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Dedicated to my great-uncle Sydney Spiers; my wife, Marsha; and my children, Ceci and Hugo. During World War II, Sydney survived years of fighting against Nazi Germany and its allies in North Africa and Italy, receiving the Military Cross for bravery in combat. Here, Sydney was at his hundredth birthday party in 2016, in Brighton, with Marsha and Hugo. Hugo had a tiny brain then. But brains grow. Hugo’s generation might know a little more about itself than Sydney’s, or Marsha’s and mine—and that makes me optimistic.
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PREFACE

Outside, it was a dark, chilly evening in late 2021. I sat in a warm, comfortable pub in North London, with two friends I’d first met while we researched the brain together at the Institute of Neurology in London’s Queen Square. We hadn’t seen each other for a few months. After a couple of beers, one of my friends—a psychiatric doctor—turned to me and asked what I was working on. I told him I was writing a book on war and the brain.

Rick laughed out loud. “Nobody’s going to go to war! Not a big one anyway.”

I mentioned Ukraine or Taiwan as potential flash points.

“Why on Earth,” Rick replied, “would the Russians or Chinese bother going to war over either of them?”

I replied that they might—and they might win, too. Not everyone, I told him, sees the world as we do.

Rick looked skeptical. “Anyway, America has so many high-end ships, planes, missiles, and everything else that actually losing seems very unlikely. And it’s irrelevant because there just won’t be a war over Ukraine or Taiwan. So it doesn’t matter. It’s not going to happen.”

Three months later Russia launched a large-scale invasion of Ukraine, the biggest war in Europe since World War II’s end. Tanks, planes, infantry, and artillery. Backed by enough nuclear weapons to destroy the world many times over. Tens of thousands died on both sides.

Even moderate, restrained analysts no longer view it as unlikely that Taiwan, or something else, could lead to war between China and the United States. And China might win. That evening over beers with my psychiatrist friend, I knew that eighteen successive war games about Taiwan by U.S. military planners had shown American forces losing.

Wars happen. Individuals get into conflict. So do groups and entire nations. And today the stakes are higher than in Afghanistan or Iraq, which had smaller populations than the leading democracies and obsolete technology. For the first time since the Cold War, democracies must compete, without huge material superiority.

What are we supposed to do with this realization?

Recoil? Say war is bad, and disarm ourselves? Disarm the people who feel threatened in countries bordering aggressive authoritarians? Or build ever more powerful militaries and go around thumping anyone who looks suspicious? Neither extreme option worked out well in the past.

We must respond more wisely, and to do that we need to better understand why and how humans fight. What happens inside our heads, whether we are frontline soldiers, civilians, or leaders like China’s President Xi Jinping? The reason I—a neuroscientist—have worked with the Pentagon Joint Staff for years is because they know that the human brain is pivotal to conflict, and they want to understand the remarkable new discoveries about the brain.

The Pentagon understands something that my neuroscientist friends in London, New York, and Beijing never see. Human brains weren’t built only for comfortable lives. I believe both perspectives can learn from each other.

The latest cognitive neuroscience gives us better self-knowledge to answer the question: Why do humans fight, lose, and win wars? I hope you come to believe, as I do, that the human capacity to think about the world outside us—and to think about our own thinking—can save civilization. Because self-knowledge is power.




INTRODUCTION

Two armies faced each other in May 1940. The German side had fewer trained men, guns, tanks, and planes.1 They had lost a world war two decades earlier. Their opponents’ leaders—and many independent observers—believed that material inferiority meant the Germans couldn’t win this time either.

But in the 1920s and ’30s, German military professionals had asked how they could harness the human brain’s capacities for shock, creativity, guile, will, daring, and skill, alongside the technologies of their time, to win wars. One idea was to use tanks en masse to surprise an enemy, and radio communications to think and decide faster than the enemy. And in May 1940, as we all know, their Blitzkrieg, or lightning war, catastrophically defeated the British and French forces.

German effectiveness created the initial opening. But there was more to it: German troops advanced so far in 1940 through an enemy with more trained men, guns, tanks, and planes because French will collapsed. And French capitulation handed Germany vast armaments that enabled their June 1941 Russian invasion. What’s more, collaboration meant that by 1942 fewer than three thousand German police were needed to handle all of occupied France.2

Happily for us, Germany’s democratic enemy had also combined brains and machines. British commanders in the 1930s had looked ahead to build new air forces that would win the Battle of Britain, Hitler’s first major defeat.

Russians, unlike the French, had the resolve to withstand an almost unimaginable number of deaths. Hitler foolishly decided to declare war on the United States. The Allies skillfully nurtured the cooperation that enabled their fight back—seen so powerfully in the exquisite trust built between the British and Americans who planned D-Day and fought through to German soil. If the Germans and Japanese had worked together even a fraction as well, they could have won the war. After all, German soldiers were beaten back from Moscow’s outskirts by Soviet troops who no longer needed to face Japan.

The story of World War II is often told as one in which, after a rocky start weathered by British courage, victory was inevitable through overwhelming Russian manpower and American manufacturing. But Germany almost won; Britain didn’t lose; Russian will didn’t collapse; and Americans learned from ingenious and effective adversaries. None of that can be understood without the central weapon of war, the human brain.

In the previous paragraphs, while reading about history, your eye passed over terms that have much to do with the brain: courage, cooperation, learning, deciding, foolishness, creativity, trust. All are fundamentally psychological.

Harnessing human brains for war, given the technologies and societies of the time, has always provided an advantage—from the eras of Alexander the Great and Sun Tzu to Shaka Zulu, Heinz Guderian, and Dwight David Eisenhower. This is no less true in our time.

Cognitive neuroscience gives us better self-knowledge of why humans fight, lose, and win wars—to better understand our past, anticipate our future, and, in the process, know ourselves better as humans. The brain provides a new perspective, and a new source of evidence, to help us understand war.

And war gives a new perspective on the brain, because every human brain is built to win—or at least survive—a fight. Human against nature; human against human.

In this book, we will journey through ten brain regions, each the focus of a chapter. We start at the base of the brain, at the brainstem, from which dopamine can compel us, pain can cripple us, and arousal floods our brain. From there we climb step by step until we reach that most distinctively human region at the other end of the brain: the frontal pole that helps us think about our thinking, explore, and change our minds. This approach emphasizes specific brain regions and also weaves in the broader neural networks in which they operate—so that you can see both the forest and the trees.

The picture of the brain that emerges may be unlike the one you’re used to. It challenges our common understanding of perception and reality; turns what you thought you knew about yourself upside down; and grounds us in the basic biology of life. How does hunger work? Why do we experience life in the first person? How do you become you?
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FIGURE 1: A journey through ten brain regions, each the focus of a chapter.


Brain anatomy provides the book’s framework, and each chapter also frames a critical question about war. For a foot soldier: What is it like to fight? And, indeed, why stand to fight at all? For commanders like Shaka Zulu: How can they see through the fog of war, make better decisions, and communicate with those who must pull off their plans?

To view such questions in context, we follow war as it unfolded over the past eight decades. We begin with the more than 2,174 days3 of World War II, proceed through the Cold War’s hot conflicts, through the U.S. unipolar moment, and on into our current era. As you’ll see, many choices that seem clear with hindsight (what idiot would appease Hitler!) were often foggier for folk living history forward. As you must.

