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FOREWORD

Black holes are the stuff of dreams, and of nightmares. By presenting us with weird and paradoxical predictions, sanctioned by compelling mathematical deduction, they challenge us to expand our minds and to exercise our imaginations. Facing Infinity is an especially attractive introduction to a wonderfully attractive subject.

We can use black holes metaphorically, and weave stories around them. In his science fiction classic Gateway, Frederik Pohl made brilliant use of that possibility. The novel records a series of psychotherapy sessions between an astronaut and his AI therapist. His problem? He is haunted by an image of his notquite former lover. She lives on, frozen in time, at the surface of a black hole. As she crosses the event horizon, she looks towards him. Her frightened, strangely quizzical expression reflects her pained realization that his recklessness has doomed her. She will be living that moment for the rest of his life. That thought tortures him.

Some scientific perspectives might offer comfort. The lover’s psychological perception of that moment, as opposed to the perception of a distant observer, is properly momentary. It does not occupy an inflated psychological time. Indeed, as you will learn in Facing Infinity, nothing extraordinary happens when one first enters a black hole (the unavoidable crunch comes later). Also, the distant observer’s perception of the event will fade as its manifestation shifts from the visible into the infrared, microwave and radio bands of electromagnetic radiation.

Or maybe they don’t. The persistence of memory and the parting of lovers are profound aspects of the human condition. Imaginative thinking can give us fresh perspectives on those abiding concerns, which is all we should ask.

Of course, the primary goal of black hole research is not to produce fresh metaphors. For scientists, the enduring fascination of black holes derives from their multifaceted grandeur.

In the introduction to his magisterial treatise The Mathematical Theory of Black Holes, the Nobel Prize-winning astrophysicist Subrahmanyan Chandrasekhar wrote:


The black holes of nature are the most perfect macroscopic objects there are in the universe: the only elements in their construction are our concepts of space and time. And since the general theory of Relativity provides only a single unique family of solutions for their descriptions, they are the simplest objects as well.



This quote highlights a first aspect of black holes: their mathematical purity. Their remarkable physical properties were uncovered through a long struggle of thought, involving many years and many researchers. Albert Einstein discovered the fundamental equations in 1915, and a few weeks later Karl Schwarzschild found the matter-free solution that would come to describe the simplest (non-rotating) black holes. But it was only in 1939 that J. Robert Oppenheimer and Hartland Snyder understood the dynamical process through which black holes form. Much later, in 1963, Roy Kerr discovered the most general black hole solution, which allowed researchers to understand what happens when they rotate. Every step of the way, the mathematics revealed strange surprises. Perhaps the most surprising result of all is that, unlike ordinary stars, which come in many shapes and compositions, a black hole is completely defined by its mass and angular momentum. As John Wheeler put it, ‘black holes have no hair’. As gravity imposes its will on the matter that forms the hole, all incongruities are smoothed and all memories fade away.

A second aspect of black holes, a comparatively recent achievement, is their observed reality. Circumstantial evidence began to emerge in the late 1960s, as astronomers tried to make models that would do justice to the astonishing properties of quasars and X-ray sources. But it was only in the twenty-first century that observers were able to get a good view of some black holes’ immediate neighbourhoods, and even to produce images (through processing information about surrounding matter) of the distorted space around a few. Most amazing of all is the information flowing from observations of gravitational waves, starting in 2015. These waves often arise from processes where two black holes merge into one larger one. In comparing the structure of the observed signals with the intricate, highly detailed mathematical predictions based on general relativity, physicists not only justify the Einstein-Schwarzschild-Oppenheimer-Snyder-Kerr work but transcend it. For example, notably, before settling into the ideal Kerr solution, the objects resulting from a black hole merger will quiver, shake and ‘ring’ like a gravitational-wave bell.

Here again it seems fitting to quote Chandrasekhar:


It is indeed an incredible fact that what the human mind, at its deepest and most profound, perceives as beautiful finds its realization in external nature.



A third aspect of black holes is their continuing ability to pose mysteries and inspire questions. The results mentioned above, including the uniqueness of black holes and the predicted structure of gravitational waves they generate, were derived within the classical theory of general relativity. But over the past one hundred years we’ve learned that the world is governed not by classical theory, but by quantum mechanics. Theoretical exploration of black hole quantum mechanics has been intense but inconclusive, while its observational counterpart has languished. One theoretical result that seems clear is that at the quantum level black holes support lots of fine structure – i.e., they are hairy after all. Or at least, they have lots of stubble. Might gravitational radiation, probed more deeply, reveal the quantum character of black holes? That is one of many tantalizing questions about black holes that continue to fuel research.

