This ambitious spectacle, a bizarre fusion of Big Brother and The Truman Show, ran from 2008 to 2011 and was funded by a Russian oligarch. For three years, 400 characters and 10,000 extras lived in complete isolation from the modern world in a meticulously recreated Stalinist environment. Everything – down to the roubles, food, underwear, cigarettes and even the social rules – was faithfully restored to mirror life in the Soviet Union from the 1930s to the 1950s. Participants lived, worked, ate and slept on set. The commitment was so thorough that, over the course of this shared existence, no fewer than fourteen children were conceived. At the centre of this extravagant production was none other than Lev Landau himself, played by Greek–Russian conductor Teodor Currentzis. The story unfolded in and around a faithfully reproduced version of the secret research institute where Landau worked from the late 1930s until his death in 1968. The illusion of this parallel world was maintained at all costs. In fact, older participants who had lived through the Soviet era and tried to smuggle genuine roubles onto the set were charged with fraud. The result: 700 hours of footage – shot by a single cameraman – that formed the basis for a dozen films, a documentary, a series and more. What did we ultimately learn about Landau? Not much, truth be told. DAU was more about the complexities of identity: what it means to be yourself when you can’t fully be yourself in a constructed environment that only works if you play along as your authentic self. Or something like that. What DAU does make clear, though, is just how much Lev Landau continues to capture the imagination.






2.2 When symmetry breaks


Emmy Noether’s house provides the perfect setting for a brief introduction to symmetry and symmetry breaking. In her living room there’s a square coffee table with a goldfish swimming in a round bowl perched on top. Above the table, a canary in a glass cage dangles gracefully from the ceiling.


Let’s dive into the world as seen through the goldfish’s eyes – two microscopic lenses gazing at the world like a seasoned physicist. The fact that the water isn’t an infinite mass (since the bowl is neatly confined by a glass boundary) is not important here. When we peer through the goldfish’s microscopic eyes, we notice that, at the molecular level, everything looks the same. Why? Because the positions of the water molecules are so randomly arranged that they appear identical no matter the angle from which you look. The goldfish can twirl around, roll its eyes or do pirouettes to its heart’s content – the view of the water molecules will stay unchanged. In this sense, water shares a property with the circular opening of the fishbowl: no matter how much you rotate the bowl (or the circle) around its axis, it will always look perfectly round, or: infinitely symmetric. Gases share this property as well.


Being meticulous as ever, Emmy has placed the fishbowl precisely at the centre of her perfectly square coffee table. If she rotates the table 90 degrees around its axis, the canary perched above sees no change in the table, or the bowl. The same holds for rotations of 180 degrees, 270 degrees or a full 360 degrees. Each 90-degree rotation returns the corners to their original positions. But if Emmy were to rotate the table by, say, 137 degrees, 45 degrees or 314 degrees, the canary will notice something: while the fishbowl still looks the same, the four corners of the table have shifted. The conclusion is clear: a square has less symmetry than a circle.


Let’s take this one step further. Our ultimate goal is to focus on symmetry at the molecular level, but a little living-room physics helps set the stage. Suppose the temperature in Emmy’s living room drops below freezing. The water in the fishbowl solidifies into ice. The table and the fishbowl remain where they are, and the goldfish will not look any different either. But what the goldfish perceives will have changed: the molecular structure of ice is different from that of liquid water. The symmetry of ice is comparable to that of the table: if the ice crystal isn’t rotated in a specific, well-defined way, its structure looks entirely different. In other words, ice has less symmetry than water.



[image: Start of image description, A diagram illustrates the arrangement of H 2 O molecules in the three physical states of matter: liquid, solid, and gas. In the top left circle, representing liquid water, the molecules are closely packed but arranged in a disordered and dynamic manner. In contrast, the top right circle shows ice, where the H 2 O molecules are organized into a regular, hexagonal lattice. The molecules are more spaced out compared to liquid water. Finally, the bottom circle depicts water in the gaseous state, where the molecules are far apart and randomly distributed., end of image description]

H2O molecules in water (top left), ice (top right) and gas (bottom).





Many a reader is likely scratching their head right now (we get it). The idea that water (top left) is more symmetric than ice (top right) sounds as counterintuitive as saying that ice is lighter than water. Especially when you look at this illustration. But that’s exactly the paradox – and it explains why scientists struggled for so long to grasp this subtlety. Even if the theory doesn’t seem entirely watertight, it demonstrates one thing above all: human intuition is a terrible guide in physics. To understand why water is more symmetric than ice, you need to abstract the concept of ‘symmetry’ mathematically. And the quantum cabinet of curiosities has even more surprises in store. Because water and gas share the same symmetry, they can transition seamlessly into each other, without a sound, without a scent and without a phase transition (as long as the pressure is high enough). The key point is this: when water cools to below freezing, symmetry breaks. At least, it breaks a little bit. There’s still a lot of symmetry left. Depending on the pressure and temperature, you end up with one of nineteen possible types of ice crystals, each with its own unique symmetry and, if you will, its own ‘flavour’: strawberry, vanilla, pistachio, stracciatella. In science, of course, they have much less appealing names (and they’re nowhere near as tasty). Incidentally, the word ‘crystal’ comes from the Greek krustallos (κρυσταλλoς), which, fittingly enough, means . . . ice.


When the temperature rises and the ice melts, symmetry is restored. So now that the ice is broken, we can conclude: the colder, the less symmetry and the warmer, the more symmetry.


The realization that different phases of a material can be distinguished by their symmetry marked a major breakthrough. With this insight, Landau discovered a master key to characterize all phases of matter. Nowhere more than in quantum physics does symmetry breaking take on a wide range of diverse and subtle forms. Many quantum systems owe their most intriguing properties not to their symmetry, but to the specific ways in which that symmetry is broken.




MAGNETIC MISFITS


A concrete example of symmetry breaking is magnetism. The relatively unsung Hendrika Johanna van Leeuwen (1887–1984) tackled the problem of symmetry breaking in magnets (the magnetic field of a magnet always points in one specific direction). Her study of spinning charges led her to a striking conclusion: according to the classical physics of Newton and Hamilton, magnets shouldn’t exist at all. Magnetism, she realized, must be a purely quantum mechanical phenomenon, one that inherently involves symmetry breaking. Niels Bohr, soon to become a central figure in this narrative, independently arrived at the same insight. Together, their discovery became known as the Bohr–van Leeuwen theorem.
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