Technology will also affect how every brain system manifests in our era. Brains in battle will perceive and act through artificial intelligence, quantum, and bioengineering. Drugs, implants, sensors, and genes will mold new generations of warriors. Moreover, because technologies that start in the military often later revolutionize everyday life—like the internet or GPS—they can show us our technological futures. But although technology changes how war is fought, war’s essence remains the same because war is a clash between humans with brains.

Those brains were themselves shaped by war. Fighting is fundamental to how we evolved. Nonhuman primates build coalitions and strategies for violence—using alliances, bluff, and raw combat in life-and-death conflicts. We are primates ourselves, carrying with us a prehistory full of violence. Much that seems irrational in everyday life, or national politics, becomes more comprehensible when we take that into account. An analogy is obesity: many people today overeat even though no threat of food shortage looms and they know that obesity can kill. Similarly, even in objectively safe places the brain often makes snap judgments, reacts tribally, or sees conspiracies. The ingredients of our life’s stories—such as hunger, exhaustion, courage, loyalty, creativity, stress, fear, deception, leading, or following—are always with us, and in our journey through the brain we can step back to see them afresh.

Zooming out from the tumult of day-to-day events, we must see war and national politics afresh—because we have begun a new historical era. For twenty-five years after winning the Cold War in 1989, nothing threatened western democracies’ overwhelming military superiority. That’s changed.

Democracies can no longer afford oversimplistic ideas that are not so much wrong—but are dangerously incomplete. That includes incomplete ideas from liberal thinkers like Steven Pinker, who say that it’s all going to be okay because the arc of history tends toward peace and war is irrational.4 The same arguments were made in the run-up to World War I, after nearly a century without a general European war. “Peace,” wrote the Nobel Peace Prize winner Bertha von Suttner, “is a condition that the process of civilization will bring about by necessity . . . It is a mathematical certainty that in the course of centuries the warlike spirit will witness a progressive decline.” She was one of many before World War I. “There will be no war in the future,” opined Ivan Bloch, a financier whose massive study of war showed the advanced powers would be mad to fight, “for it has become impossible, now that it is clear war means suicide.”5 Fact-filled, passionately argued, and dangerously incomplete for thinking about war—because even if the trend is toward peace, major wars can (and did) break out.

Such ideas don’t help us prepare to fight better if we must. Neither do incomplete, simplistic ideas that decry overweening experts and planning. Nor pacifist homilies that go little beyond the truth that war is bad. Nor military innovators too focused on machines alone rather than brains plus machines—the Taliban did not win through superior tech. As a captured Taliban warrior reportedly said: “You have the watches, we have the time.”6

Who, in our time, is most diligently exploiting the human brain’s possibilities for war? Russia is pioneering the use of social media and artificial intelligence to exploit its enemies’ cognitive vulnerabilities. As for China, its vast new armament programs—its navy is the world’s largest—place superior human decision-making at their heart.7 China is the world’s sole manufacturing superpower, producing more in 2020 than the nine next largest manufacturers combined.8 A single human—President Xi Jinping—is the most powerful Chinese leader since Mao Zedong. If Xi’s brain decides to invade Taiwan, an invasion will launch.

The arc of history may bend toward peace and democracy. But wars happen and don’t win themselves. Unless the democracies adapt fast enough as the world changes, we will lose. We must see ourselves, and improve how we use our brains.




Part I

Life and Death in the Everyday

Throughout history and prehistory, many humans faced violence, starvation, and other nastiness. To navigate such life-threatening emergencies, our brains use models of the world that are, in effect, survival-grade neural machinery.

But much of our life is spent in the everyday, and our brains’ models must succeed here, too. Even during war or revolution people spend long periods waiting, sleeping, or getting from point A to point B (and possibly trying to sneak some food, or sex, at unscheduled point C).

The next four chapters begin our tour of the brain. We start at the base and travel upward through the brain’s fundamental and internal regions, on which the brain’s fancier parts will build in later chapters. Step by step, we will weave together a picture of how our brains’ models are built.

These primal brain regions control much that is reflexive and instinctual. Even here, knowing ourselves better can improve performance—in everyday life, as well as in conflict. But perhaps the most important thing these “lower” parts of the brain teach us is how the brain actually works, because the same essential principles will help us understand more sophisticated brain systems later on.

Why look at ourselves through the prism of war? Because the stakes could hardly be higher, as I am frequently reminded in my work with the Pentagon.

If one of your friends or a neighbor died suddenly tomorrow, that would likely be bad. You might be sad for some time. Several such deaths would be devastating. And if death wiped out your whole street or neighborhood, you would be numbed. But what if thousands—or millions—of people in your area died?

And what if that single death of your friend was not an accident, but deliberate? What if several people were deliberately murdered? Or thousands or millions? With nuclear weapons that could happen tomorrow, whether deliberately or by accident. How would that affect our thinking?

Such questions seem almost impossible to grasp without becoming callous or glib, or just burrowing our heads into comfortable sand to avoid thinking about big things. It can seem frightening. But every generation before us had to think in some ways about some of these questions. Now, so must we—and we can benefit from sciences that help us know ourselves better.

To begin to grasp life and death, we can start very simply.




1

STAYING ALIVE

THE WORK OF THE BRAINSTEM AND CEREBELLUM

Imagine a fighter, entering an arena. It could be any fighter, male or female, at any time in history, anywhere in the world. Anyone facing death. It could be you. But let’s be specific. Let’s say he is a captive warrior, captured in battle and imprisoned by his Aztec enemies six hundred years ago in their capital city, Tenochtitlan.

He strides into the square, led by his Aztec captors. They’d dressed him colorfully for the festivities. He walks toward a circular stone, 6 feet across and raised high enough for the crowd to see whatever happens on top.

All turn toward him. Small children stand wide-eyed.

Four Aztec champions wait for him by the platform. The captive’s mouth is dry, his heart pounds. As he climbs onto the platform, somebody takes hold of a rope around his waist and tethers him to the center of the stone.

Living six hundred years ago, the captive warrior can hardly know that the stone beneath his bare feet—its texture, solidity, and coolness—is sensed by tiny nerve endings in his toes that send messages through nerves in his feet and legs up to his brain. Nor can he know that those same nerves carry commands to his muscles as he shifts his weight, readying himself to fight those four champions.

The Aztec champions will come at him in turn, one after the other.

We know this happened. We know this kind of ceremonial fight took place,1 and that Aztec champions would seek to prolong the spectacle for the crowd. To cut the captive warrior delicately, tenderly, with narrow blades. To lace his living skin with blood, until, finally—exhausted—he would fall.

But he is not dead yet. He has a chance.

An Aztec hands weapons to the captive warrior. Four pine clubs, for throwing. Then a warrior’s wooden sword, although his is not edged with razor-sharp flint but with feathers.

Nerves from his hands sense the oak sword’s weight and balance, and his brain sends commands to his hands to adjust their grip. He stands atop the raised stone, ready to strike at his enemies’ heads.

To stay alive, every part of the brain of this living, breathing human will be called upon. But much depends on the slender, 3-inch-long stalk at the base of the brain called the brainstem, and the cerebellum nestled in behind. Let’s slow down and look.