In this connection, it seems appropriate to quote Einstein:


The most beautiful experience we can have is the mysterious. It is the fundamental emotion which stands at the cradle of true art and true science.



Facing Infinity freshly illuminates all three of these essential aspects of black holes: their mathematical purity, their observed reality, and their continuing ability to pose mysteries and inspire questions. Here you will find vivid narrations of what it would be like to get very near to or even dive into different kinds of black holes. Here too are Jonas Enander’s personal encounters with both the charmingly various cast of people who are moving the frontiers of black hole knowledge and the fantastic instruments they use. Here you will also discover that there have been unexpected yet vitally important practical spin-offs from the curiosity-driven quest to better understand these objects and their surprisingly central role in our universe.

Having read all this, you will find your dreams enriched and your nightmares transformed.

FRANK WILCZEK

_______________


Frank Wilczek won the Nobel Prize in Physics in 2004 for work he did as a graduate student. He was among the earliest MacArthur fellows, and has won many awards both for his scientific work and his writing. He is the author of A Beautiful Question, The Lightness of Being, Fantastic Realities, Longing for the Harmonies, Fundamentals, and hundreds of articles in leading scientific journals. His ‘Wilczek’s Universe’ column appears regularly in The Wall Street Journal. Wilczek is the Herman Feshbach Professor of Physics at the Massachusetts Institute of Technology, founding director of the T. D. Lee Institute and chief scientist at the Wilczek Quantum Center in Shanghai, China, and a distinguished professor at Arizona State University and Stockholm University.






Prologue

_______________

THE RING OF LIGHT AT THE
EDGE OF THE DARKNESS

The light blinds you.

You raise your hands to shield your eyes, letting fragments of light filter between your fingers. White, blue and red stars are shining brightly in the darkness.

You’re floating in space. There’s no up or down. There’s nothing you can grip onto with your hands or push against with your feet. The only thing around you is a gaping expanse, a void. You are floating in it like a drop of water in the ocean.

Thick white gloves cover your hands. They are part of your spacesuit, your only protection from the deadly vacuum that surrounds you.

You lower your hands and squint. In the starfield in front of you, you see a darkness. There are no stars there. There’s no light, nothing but cold, black emptiness: a black hole.

A black hole is a place in the universe with such strong gravity no light can escape it. That’s why black holes are dark. But the darkness not only signifies the absence of light, it also represents a limit of knowledge. No particles, no radiation and no other information can exit a black hole. If you want to know what is going on in the darkness, you have to travel right into it.

You realize that the darkness in front of you has grown. You are falling towards it and there is nothing you can do to stop yourself. You have no spaceship, no rockets, no way to alter your course.

The darkness feels both menacing and alluring. Like the explorers of old, you are venturing into the unknown. You are going to find out what happens in one of the strangest places in the universe, a place no one else has ever visited.

But there’s a difference between you and those adventurers: after they had explored far-away places, they could return home and describe what they had seen. You will not be able to travel back and tell your fellow humans what you’ve been through. Once you’ve fallen into the black hole, you can never turn back. Its gravitational pull is too strong. The darkness will swallow you forever.

‘In space the universe grasps and swallows me like a point; in thought I grasp the universe.’1 These are the words of the seventeenth-century French philosopher Blaise Pascal. He imagined that humans, with their capacity for thought, could gain comprehension and understanding of how the universe works. But the darkness of the black hole is so compact that the human mind can barely comprehend it. So how can you and other humans understand what a black hole is?

Perhaps an analogy will help.2 Imagine you’re floating in a river. It’s night-time. The river is flowing towards a waterfall. With a flash of terror, you realize you must swim against the current to avoid being swept over the falls, but the closer you get, the faster the river flows. In the end, it’s moving so fast you can’t swim away. However hard you try, you are pulled inexorably towards and over the falls. The river is flowing too fast and you are swimming too slowly.