This fundamental brain region grounds our tour of the brain in the biological basics of life itself. In these opening chapters, we’ll find life has two defining features. Here’s the first: an organism acts to keep its internal conditions within acceptable ranges. The brainstem can save us from bleeding to death and numb what would otherwise be crippling pain. Powerful chemicals surge up from the brainstem to gird us for a fight, and others—like dopamine, known from addiction—can compel us.

This brain region helps us to grasp in a practical way: How do we stay alive?
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FIGURE 2: The spinal cord becomes the brainstem as it enters the skull. Part of the brainstem is buried within the brain, so here we show the brain cut down the middle. Chapter 1 explores the 3-inch-long brainstem, and the cerebellum that sits behind.


MODELS OF OUR WORLDS

The human brain can seem dauntingly complicated. So let’s begin by contemplating something far simpler.

Any organism that acts in the world—from a single-celled organism, to a nematode worm, to a human—often benefits from having a model to guide its actions. The concept of a model may seem a little abstract, but bear with me because this concept is central to understanding any brain. Think of a model as a process that describes how senses can be linked to actions that help the organism achieve its goals. The links can be supremely simple: “If I sense x, then I should do y.” The links can become more complicated: “If I sense x and remember that p recently happened, then I should do q.” And the links can become massively more complicated. But the basic idea of a model remains the same.

In a way, you could think of an organism’s model as the internalized scheme it uses to get along in the world. As organisms become more complicated, their models become more complicated, and their models can even become contained in a dedicated part of the body called a brain.

Consider, for example, the model that a small bird might have, which helps it stay alive over winter by foraging for food among the trees and shrubs in my suburb of North London. From my windows I often see a robin. These jolly little birds with red breasts are famous from Christmas cards. But to stay alive such small birds must eat between one-quarter and one-third of their body weight every day. That’s tough: although robins can live for almost two decades, few survive longer than two years. By the end of a winter, the majority die.2

Robins are ground feeders, who hop around beneath trees and shrubs. In these often dim conditions, they need excellent models to process the data coming in from their large eyes to sense their invertebrate prey—and then link that to the actions needed to catch the bug. Again and again. Robins’ models can also exploit more sophisticated patterns in what they sense. The robin in my garden follows me while I dig, because that often unearths tasty worms. Their models must also contain knowledge of local geography—a map—because robins are fiercely territorial. In some populations, up to 10 percent of adult robins die from clashes over territory. Jolly-looking birds, sure. And they need effective models that link senses to actions that help them achieve their goal over the winter: staying alive.

Yet even such a bird is still very complicated, compared to a single-celled organism such as an amoeba. And despite having no brain at all, single-celled organisms can also possess models that enable astonishing actions like hunting. Such a single-celled organism senses its world and has a model that links those senses to actions that help the organism achieve its goals. The models in such very simple organisms are, consequently, very simple; but as we get to more complicated animals, such as fruit flies, robins, mice, or humans, the models that link senses to actions become more complicated.

Once we get up to the complexity of an organism like a mouse or a human, its model can even simulate potential courses of action “off-line” in its imagination. A mouse or human, for example, has a detailed model of the physical world’s geography—a map—that it can safely explore in its brain to choose the best route to navigate in potentially dangerous environments. We humans have many layers of neural machinery in our brains that give us ever more sophisticated models of ourselves and of the world around us. Every chapter of Warhead explores new ways that our models operate. We humans use our models to see, hear, act, think creatively, know others, reason, strategize—and we even use them for self-knowledge.

Throughout the book we will come back again and again to this idea of a model, because it’s fundamental to how our brain works at every level. And to make clear that we are discussing something very specific, we’ll call it a Model with a capital “M.”

Now we’ve seen what a Model is, we can look at the very simplest organisms to see basic features of these Models that will serve as guideposts throughout our journey in the brain. Let’s watch single-cell organisms in their natural environment, hunting for prey.3

Diving into their watery world, we can see that these single-celled beasts don’t exist passively: they sense and they act, guided by their Models. We first see a sleek, powerful cell called an amoeba, which can sense other cells by detecting chemicals they release. These senses are linked to the amoeba’s movements. Like a lion chasing a zebra, the amoeba catches and devours an unfortunate Paramecium. Their Models are tested in life-and-death competition.

Single-celled plants like the green algae Chlamydomonas have an “eye-spot” containing the same light-detecting rhodopsin molecules found in the human retina. Signals from the eyespot are linked by its Model to whiplike tails on the cell’s surface that can beat in different ways, so that it swims toward brighter light but away from light that is too bright. Light energy is a harsh reality. To survive, the organism’s Model must be anchored closely enough to this reality.

Anticipating life-threatening change is another crucial function of our Models, and single-celled organisms show this, too. Dendrocometes lives attached to a freshwater shrimp’s gill plates. Shrimp molt regularly, which means that the Dendrocometes risks being left behind on an empty shell—and if that happened it could starve to death by losing the constant water flow over the gills that brings it prey. Remarkably, Dendrocometes can sense the earliest stages of molting (possibly via a molting hormone) and then its Model triggers it to metamorphose, developing motorized hairs so it can move to new gill plates. Its Model helps it respond flexibly to a changing world.

It’s worth emphasizing that these single-celled organisms have no brains (they use clever chemical processes and structures). But even here we see three key aspects of our brains’ Models that recur throughout the book, and help us survive life-and-death competition. The Models must be close enough to reality to help, not hinder, the organism; anticipate potential problems; and help us respond flexibly enough to change as the world changes.

After a couple of billion years of life on Earth with just single-celled organisms, multi-celled organisms appeared about 1.6 billion years ago4—and even organisms like plants also act in order to survive. The naturalist David Attenborough used speeded-up film to show that for a few months each year the Earth’s largest inland water world, South America’s Pantanal, provides ideal conditions for a beautiful ballet of water plants. Until, as he describes, something stirs from the depths:


It’s a monster. It’s well armed. It clears space for itself by wielding one of its buds. Like a club . . . This is a leaf of the giant water lily . . . Competitors are pushed aside . . . Eventually, its immense leaves press their margins against one another, totally cutting off the light from the plants beneath them. The battle is over. And victory is total.5



Within these multi-celled plants, cells can signal to each other to coordinate and build an organism containing many cells. But plants don’t have what we would normally call a brain.

Animals are multicellular organisms that appeared some 600 million years ago6—and within an animal, chemical signaling between cells can construct a nervous system. In some animals a mass of these cells concentrates into something new: a brain.

What is a brain? A brain is a bunch of nerve cells that serves the organism’s whole body (not only a segment of the organism) and sends wiring out to target effects on the organism.7

As organisms get more complicated, the Models get more complicated: from single-celled organisms, to plants, to ever more complicated animals. But the basics remain familiar from the robin in my garden. The Model describes how senses are linked to actions that help the organism achieve its goals.

* * *

A few years ago, I attended a dinner in Washington, D.C., near the White House. Finding my seat, I sat next to a recently retired U.S. general. Only nine U.S. officers have ever risen to five-star rank. This man had four.

Neat, restrained, and courteous, he struck up a conversation over our appetizers. I peppered him with questions about technological subjects like nuclear weapons and cyber threats, which he thoughtfully answered. When he learned that I was a doctor and neuroscientist, he peppered me with questions.

It has been my enormous good fortune to spend years helping people with neurological problems, and studying the brain. My hands have touched and held human brains. I was part of brain surgery teams who worked on patients who were fully awake while probes sank deeply into precise areas of the patients’ brains. And while the probes moved inside their brains, the patients told us how this radically altered their world.

I described some of these experiences, and gradually I realized that what animated the general most was something very basic that concerned life and death itself: how to save his wounded troops, out in the field, from bleeding to death.

I told him about the powerful Models we rely on to stay alive—to cope if we lose blood or lack oxygen. And I told him how they rely on the brainstem, where the spinal cord enters the skull.

LIFE-AND-DEATH MODELS

The lowest part of the brain is the slender 3-inch-long brainstem, and the lowest third of the brainstem is the medulla. The medulla’s tidy, ordered little groups of cells control heart rate, breathing, and swallowing. If the medulla dies, the body dies.

Destroying areas higher than the medulla can be devastating but won’t necessarily kill you. If the area just above the medulla is destroyed, that can cause “locked-in” syndrome, a condition made famous by the book The Diving Bell and the Butterfly. A stroke gave its author, Jean-Dominique Bauby, just such an area of damage that left him conscious—although he could only move his left eyelid. He moved that eyelid to make himself understood and, eventually, painstakingly, dictated his book.8 But if his damage had been a fraction lower, in the medulla, he’d have been dead.

The medulla constantly monitors and adjusts our life support systems. It receives inputs from sensors measuring blood pressure, uses Models to determine what actions to take, then sends out messages to control heart rate and blood vessels. Like the robin’s Model linking senses to actions, it does much of this automatically. Yours is doing it now, while you read this book.

Even seemingly helpless human babies have these lifesaving Models, as you’ll know if you’ve ever seen a baby dunked underwater. All mammals have the diving reflex to prevent death. Sensory signals from wetting the face and nose cause commands to lower the heart rate, stop breathing, and reduce peripheral blood flow—so the baby can preserve its oxygen stores.

Our Models also help us respond flexibly—as we see if we move just above the medulla to an area called the periaqueductal gray, which is crucial in the network for pain.9

We need pain. Tissue damage can be dangerous, and if the alarm system of pain fails us, consequences can be dire. I have treated patients who, without pain, developed serious problems they didn’t even notice. But we must also sometimes rise above pain. If a Spitfire pilot hit by a bullet was instantly overwhelmed by pain, that might not enable the best reaction.

Pain illustrates how the brain’s Models sit between sensation and action. From there, if necessary, this Model can dial down pain so that we can choose flexibly from among a repertoire of responses. Not just shriek “Owwww!” Instead: fly the Spitfire to bring down the enemy bomber; or fly back from over enemy territory; or bail out; or warn comrades; and so on.

That’s why people who’ve been hit by a projectile such as a bullet often liken it to being struck by a stone or lump of mud or “a prodding finger.”10 As the ancient Roman philosopher Lucretius described, when “the scythed chariots, reeking with indiscriminate slaughter, suddenly chop off the limbs,” the “eagerness of the man’s mind” means that “he cannot feel the pain” and “plunges afresh into the fray and the slaughter.”

During World War II, the American physician Henry Beecher interviewed wounded men near the front lines. One-third claimed to feel no pain, while a quarter said the pain was slight.11 To be clear, the wounded men still had the capacity to feel pain: even when badly wounded and reporting no pain, they would still curse medics who gave them injections roughly. Their Models could dial pain up and down flexibly.

And our brains’ Models for pain can be as powerful as morphine. Replacing morphine with saltwater can treat pain, and Beecher researched such placebo effects.12 How do placebos work? If our Model anticipates that a medicine will relieve pain, that anticipation can in itself be enough to cause analgesia. Unfortunately, this effect works both ways, and we may feel pain only because our Model anticipates it: sometimes long after someone’s limb is amputated, a phantom limb can go on hurting.

* * *

When we anticipate pain and death, for ourselves or others, it can affect our decision-making.

In September 1939, seven out of twenty-two members of the British Cabinet had won the Military Cross—a high award for bravery—on World War I’s Western Front.13 They were part of a generation that had lost 880,000 British military dead, as commemorated on war memorials in every town.

In France, too, the Great War cast a terrible shadow: 1.3 million Frenchmen had died, leaving more than 600,000 widows and more than 750,000 orphans.14 During the interwar years France built a vast “Maginot Line” of steel and concrete fortifications, in the hope that technology could protect lives.

This backdrop helps us understand why so many among the British and French populations—and among their leaders—had little appetite to risk lives by opposing Germany. Not in 1936, when Hitler remilitarized the Rhineland. Not in March 1938 when Germany united with Austria. Not in September 1938 when Germany threatened the Sudetenland in neighboring Czechoslovakia: a region that British and French leaders gave away in the infamous Munich Agreement. Now infamous as appeasement, that deal was popular among the British and French publics—and much of the German public wanted to avoid another great power war, too.15

Only in March 1939, when Hitler reneged on the Munich deal and occupied the rest of Czechoslovakia, did appeasement become widely discredited in Britain. And when Hitler invaded Poland on September 1, 1939, British and French decision-makers overcame their reluctance. On September 3 they declared war.

Yet still Britain and France did almost nothing that would risk lives on land or in the air. The French commander-in-chief, General Maurice Gamelin, had guaranteed that the bulk of his forces would launch an offensive to help Poland16—but instead during eight months of “Phoney War” the British and French did little except at sea.

Hitler and Stalin, on the other hand, invaded three smaller democracies that had failed to join Britain and France. Russia attacked the vastly outnumbered Finns, who fought bravely but eventually conceded. On April 9, 1940, Germany invaded Norway and Denmark, with the latter doing almost nothing to fight back.17

Of course it would be foolish to suggest that French and British policy in the 1930s was entirely driven by raw memories of First World War pains and deaths. The leaders of those countries were sophisticated thinkers. But it’s important to acknowledge that the human brain is strongly influenced by elementary drives located in the brainstem. Later we will see that the brain is like an orchestra. When threat is banging loudly in the percussion section, it’s hard to listen to the subtleties of the violins.

PREDICTION AND SURPRISE

In the upper part of the brainstem a group of cells manufacture a molecule that is sent up through much of the brain to deliver hits far and wide. In recent years, this molecule’s name has become familiar as something we crave, a reward: dopamine. The New York Times bestselling book Dopamine Nation describes the smartphone as a modern-day hypodermic needle, delivering digital dopamine 24-7.

The classic view of dopamine as a “pleasure” chemical largely sprang from pioneering 1950s work by scientists who implanted electrodes into rats’ brains. The rats could press a lever to activate the electrode. Some rats went crazy for the lever, because in those rats the electrodes activated their dopamine system.

Many Germans in World War II ended up taking the methamphetamine Pervitin for similar reasons.18 German forces received more than 35 million Pervitin doses between April and July 1940 alone. As the young German soldier (and later Nobel laureate) Heinrich Böll explained to his family, one pill kept him as alert as several cups of coffee. And when Böll took Pervitin, he could be happy. For many soldiers this became addictive, and addiction began to take its toll—psychosis, exhaustion, suicide. Consumption only declined from 1941–42, after the medical establishment acknowledged this addiction.

But dopamine doesn’t simply equal reward; the story is more important than that.

In 1997 my former Ph.D. supervisor Peter Dayan published a paper with his colleagues that revolutionized our understanding of dopamine.19 In fact, the principle they described had much wider implications—and much research since then has shown that this principle is fundamental for how much of the rest of the brain works, too.