But let’s assume there’s someone else who can swim faster than you. At the point beyond which you’re unable to escape the waterfall, this swimmer would be able to, though only to a certain point. At a certain distance from the falls, this swimmer too would be dragged along by the water’s flow, because the water would be moving faster than they can swim away. There is, therefore, a boundary in the river, set by the highest speed a human can swim. Beyond this boundary, no human can swim against the direction of the river’s flow. The boundary itself is invisible; there’s nothing in the water to indicate where this boundary is.

Now imagine that the river is so wide you can’t see its banks. It’s also so deep you can’t see the bottom. Because you’re swimming at night, the stars are all you can see. Substitute space for the river, and the speed of light for the maximum swimming speed, and you’ll find yourself in a situation similar to your fall towards the black hole. Instead of being swept along by the water in the river, you’re now being conveyed by the movement of space. If you’d had a spaceship, you could have turned around and travelled away from the darkness. But just as it’s impossible to swim upstream after a certain point in the river, there is a boundary around the black hole after which you cannot turn back. It makes no difference how powerful the spaceship’s rockets are. In the end, space is flowing so fast towards the darkness that not even light can travel in the opposite direction.

The boundary after which light cannot escape forms the surface of the black hole. It is known as the event horizon, and it is a surface spun from space and time.

It might sound odd that space can flow as a river does. But Albert Einstein realized more than a hundred years ago that this is possible. He discovered that matter and energy can distort space and time. Far from being static arenas in which our lives play out, space and time are active participants in the drama of the universe. But we’ll come to that later. Right now all your focus is on the darkness around you.

You’re falling into an abyss of space and time that has an enormous gravitational pull. But falling in space is not the same as falling on planet Earth. On Earth you can feel the air rushing past your face and hear your clothes fluttering in the wind. In the emptiness of space, however, there is no air and no sound. All you can feel is your spacesuit bumping against your body, and all you can hear is your breath, though you start to perceive a thudding noise that has grown louder as the darkness has deepened. You realize it’s the sound of your heart, beating harder and harder the closer you get to the black hole. It’s as though your heart fears what you will meet in the darkness, as though it knows you will have to sacrifice something in order to see what is happening inside.

The idea that knowledge comes at a cost features in many myths. When Eve took a bite of the fruit of the tree of knowledge, she and Adam were driven out of the Garden of Eden. When Faust made a pact with the Devil to gain unlimited knowledge of worldly things, he was made to pay with his soul. And when the Norse god Odin sought knowledge of the world and the future, he had to sacrifice an eye, throw himself on his spear and hang himself from the tree Yggdrasil.

Knowledge comes at a cost. The greater the knowledge, the higher the price. To find out what happens in one of the darkest and most peculiar places in the universe, you will have to pay the highest price of all: your life.

The point at which this will happen depends on the size of the black hole. The larger it is, the longer you can survive. The black hole you are falling towards right now is almost as big as the solar system. You can pass through its surface painlessly, but after that, your life will be over in only a few hours.

Your field of vision is increasingly taken up by the dark sphere. As the darkness grows, the light around it seems to change. You see multiple copies of the light from the stars appear on either side of the black hole. At the same time, the stars’ light seems to grow brighter, becoming compressed along the edge of the black hole. It occurs to you that the darkness is controlling the light. The black hole’s powerful gravity is making the stars’ light travel along peculiar paths that multiply its radiance. Phantom stars form in space, like mirages in the desert. These strange star-doubles disorient you. You want to tell your friends how the encroaching darkness fills you with terror, how the light of the stars is distorted and how helpless you feel. But even if you had a radio transmitter, you wouldn’t be able to send your friends a message after you’d passed the event horizon. You will have to bear those final moments in the darkness alone.

Deep within the abyss, there is a point so extremely dense it is hard to wrap our minds around what goes on there. This point is called the singularity. In our river analogy, this is represented by the waterfall. As you were swept along by the river, you were unable to avoid the falls in the end. Similarly, everything that passes the event horizon will ultimately reach the singularity. There, all matter and all light will be concentrated in a state that is so distorted, even space and time seem to cease to exist.

You are gaining speed as you fall towards the darkness. There is nothing you can do to avoid it. You turn your head and look around you. The area of space behind you is growing darker and darker. You lose your ability to orient yourself. You cannot tell where you came from, or how far you are from the black hole. Are you already inside it? You don’t know. There’s no sign at the event horizon that says ‘You are now passing the point of no return.’

The dark sphere seems to surround you in every direction. You flail your arms and legs in a desperate attempt to escape your journey towards the singularity, but it’s pointless. There’s no escaping the singularity. All that happens is that you start sweating.