Dayan and his colleagues saw that our Models of the world face a massive challenge—the world changes, often unpredictably. So, when the world changes, how can our Models change flexibly, too?

They discovered a measurable quantity in the brains of humans and other animals that changes our Models, as and when necessary. They called this prediction error.

“Prediction error” is a basic principle of how the brain works and the concept recurs throughout the book, so it’s worth taking a little time over.

We’ve seen how the brain uses Models to process incoming data and send out commands. Now we can add the idea that these Models include predictions about the data they will receive. If the Models’ predictions are wrong, then the brain uses these errors (prediction errors) to update the Models and improve them.

We can call this learning.

Prediction error is the measurable difference between what the brain’s Model had anticipated and what was actually identified. The impact an event has on our decision-making is amplified by the event’s associated prediction error. The bigger the associated prediction error, the bigger the event’s psychological impact.

Dayan’s pioneering work on prediction error looked specifically at recordings of dopamine neurons in the brainstem of monkeys, while they received rewards of tasty juice. His team showed that dopamine levels neatly reflected the prediction errors as the monkeys did (and did not) get the tasty juice.

Since then, dopamine’s relationship to prediction errors has been shown extensively, and causally, in numerous animals, by many labs.20

I emphasize that the findings were shown again, using multiple methods that reinforce and complement each other, because that is crucial for the rest of the book. If you desire to, you can almost always find some interesting neuroscience or psychology study that supports almost any point you fancy making. But as many as half of all single scientific studies—in fields from psychology to cancer biology—arise by chance.21 Running the experiment again often fails to reproduce the findings—and that’s why this book tries to rely on neuroscience findings that we can be sure enough are robust. And findings that, like prediction error, also relate to the real world.

In war, and in everyday life, prediction error matters. Surprise is an example of prediction error: something occurred and it was not anticipated (“Learn! Something unanticipated happened!”). Predictability is the flip side, where fewer prediction errors give fewer signals to learn (“Yeah, as expected . . .”). More prediction error and less prediction error matter.

Prediction error can explain a wide variety of psychological effects in war. The bombing of cities is an example.22 First, let’s consider an event that occurs but was not expected. Such an event has a large associated prediction error, and so causes a large psychological impact. In the First World War, German air raids on London using zeppelins were actually fairly small-scale. But the raids were unexpected—like a shocking terrorist attack—so they had a massive impact to cause panic among the public on the ground. The public reaction ranged from demands that factories close, to ordinary members of the public assaulting officers of the Royal Flying Corps in the street for alleged dereliction of duty. In the interwar period, leading airpower theorists extrapolated from this to suggest that more powerful and recurrent bombing—again and again and again—would have an even bigger, paralyzing psychological effect, making adversaries collapse.

But what actually happened? In the Second World War, the Germans did bomb London again and again and again. The bombing exerted vastly more destructive power: in a single air raid the Germans dropped more bombs on London than the 225 tons they had dropped in all of World War I. But this time the public had been warned of the horrific raids and then the raids came as expected night after night after night—and because they were expected, these raids had much less psychological impact than forecast. Certainly not the psychological paralysis that interwar airpower gurus had written about. To be sure not everyone acted perfectly, but on the whole morale really did hold up with the famous “Blitz spirit.”23

And finally, consider events that are expected but don’t occur. When war had broken out in September 1939—a year before the Blitz—terrifying newspaper predictions of hundreds of thousands of air raid casualties had primed the British public to expect terrible bombing, likely with poison gas.24 In only three days, 1.5 million people were evacuated from cities. And then . . . nothing. Something nasty was expected, and then in a pleasant surprise it didn’t happen. After that positive prediction error, a puzzled optimism formed among much of the public. Eventually even this pleasant surprise wore off after months of Phoney War, but it shows the power of a positive prediction error. Later in the war, Hitler’s propagandist Joseph Goebbels would harness the effect of positive prediction errors after Allied air raids: Goebbels initially spread rumors magnifying the number of casualties, so that he could later issue “official” positive corrections to make ordinary Germans feel better.25

Still today, managing prediction errors is a powerful tool for propagandists, as we see on social media. They can harness surprise, use predictability, and sculpt expectations.

To discuss this challenge, I once gave a keynote address at a nondescript building in Ballston, Virginia, six metro stops from the Pentagon near Washington, D.C., at the headquarters of an organization founded because of prediction error.

In the early years of the Cold War, the United States felt confident in its technology. Then, on October 4, 1957, the Soviet Union launched the first ever satellite: Sputnik. U.S. President Lyndon B. Johnson would later recall “the profound shock of realizing that it might be possible for another nation to achieve technological superiority over this great country of ours.”26

The U.S. response was to found a new organization, the Advanced Research Projects Agency (ARPA). It’s now called DARPA, with a “D” for defense added to the beginning. Since that 1957 “Sputnik Surprise” its aim has been that the United States “would be the initiator and not the victim of strategic technological surprises.” DARPA helped invent things from the internet to stealth technology. As a visitor, I already had high expectations, and DARPA exceeded them (a pleasant prediction error).

DARPA invited me to speak about how populations can be influenced by the prediction error framework. I began by discussing an MIT study on fake news. This examined some 126,000 stories tweeted by about 3 million people over 4.5 million times—showing that novelty and surprise were key for ideas to spread on social media.27 Then I discussed the flip side of surprise, predictability, and cited the work of David Kilcullen—who as it happened was the other keynote speaker at DARPA that day. A former Australian Army officer, Kilcullen is a leading thinker on counterinsurgency. The central idea in much of Kilcullen’s work on counterinsurgency stresses that success relies on producing predictability and managing expectations to give people a predictable, ordered life without too many unpleasant surprises.28

Not long after that event at DARPA, one of the world’s most successful recent information operations was carried out by the United States and Britain—and it centered on managing prediction error. In early 2022 they went public with detailed intelligence about Russian preparations to invade Ukraine before it happened.29 Reducing surprise reduced the invasion’s propaganda impact internationally. Moreover, many outside Ukraine expected swift Russian victory, so that when Russia’s shambolic campaign failed to meet expectations, the failure caused a positive prediction error for observers in the western democracies.

* * *

It was very different in 1940. During eight months of “Phoney War,” French troops mostly waited around. The philosopher Jean-Paul Sartre in his army station completed a volume of writings. Some 15 percent of France’s frontline troops were on leave.30 A world of calm predictability.

Unexpectedly, early in the morning of May 10, Germany then unleashed its Blitzkrieg: “lightning war.” At 04:30 hours, General der Panzertruppe Heinz Guderian, commander of XIX Corps, crossed the Luxembourg border. Guderian was a tough-looking man with a wry smile, often pictured in his long military coat. “Panzer” means “tank,” and his Panzer spearhead was central to the German advance.

Why did Blitzkrieg cause such surprise? It really shouldn’t have. Guderian had planned to harness surprise for years; it was even a major recommendation in his bestselling 1937 book. “Since time immemorial,” Guderian wrote, “there have been lively, self-confident commanders who have exploited the principle of surprise—the means whereby inferior forces may snatch victory, and turn downright impossible conditions to their own advantage.”31 The book’s title was Achtung Panzer! Or in English, Beware the Tank!

But the French Army was considered the strongest, and few heeded Guderian’s book.