You close your eyes, take a deep breath and think about what awaits you. When you travel feet-first towards a black hole, your lower body will feel a greater force than the upper body. You begin to be pulled apart. But it doesn’t happen the same way as on a torture rack; instead, everything in your body is drawn out, from your skeleton, your tendons and your muscles, all the way down to your nerves, cells and DNA. Luckily, you’ll feel almost nothing when it happens. From the moment you first notice the pain shoot through you, less than a second will pass before you are decimated. But unlike on Earth, where a person’s dead body can be buried, there will be nothing left of you. Your body will be dissolved into the darkness.

The smell of your own sweat fills your spacesuit. You try to take deep breaths, but hear yourself breathing faster and faster. Pain flashes from your feet to your head. You tense every muscle in a final attempt to stop your body being strung out.

You open your eyes. The light of a billion stars blinds you. They are outside the black hole, but their light has been concentrated into a thin ring inside it. The ring is caught between the darkness in front of and behind you. You are in the centre of the ring.

Before you can even scream, your last second of life has passed.

You’ve been torn apart by the darkness.




I

AMID STARS, WAR AND DARKNESS

The hub of the Milky Way is full of dust and stars, furious speeds and primeval patterns. The stars turn in an elliptical dance. Like fireflies in the night, they seem simultaneously to be on their own idiosyncratic journeys, while forming a fellowship in the darkness. One of the stars is whizzing round at immense speed. It is getting a taste for how it feels to approach the speed of light, to be slung around, deformed and then continue on its elliptical course. In just sixteen years it completes its orbit around the darkness that leads the stars’ dance: an enormous black hole.




Chapter 1

_______________

THE PRIEST WHO WANTED TO WEIGH THE STARS

I’m not sure any author wants to begin a book by taking their reader’s life. But I wanted to explain what you would experience if you fell into a black hole. As luck would have it, neither you nor anyone else will experience the dramatic journey into an object like this – no human has so much as come close to one.

But even if no one has travelled towards a black hole, we are all moving around one. This cosmic giant is called Sagittarius A*, it has a mass equivalent to more than four million Suns and is located in the middle of the Milky Way. Just as the planets travel around the Sun, our solar system revolves around the centre of our galaxy. One revolution takes 230 million years, and carries us around billions of stars, vast clouds of dust – and the black hole Sagittarius A*. But don’t worry, we’re so far away there’s no risk of us being pulled into it.

Today, astronomers know that there is a gigantic black hole like this at the centre of most galaxies. They also estimate that there may be more than a hundred million black holes in the Milky Way, created when certain kinds of stars died and imploded. A recent study even estimated that there could be as many as 40 quintillion (that is 40,000,000,000,000,000,000) black holes in the entire universe.1 In this book I’ll tell you how these black holes work, where they come from and what role they play in the universe. You will also discover how astronomers are able to confirm the existence of black holes, even though they are completely dark. And I will tell you about something that has truly astonished me: the influence they have on our lives here on Earth. By studying black holes in outer space, we can learn more about the conditions of our own existence. They can give us new insights into the relationship between light and darkness, creation and destruction, and even life and death.

The story of how humans began to explore the dark bodies of the cosmos opens on an unexpected scene: in a rectory in the village of Thornhill in the north of England, back in the late eighteenth century. A clergyman named John Michell lived here, and he became the first person to figure out that the gravity of a celestial body can be so strong that no light is able to leave it. He came to this realization when he set out to weigh the stars in the night sky, and it is with him that our tale about black holes begins.

THE LINNAEUS OF THE SKY

It’s impossible to say whether John Michell was pleased when he started working as a rector (the formal title of a parish priest in the Church of England) in the Yorkshire parish of Thornhill in 1767. He left no diaries, and the few letters that remain tell us little about his emotional life. We hardly even know what he looked like. The only thing we have to go on is a letter from a contemporary of Michell’s that describes him as ‘a little short man, of a black complexion, and fat’.

What we do know, however, is that when Michell decided to become a priest, he gave up a successful scientific career. At the University of Cambridge he had conducted research into artificial magnets, the movement of earthquakes through the Earth’s crust, and whether there was a structure to the apparently random distribution of stars across the firmament. He was a member of the prestigious Royal Society, read Ancient Greek and Hebrew, and was named Professor of Geology at the age of thirty-eight. He was, in short, a skilled scientist and polymath, respected and well liked by his colleagues.

Yet in spite of this, Michell elected to surrender his professorship after just two years. He did so for love. Michell wanted to get married, but according to university tradition, professors had to be celibate. We do not know what Michell thought of this requirement, but his actions speak loud and clear: he resigned and got married soon afterwards. He also sought the prestigious post of Astronomer Royal, which, in addition to a steady income, would have given him access to some of England’s finest telescopes.

Michell was chosen as one of ten candidates for the appointment, but in the end he did not get the job. At around the same time, his wife died from the complications of childbirth. Suddenly, Michell was without both work and wife, and he had to raise and provide for his child alone. Seeking a more stable existence, he decided to give up his scientific career entirely and become a rector.

At the age of forty-three, Michell moved to Thornhill Rectory, to take up his new role. He appointed blacksmiths, plumbers and glaziers to restore the village’s old stone church, and outside the rectory, he laid out a botanic garden, growing grapes, strawberries and exotic plants from such distant places as Mexico, India and China. He also got married again, to a local woman.2

Michell’s life might seem idyllic, but around him major changes were in the works. The Seven Years’ War, in which the great powers of Europe fought on five continents for control over their colonies, had come to an end, but conflicts continued to grow, within the great powers and between them. In France, poor harvests led to rampant criticism of the aristocracy and their land rights. On the other side of the Atlantic, the mood between the American settlers and the British Empire was tense. The French Revolution and the American War of Independence were on the way. Fundamental change was coming to the world Michell lived in.

But political and social anxieties were not the only harbingers of upheaval. Human experience of space and time was changing, and, with it, ideas of our place in the cosmos. The Scot James Hutton, now known as the ‘father of geology’, had studied the cliffs and sedimentary layers along the east coast of Scotland. He realized that they had been created by long-term geological processes, and that the age of the Earth must be counted not in the thousands, but in the millions of years (we now know that it is considerably older: 4.5 billion years). ‘The mind seemed to grow giddy by looking so far into the abyss of time,’ wrote one of Hutton’s friends of these new geological time frames.3

As geologists were realizing that earthly timescales were vast, astronomers began to discover that the same applied to the distances of the cosmos. In the sixteenth century the Polish astronomer Copernicus had argued that it was not the Earth, but the Sun that was at the centre of the universe. In the eighteenth century, astronomers realized that this too was wrong. The Sun was but one star among many moving through that great assembly of stars we call the Milky Way. What’s more, many Enlightenment thinkers also suspected that the centre of the cosmos was not even the Milky Way – they thought there were other galaxies in the depths of space. In the late seventeenth century, the French physicist and mathematician Pierre-Simon Laplace summarized this new cosmic understanding when he wrote, ‘man now appears, upon on a small planet, almost imperceptible in the vast extent of the solar system, itself only an insensible point in the immensity of space’.4

It was as though humanity’s place in the cosmos had shrunk. But Michell was not daunted by this. Throughout life, his scientific credo was ambitious. He wrote that he wanted to explore ‘the infinite variety which we find in the works of the creation’.5 He belonged to the Enlightenment era. It was a time characterized by the critique of dogmatic ideas and the enthusiastic exploration of the world through rational argument and experimental methods. The French Enlightenment philosopher and mathematician Jean le Rond d’Alembert wrote that the enthusiasm of this new era was ‘like a river which has burst its dams’.6

As a follower of Enlightenment ideas, Michell participated in this wide-eyed exploration of the world, even after becoming a priest. Like a Linnaeus of the sky, he wanted to be a botanist of stars, mapping their distance, size and mass, and it was when he began to do so that he had a surprising realization: that there could be a limit to human knowledge, an impediment to the ambition of the Enlightenment. He realized that space might contain objects that were gigantic, dark and impossible to see.

DARK STARS

Michell made his discovery when he figured out a new method for measuring the distance to the stars. For centuries, astronomers had tried without success to determine how far away the closest stars were. They were applying a method known as parallax measurement, which can be illustrated with a simple example. Look at a nearby object, then hold out your arm and place your thumb in front of the object. If you close your left eye, your thumb will appear to be to the left of the object in front of you. If you now close your right eye, your thumb will be to the right of the object. The reason for this is that your eyes see your thumb from different perspectives, so the position of your thumb relative to the object appears to shift.