To ensure surprise in practice, the Germans kept the Blitzkrieg so secret that some officers were away from their regiments as it began. Additional surprise was achieved by the sheer speed of the German Panzer advance. “Time and again,” recalled a Panzer commander,32 “the rapid movements and flexible handling of our Panzers bewildered the enemy.” They used the novelty of airborne troops and special forces to infiltrate Allied front lines and strike deep in the rear.33

They struck through the Ardennes forest, hitherto believed impassable for large forces. German commanders correctly anticipated that the best Allied forces would rush upward into Belgium. That allowed the German Panzer troops from the Ardennes to get behind those Allied forces—and drive all the way to the Channel coast to cut those Allied forces off from France. It would become the famous “sickle cut.”

All this surprise had a catastrophic impact on the Allies and especially the French.

The Panzers reached the French town of Sedan on the River Meuse, a natural defensive barrier, in just three days. On May 13, Guderian prepared river crossings either side of Sedan and sent assault pioneers paddling furiously across to attack the concrete bunkers with flamethrowers and satchel charges.34 As dusk fell, rumors spread among terrorized French reservists that tanks were already across. The French artillery began to retreat, abandoning stockpiles of ammunition, and the divisional commander himself fell back.

In the early hours of the next day, Captain André Beaufre entered the headquarters of the French field commander, General Georges.35 “The atmosphere was that of a family in which there had been a death,” Beaufre recalled. “Our front has broken at Sedan!” Georges told him. “There has been a collapse.” Georges flung himself into a chair and burst into tears.

Such collapse in the High Command of the French Army—so recently thought the world’s strongest—was itself a demoralizing prediction error. Beaufre wrote that “It made a terrible effect on me.”

Many French troops were so stunned to meet Guderian’s forces that they immediately surrendered.36

At 07:30 on May 15, French Prime Minister Paul Reynaud phoned his British counterpart, Winston Churchill. “We are beaten; we have lost the battle,” he said. “The front is broken near Sedan; they are pouring through . . . The road to Paris is open.”

Next day, the military governor of Paris advised that the whole administration leave the city. Civil servants threw armfuls of papers out of windows, and panic seized the population.37

In Belgium, General Gaston Billotte, commander of the French First Army Group, was given the task of coordinating British, French, and Belgian operations—and he reportedly burst into tears at news of the role.38 By May 15, his headquarters were in a state of psychological collapse, with many officers in tears.

On May 20, Guderian’s forces reached the Channel coast, completing the “sickle cut” to isolate Allied forces in Belgium.

The British planned a counterattack, and a British general visited Billotte’s headquarters.39 He found Billotte


in a state of complete depression. No plan, no thought of a plan.

Ready to be slaughtered. Defeated at the head without casualties . . .

I lost my temper and shook Billotte by the button of his tunic..



We must remember that the Allies had been materially superior. No single factor can explain anything as complicated as French collapse—but if anything the French were defeated by prediction error.

“The scale and suddenness of Germany’s victory,” concluded the eminent Harvard historian Ernest May in his book on France’s fall, “has to be explained primarily, I believe, as a result of the surprise achieved.”40

FIGHT? FIGHT!

Serotonin is a small molecule, broadcast (like dopamine) from cells in the brainstem up throughout much of the brain. In depression and anxiety, negative events cause outsized bad impacts on sufferers’ thoughts and behavior—and both conditions are linked to serotonin.41 Researchers can also temporarily lower serotonin levels in healthy people, and have shown that this worsens the impact of losing money or of receiving negative social reactions. When people participate in lab experiments for money, lowering their serotonin reduces cooperation and makes participants more likely to punish others.42 In contrast, enhancing serotonin using tryptophan supplements or MDMA (aka “ecstasy” or “Molly”) made people more generous and cooperative.

To be useful, the brain’s Models must include systems for looking at life’s darker sides, and here serotonin plays a key role. But these systems are far from perfect.

We often struggle to look squarely at unpleasant options. As in a chess game, life often involves branching sequences of decisions stretching into the future—and if there’s an unpleasant option early along one of the branches, we tend to dislike thinking much beyond it to consider what might follow.43 That is, we tend to “prune” the decision tree behind an unpleasant initial option, even if the branches we’ve pruned away turn out better overall. Chapter 9 describes this type of decision-making in more depth. Many of us experience this in everyday life: we may not want to think through what will happen if we make a difficult phone call to a superior or spouse, but behind that initially unpleasant option we may find the best overall outcomes.

Obviously, we can’t consider everything, and such pruning has a place—but sometimes we must force ourselves to think what opportunities lie behind unpleasant options. Otherwise, we will make choices that are initially more comfortable but ultimately catastrophic.

* * *

The Phoney War that preceded Nazi Germany’s Blitzkrieg was replete with failures by British and French leaders to think through unpleasant possibilities. A prime example: while crucial German forces—including Guderian’s Panzers—were away invading Poland, many Anglo-French leaders avoided seriously contemplating an offensive in the west. They had at least four weeks to overcome weak German forces and capture the key Ruhr industrial basin, which would likely force Germany into a losing war of attrition. But the option of serious, immediate war horrified them compared to sitting comfortably.44 In another example during the Phoney War, although it sounds almost bizarre to us now, many British and French leaders avoided facing the possibility that Hitler actually wanted war in the west.45

To their credit, though, British and French leaders and publics did at least go to war for Poland, supported by the Commonwealth and the French equivalent. Every other country looked on: Denmark, Norway, Sweden, Ireland, the Netherlands, Belgium, the United States. America was big enough and far enough away to feel secure, but for the rest this proved to be an absurd inability to look unpleasant facts in the face. Belgium and the Netherlands stayed neutral right up until the moment Germany attacked them on May 10, 1940. Dutch forces surrendered after five days. Belgian forces surrendered before the month ended.

After three short weeks, the French were almost certainly defeated. Now they faced a new sequence of big decisions: how to act in defeat. Once again, sadly, many failed to consider the longer-term benefits of immediately unpalatable options.

One question was whether to defend Paris: to give the city up, or make the Germans fight for it. On June 11, Prime Minister Churchill met the French government and urged them to turn Paris into a fortress, to fight in every street.46 “It is possible that the Nazis may dominate Europe,” Churchill told the French, “but it will be a Europe in revolt” so that in the long run the Nazis would lose.

At this, a British eyewitness noted, “the French perceptibly froze.”47 Everyone knew what had happened when the Poles fought for Warsaw in 1939: the Luftwaffe pummeled the once beautiful Baroque city, killing some 6,000 soldiers and 25,000 civilians.48

French leaders made their choice: Paris was declared an open city, did not fight, and it remained (architecturally) glorious.

Some French troops chose to fight on bravely, but counterattacks and defenses were rare. They caused few German losses—only 27,074 killed—in the whole campaign. One and a half million French troops surrendered, probably half of them doing so before France sought an armistice.49 They also chose to hand over huge amounts of vehicles and supplies intact, which would prove invaluable when Germany invaded Russia a year later.

Collaboration was broader, too. France could initially be held down by as few as 30,000 German troops in 1941.50 In the first eighteen months of the Occupation, not one German was deliberately killed by the French in Paris.51 By 1942 fewer than 3,000 German police were needed to handle all of occupied France.52 And more French bore arms for the Axis than for the Allies during World War II.53

This in no way diminishes the many brave French who did resist, nor the tough choices they all faced, nor the failures of other nations that put France in this position. But we must acknowledge that democracies can collapse and collaborate. Can lose, and choose badly.