In a comparable way, a star’s position in the sky can change as the Earth travels around the Sun. In my analogy, your left and right eye represent two observation points along the Earth’s orbit, your thumb represents a nearby star you want to measure the distance to, and the distant object represents a star that is further away. As the Earth orbits the Sun, an astronomer observing a nearby star in the sky can see its position change relative to distant stars. With the aid of geometric analysis, it is then possible to figure out how far away the star is, if the astronomer’s telescope is sharp enough. The further away a star is, the harder it is to observe the change in the star’s position.

Though many had tried, no astronomer in Michell’s time had successfully used parallax measurement to determine the distance to our nearest stars. This meant that they must be an extremely long way away. Since the parallax method had failed, Michell wanted to try to find a new way of determining the distance to the stars. Through a complex rationale, he realized that if it were possible to determine a star’s mass, it would also be possible to determine how far away it was. But in order to do so, Michell needed to weigh the stars in the heavens. As he was unable to travel to the stars to study them, he set out to determine the stars’ mass by studying the light they emitted. His starting point was the force that operates throughout space: gravity.

Gravity is a constant phenomenon in our lives. If we drop something, it falls towards the ground. If we walk up a hill, we feel tired. If we want to lift a heavy object, we undertake a tugof-war between the strength of our own muscles and the strength of the Earth’s gravity. But gravity is not just pulling the object. It also grounds our bodies on the Earth’s surface. It ensures that the Moon orbits the Earth, and that the Earth and the other planets travel around the Sun. Gravity governs not only our lives, but also the fate of the whole solar system and, by extension, the whole universe. Therefore, if we understand how gravity works, we can understand how the entire universe developed.

In 1687 Isaac Newton published a book that profoundly contributed to our understanding of the characteristics of gravity. It was called Philosophiæ Naturalis Principia Mathematica, and in it he demonstrated that the gravitational force between two bodies – such as the Moon and the Earth, or the Earth and the Sun – is dependent on three things: the mass of one of the bodies, the mass of the other and the distance between them. The greater the mass, the greater the force, and the greater the distance, the smaller the force.7 Thanks to this description of the relationships between these elements, Newton was able to explain a number of phenomena, such as the shape of the planets’ orbits, how the Moon causes the Earth’s tides, and why comets appear and disappear from the sky.

Michell realized that he could use Newton’s results to weigh the stars, by studying their light. He reasoned that the larger the star’s mass, the greater its gravity, and the greater a star’s gravity, the more influence this force would have on the light it sends out. Michell made use of another of Newton’s theories that stated that light was like small particles, or ‘corpuscles’, and he imagined that the light of the stars was affected by gravity like an object tossed in the air here on Earth. When we throw an object up, the force of gravity makes the object’s speed decrease. In the end, it slows down so much it returns to the Earth’s surface. Perhaps, Michell thought, the speed of light is affected in a similar way. He assumed that light was a particle travelling at immense speed, and imagined that when a star sent out these little particles, their speed would decrease depending on the strength of the star’s gravity. Because gravitational force is dependent on a star’s mass and size, it should be possible to deduce information about the star’s characteristics by measuring how fast its light travelled.

To use modern terminology, Michell was talking about the concept of escape velocity, which can be explained by means of a simple experiment. Take an object you can hold in your hand. It could be a coin or a matchbox. Throw the object a few centimetres in the air. The object will travel upwards, before falling back into your hand, or to the ground. Now throw the object into the air again, moving your hand and arm faster this time. The object will reach a point higher in the air before it falls back down. After just two throws, you can surmise that the higher the speed at which you throw the object, the higher it will go before falling. This conclusion provides an important insight to help you understand Michell’s thinking – and, ultimately, how black holes work.

If you were capable of throwing the object towards the sky with a velocity of eleven kilometres per second, it would never come back to Earth. It would travel through the air and eventually leave the Earth’s atmosphere, continuing into space. The initial velocity an object would have to travel at to avoid falling back to the ground is called the escape velocity. Of course, it’s impossible to throw an object so fast. Not even spaceships taking off from the Earth’s surface need to reach that speed, because they accelerate using their rockets; furthermore, the escape velocity decreases the further they get from the Earth. But, despite this, the escape velocity is a good gauge of what it takes to overcome the Earth’s gravity.

The gravitational force of objects in space varies, and therefore so does their escape velocity. From the Moon, the escape velocity is ‘only’ two kilometres per second. If you happened to be on an asteroid, the escape velocity could be as little as a few metres per second, which means you could leave the asteroid with a mere jump.

On more massive bodies the escape velocity can be much higher. At the surface of the Sun it is 615 kilometres per second. The stronger the gravitational force of a celestial body, the higher its escape velocity will be. On the basis of this realization, Michell came to a decisive conclusion: if a star has sufficient gravity, not even light will be able to leave it. ‘All light emitted from such a body,’ wrote Michell, ‘would be made to return towards it, by its own proper gravity.’8 Such a star would be completely dark.

Michell calculated how large such a dark star might be, taking the Sun as his starting point. What it consisted of and why it shone were not known at the time, though astronomers estimated that it was more than one hundred thousand times the size of Earth. Moreover, physicists had succeeded in measuring the speed of light, confirming that it was astonishingly fast, close to 300,000 kilometres per second. Michell calculated that a star with the same composition as the Sun, but with 500 times the diameter, would have such strong gravity that no light would be able to escape it. A star of this size would have an enormous mass – 125 million times that of the Sun, and its diameter would be larger than the orbit of Mars.

Michell’s discovery indicated that there was more to gravity than objects falling to the ground, or planets orbiting the Sun. Gravity was suddenly placing a boundary on knowledge. These dark objects presented a challenge to science in its ambition to survey and understand the world.

Michell had no proof that these dark stars existed, however. They were merely an idea, a product of theoretical deduction and mathematical reasoning. But the intellectually restless Michell came up with a method of identifying these dark stars: observing other stars moving around them. Just as a lighthouse’s beam testifies to the presence of otherwise-invisible cliffs on a dark night, the stars that move around these dark celestial bodies would reveal their existence.

What Michell felt when he thought about these gigantic, dark objects we will probably never know. But I imagine him walking out of his rectory one autumn night. He wanders through the long grass, passes a pond full of goldfish and makes for his telescope. Scents drift from his botanic garden on the cool night air. The sky is cloudless and the stars are shining brightly, and he leans in to his telescope, placing his eye against the eye-piece and turning it towards the star cluster Pleiades, in the constellation of Taurus. Michell has been studying the stars in the Pleiades, with their beautiful names – Pleione, Elektra, Maia, Alcyone – for many years. But tonight he turns his telescope away from the stars to gaze right into the darkness. Does he feel afraid at the thought of such huge, dark bodies existing in space? Or does he believe that we humans will one day be able to see other stars orbiting them?

A VERY CURIOUS PAPER

When I read Michell’s letters and try to imagine his life, I’m struck by how multifaceted he was. He was a rector and a businessman, he planned and planted a botanic garden, he mapped out his region’s coal stocks, he invented new navigational techniques for the British Navy, he mastered Ancient Greek and Hebrew, and he made contributions to geology, astronomy and physics. He seems to have possessed an unquenchable thirst for knowledge, but he also had a serious problem: he struggled to make his results known. He was isolated in Thornhill and missed his London friends. His research could be conducted in solitude, of course, but in Thornhill he hardly had anyone with whom to discuss his findings. He dearly wanted to travel to the capital to meet with other scientists, but was hindered by the expensive tolls on the roads. ‘The expense of such a journey is more than I can afford every year,’ he complained in a letter to a friend.9

To counteract his loneliness, Michell invited his friends to Thornhill. Many of England’s foremost scientists travelled to the Yorkshire village and stayed at the rectory. Even the prolific scientist and inventor Benjamin Franklin, who would play a key role in both the American Revolution and the foundation of the new republic, took time out of a diplomatic trip to England to visit the intelligent rector.

But in spite of the visits, Michell hesitated to share his findings. His isolation in the countryside seems to have made him anxious that others would take credit for his work. When the physicist Henry Cavendish wrote to ask him to share his discoveries, Michell refused. Cavendish wrote, ‘I am sorry however that you wish to have the principle kept secret.’10 He kept on at Michell to publish his results, and Michell reluctantly conceded that he had given ‘hints’ of his findings when he met scientists in London, but that his indications had probably been ‘too obscure to have the drift of them fully understood’. In short: he wished to keep his discoveries to himself.