Those who avoid choosing initially more unpleasant options have to live with the consequences. “If Great Britain is not forced to its knees in three months,” the French general who signed his country’s surrender is supposed to have said, “then we are the greatest criminals in history.”54

After the fall of France, only Britain and the Commonwealth opposed Germany. Fascist Italy entered the war on June 10. Even friendly observers, such as the U.S. Army chief of staff in Washington, George C. Marshall, assumed Britain must surrender.55

Why didn’t it turn out that way?

* * *

Aggression isn’t an aberration. Sometimes survival requires humans and other animals to fight, and fight aggressively, to get basics like food, water, or sexual partners.56 But aggression risks injury, so our Models must also regulate aggression.

Serotonin is fundamental to how we do that.57 Lower levels of serotonin correlate with aggression, while raising serotonin levels with drugs like Prozac reduces the harm individuals say they would do to others.

Noradrenaline, another key chemical surging up from the brainstem, is also implicated in aggression. Drugs that target specific types of noradrenaline receptors in the brain can increase and decrease measures of aggression in humans and animals alike. Our brainstem cells that produce noradrenaline also arouse us, which is essential for any clash.58 In studies involving mice we can actually stop the production of noradrenaline. This reduces aggression despite leaving other things like anxiety unaffected.59 But the most remarkable recent work has involved a very different species.

Earlier in the chapter, David Attenborough sped up time to witness plants in combat. In your house today you might witness another fascinating world if, instead, you slowed down time to observe the fruit fly.60 Drosophila is excellent for studying the effects of brain chemicals because these fruit flies breed fast, and because specific neurons among the 140,000 in their brain can be switched on and off.

In slo-mo, we can witness Drosophila’s remarkable aggressive strategies, which they regulate according to context. In the early stages of male fights, they first orientate themselves and approach each other. During these preliminaries, they “fence” by touching forelegs to swap chemical information. They also make visual displays like the “wing threat”—a rapid charge with wings thrust forward and then raised at 45-degree angles.

Fights often escalate. In “boxing,” two males strike each other with front legs. In “tussling,” they grapple each other. And in the “lunge,” one rears on its hind legs and slams its body down onto its rival. (Female aggression often takes the form of a “head butt.”)

Drosophila use a brain chemical closely related to noradrenaline. Selectively removing it in lab studies makes aggression almost entirely disappear. Restoring it restores much of the aggression. Fruit flies have far simpler brains than us, but we, too, have neural machinery to dial aggression down, and up.

The chemicals surging up from the brainstem that we have met in this chapter have powerful effects. But as we’ve seen, they’re only a part of the brain’s wider orchestra. To mention them is not to suggest that, say, the French would have fought to defend Paris if the whole nation had been given a noradrenaline boost. Humans are more complicated than that. But as we move farther up the brain, it’s important to remember, however sophisticated our thinking may be, that these brainstem chemicals continue to affect our overall behavior. Compelling and arousing.

* * *

French collapse heaped new dangers on Britain at sea. The French fleet was the world’s fourth largest. With that fleet the Axis powers could win the Mediterranean, crucial for British oil supplies. It could help strangle Britain’s Atlantic supplies: German attacks on merchant ships had only worsened since they sank the liner Athenia the day war broke out, killing more than a hundred people, including twenty-eight Americans.61 Worse, that French fleet would be invaluable to launch an invasion of Britain.

British leaders chose to neutralize the threat.

The Royal Navy gave the French warships a choice: join the British to continue the war; sail to a British port; sail to a French port in the West Indies or to the United States; or scuttle their ships within six hours. If they refused, the British commander was given orders “to use whatever force may be necessary to prevent [their] ships falling into German or Italian hands.”62

The French refused, and between July 3 and July 6 the Royal Navy carried out what it regarded as the most shameful duty it had ever been asked to perform: sinking French ships at Mers-el-Kébir and other North African ports. More than 1,250 died. This had certainly been an unappealing branch on Britain’s decision tree.

But around the world, this dramatic “dialing up” of aggression had a remarkable effect. Six months later, Churchill was told by an American emissary that this action against the French Navy had convinced U.S. President Roosevelt that Britain had the will to continue the fight, even alone.63

Churchill himself became unassailable as prime minister, and the Royal Navy remained a significant obstacle to German invasion at sea.

But what about the air?

How could the British conceivably withstand the German Air Force? The Luftwaffe. The storm of men and steel that had smashed all who stood in its way? If the Royal Air Force (RAF) pilots were to have any chance, they would need to ramp up aggression in the fight, and dial it down during rest periods on the ground. Brain chemicals like serotonin and noradrenaline would be key to that.

They also needed skill.

The Luftwaffe had 656 Messerschmitt 109 (Me109) fighters; 168 Me110 twin-engine fighters; 769 Dornier, Heinkel, and Junkers 88 bombers; and 316 Ju 87 Stuka dive-bombers.64 And that was just in France. It could draw on many more planes across occupied Europe.

By contrast, RAF Fighter Command’s commander-in-chief, Hugh Dowding, had 504 Hurricanes and Spitfires.

THE RAF

Roald Dahl, later famous as a children’s author, went as a young British fighter pilot to fly Hurricanes in Greece, shortly after the Battle of Britain. Sitting in his tent with a Battle of Britain veteran, Dahl admitted how little he knew. “I can do take offs and landings, but I’ve never exactly tried throwing it around in the air.”65

His companion, David Coke, told Dahl what to do if he met a Messerschmitt 109 fighter.


“You try to get on his tail,” Coke said. “You try to turn in a tighter circle than him. If you let him get on your tail, you’ve had it.”

I tried to digest what he was saying.

“One other thing,” he said, “never, absolutely never, take your eyes off your rear-view mirror for more than a few seconds. They come up behind you and they come very fast.”



Dahl asked what to do if he met a bomber.


“The bombers you will meet will be mostly Ju 88s,” he said. “The Ju 88 is a very good aircraft. It is just about as fast as you are and it’s got a rear-gunner and a front-gunner. The gunners on a Ju 88 use incendiary tracer bullets and they aim their guns like they are aiming a hosepipe. They can see where their bullets are going all the time and that makes them pretty deadly. So if you are attacking a Ju 88 from astern, make quite sure you get well below him so the rear-gunner can’t hit you. But you won’t shoot him down that way. You have to go for one of his engines. And when you are doing that, remember to allow plenty of deflection. Aim well in front of him. Get the nose of his engine on the outer ring of your reflector sight.”

I hardly knew what he was talking about, but I nodded and said, “Right. I’ll try to do that.”



How is it possible for human beings to coordinate their actions, with split-second timing, under threat, to fly a fighter plane like this? Or indeed for a captive warrior fighting Aztec champions, twisting and flashing his sword, to constantly adjust his stance and grip when fractions of a second could kill?

Direct feedback from our body’s senses is too slow. It can take 50 to 150 milliseconds for a motor command to be generated in the cerebral cortex—an area much higher in the brain that we’ll see in a later chapter—and then for that action’s sensory consequences to return to the cerebral cortex.66 That’s an impossibly long delay for fine coordination in a life-ordeath fight, or indeed in many everyday actions.

This is where the cerebellum comes in. The cerebellum, or “little brain,” looks like an extra little brain stuck on the back of the brainstem. It does not initiate movements but enhances coordination by using a Model and prediction errors.67

When we generate an action, the cerebellum receives a copy of the motor signals being sent from higher up in the brain down to the muscles, and—incredibly—the cerebellum’s Model can use this to predict the sensory consequences of the action. To give an example: if I make an action to use a finger on my left hand to tickle my right forearm, then the Model predicts the sensory consequences for the skin on my fingertips and on my right forearm. It then receives inputs from the body’s sensory receptors and compares what was predicted with what was actually sensed.

If this reveals a mismatch—a “prediction error”—we’re alerted that the movement may no longer be smoothly on track.

I have treated many patients with a damaged cerebellum. They can still function, but all smoothness is gone. Eyes move jerkily from side to side. Speech muscles are uncoordinated, so they sound slurred and are sometimes thought to be drunk. Walking is unsteady. Asked to touch a nose with their finger, they overshoot. They certainly can’t fly planes in battle.

As well as saving precious milliseconds, the cerebellum also helps us focus, by tuning out the sensory consequences of our own actions. This explains why you aren’t constantly, accidentally tickling yourself—for instance, when you put your finger on your forearm. When your motor system issues commands for movement (such as tickling), your Model generates predictions of the sensory consequences—and so the sensation generates no prediction error because you knew exactly what would happen. We’ve also learned a lot from the way these Models go wrong: some individuals with schizophrenia have difficulty telling apart the actions they produce themselves from actions produced externally—and they can tickle themselves.68

When you pilot a Spitfire—or indeed a Messerschmitt 109—you need to know what your body is doing, so that you can focus on the enemy, coming up behind you very fast.

* * *

Britain was fortunate that, years before, just as Germany’s Heinz Guderian had anticipated how to use Panzers, Air Chief Marshal Hugh Dowding had anticipated this aerial warfare. Dowding had spent years leading the construction of RAF Fighter Command. He had championed Robert Watson-Watt’s pioneering radar technology and built sophisticated ground-to-air communications to support the world’s first integrated air defense system.69

On “Eagle Day,” August 13, 1940, when the full German onslaught began, British radar picked out some three hundred aircraft heading toward the city of Southampton, against which the RAF scrambled eighty fighters. All told, 1,485 German aircraft crossed the Channel that day.70 The RAF lost thirteen aircraft and three pilots were killed—but shot down forty-seven German aircraft and killed or captured eighty-nine Luftwaffe aircrew.

The next day, five hundred aircraft attacked.

The day after saw an even bigger onslaught: 520 German bombers and 1,270 fighters crossed the Channel between 11:30 and 18:30. The Luftwaffe lost seventy-five aircraft that day—they called it “Black Thursday”—but the thirty-four British losses had not been light. And the RAF couldn’t long sustain such losses.

As Dowding knew well, the heart of his air defense system were the pilots themselves. He cared deeply about his “dear fighter boys” and earned devotion in return. Pilot losses were his biggest anxiety. Altogether, 2,940 aircrew served in the Battle of Britain. Some 600 came from across the world, including 145 Poles, 126 New Zealanders, 98 Canadians, and 88 Czechs.71 Most British fighter pilots were aged under twenty-two. Many were so tired they fell asleep at meals.

Hitler threw everything he had at Britain’s defenders. The fight continued ferociously, reaching its zenith on September 15, 1940, which started with a raid on London by one hundred German bombers and four hundred fighters.72

“How many reserves have we?” Churchill asked the RAF commander.

“There are none,” came the reply.

And yet the Germans lost twice as many planes as the British.

For a long time, the Luftwaffe continued to believe it would win, an expectation fed by overoptimistic intelligence about British losses. But as British resistance violated that expectation—a prediction error—Luftwaffe morale plummeted.73 And eventually Hitler postponed the invasion.74

Hitler’s first major defeat.

* * *

At the start of this chapter, we met the idea of a Model and saw how Models help simple organisms stay alive. We saw how more sophisticated lifeforms, facing more complicated threats, use more sophisticated Models to keep themselves alive. And to illustrate this bedrock knowledge about ourselves, we met a captive warrior atop his stone platform in the Aztec capital—an archetypal warrior reminiscent of Michelangelo’s statue of the warrior David atop his stone platform—but a human made of flesh and blood, fighting to save their life.

The brainstem’s Models protect our airways, breath, and circulation. They are crucial for the tissue-damage alert system we know as pain. The brainstem broadcasts powerful chemicals—dopamine, serotonin, and noradrenaline—upward to help the rest of the brain change its Models, look at life’s darker sides, and dial aggression up or down. Our Models help us anticipate more about reality, and if the predictions are wrong, then collision with reality causes prediction errors that help us flexibly change our Models.

And the cerebellum, tucked behind the brainstem, adds an extra loop of processing to coordinate actions initiated elsewhere in the brain. That extra loop of processing isn’t burdensome brain bureaucracy, burning up expensive resources. It earns its keep, as do all the other loops we’ll meet in future chapters. Each additional loop enhances our capacities, all the way up to those loops that enable us to think about our own thinking—as your brain may be doing now. From a fruit fly to the jolly robin in my garden, to a monkey, to an RAF pilot, every additional loop turns us into an ever-smarter living organism.

The lowest parts of the brain have given us a living human. In the next chapter, we move up in the brain to explore the inner workings of our vital drives: hunger, thirst, sleep, warmth, and sex.
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VITAL DRIVES

THE ROLES OF HYPOTHALAMUS AND THALAMUS

Here is another archetypal fighter.

This soldier marches through Belgian mud all day—again—carrying 50 pounds.1 Four hours marching; collapse on the roadside to rest a few minutes; then up again to march. Over and over. His boots and clothes are soaking. He’s eaten nothing since that morning. And now night is drawing in.

His eyes glaze as he stares through the gloom at the pack of the man marching in front. He remembers sitting a few weeks before in a comfortable, warm tavern, trying to catch the eye of a nice local girl. Just before they got the news that Bonaparte was on the move again. At least today he had water; yesterday they’d gone thirsty.

At last, he slumps down to sleep in a field, while it streams with rain. Despite some false alarm in the middle of the night, he snatches precious sleep.

He wakes to a gray and breakfastless morning, on June 18, 1815: an infantryman somewhere near the middle of the British army, exhausted and hungry. Waiting was physically tiresome and emotionally frustrating. Would there be a battle? Like most veterans he would rather fight today than tomorrow if it were unavoidable.

After 11:00 he hears battle begin. Then a long day. Fatigue, hunger, thirst, smoke, noise. Smells of mud, blood, shit, and gunpowder. His battalion forms lines while artillery balls smash into their ranks. Then a square that French cavalry can’t penetrate. Finally the French infantry march toward












[image: A midsagittal view of the human brain with the parts ‘Cerebellum’, ‘Brainstem’, ‘Hypothalamus’ and ‘Thalamus’ labeled. The thalamus is located centrally within the brain. The hypothalamus is situated below the thalamus.]
















































































































	In pair-bonding species, like marmosets, males and females are similar in size and appearance. Males do a lot of parenting and remain pair-bonded long-term.

	In tournament species, like chimps, males are a lot bigger than females and look more flamboyant. Only a few males win aggressive competitions for high-dominance rank, and they impregnate a lot of females, with whom they don’t stick around.
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