Then at last, on 26 May 1783, Michell sent an article to Cavendish, asking for it to be read at one of the meetings of the Royal Society. In the accompanying letter, Michell wrote that ‘it might perhaps be possible to find the distance, magnitude, and weight of some of the fixed stars, by means of the diminution of the velocity of their light’.11 In order to reassure himself that he would receive proper credit for his results, he added of his method that ‘as far as I know, [it] has not been suggested by any one else’.

Cavendish read the paper ‘On the Means of Discovering the Distance, Magnitude, &c. of the Fixed Star’ to the members of the Royal Society. It was the first official introduction of the idea that dark objects can exist in space without emitting any light. It took place as Mozart’s Great Mass in C Minor had its premiere in Vienna, as the Montgolfier brothers undertook the first manned balloon trip in Paris, and as the Continental Army fought British soldiers in North America.

In Paris, Benjamin Franklin, who had visited Michell in Thornhill, was preparing to negotiate with Great Britain for US independence. Around the same time, Franklin received a letter from the President of the Royal Society, stating that Michell had written ‘a very curious paper’.12 Franklin was thus one of the first people outside Britain to hear about Michell’s new ideas. We don’t know whether Franklin discussed Michell’s vision among Paris’s scientific circles. But a decade later, Michell’s ideas turned up once again in the French capital. Pierre-Simon Laplace, the leading physicist and mathematician in France at the time, had survived the terrors of the French Revolution with no more than a scare, though some of his colleagues were not so lucky: the chemist Antoine Lavoisier was beheaded on the guillotine. In 1796 Laplace published a multi-volume work in which he summarized all the astronomical knowledge of his time. He wrote that ‘there exist then in space obscure bodies as considerable, and perhaps as numerous as the stars’, and that ‘it is therefore possible that the largest luminous bodies in the universe, may… be invisible’.13 He called these bodies corps obscurs (dark bodies). Perhaps Laplace was inspired by Michell, since the President of the Royal Society had sent Michell’s article to the Frenchman too.14 Regardless of the source of Laplace’s inspiration, it is fascinating that he laid out a whole cosmic vision in which these dark celestial bodies played a central role.

However, confirming the existence of these dark objects required observations. At the beginning of the nineteenth century Johann Georg von Soldner, a self-taught astronomer at the Berlin Observatory, read about Laplace’s and Michell’s deductions. He wrote that ‘there may be heavenly bodies that, due to their size and the strong attraction associated with it, do not emit any light, or at least not to any distance; and that the largest bodies in our heavenly system must therefore remain invisible’.15

Von Soldner wondered whether there might be a gigantic, completely dark object in the centre of our galaxy. Just as the planets orbit the Sun, so too might the Sun be orbiting a central object in the middle of the Milky Way. Since no one had ever seen such a central object, reasoned von Soldner, it could conceivably be completely dark.

In twenty years, the idea of these dark celestial bodies had spread from Thornhill Rectory to the Royal Society’s assembly rooms in London, then to the global metropolis of Paris, and finally to Berlin. These cities were key centres of scientific thought at the time. Three of the foremost physicians and astronomers of their day were discussing the existence of these objects and how they might be studied.

But just as quickly as the idea had arisen, it disappeared. ‘It is very possible there may be no stars large enough to produce any sensible effect,’ Michell wrote of the stars’ ability to influence the light they emitted.16 He doubted too whether gravity really affected light in the same way as other matter. He died in 1793 after a long illness, and was buried in the churchyard at Thornhill. Laplace crossed out the passage on these ‘invisible bodies’ when the time came to print a new edition of his volumes, and in Berlin, von Soldner dismissed the idea of a dark object at the centre of the Milky Way, concluding that no one had seen stars moving around such an object, ‘even with the best telescope’.17

And so dark celestial bodies vanished from the scientific imagination. After all, they were merely a speculation based on certain assumptions: if gravity works as Newton had described, and if gravity affects light in the same way as particles, well, then a star of the same density as the Sun but 500 times the diameter would be completely dark.

But what if gravity didn’t work that way out in space? Perhaps light didn’t have the characteristics Michell and Laplace were assuming? At the beginning of the nineteenth century, light began to be viewed as a wave, rather than a particle, and it became unclear how such light waves might be affected by the gravity of the stars. Attempts to measure the speed of light coming from different stars hadn’t produced any results either.18 Michell’s dark stars and Laplace’s corps obscurs faded from the world of ideas.

In October 2020, more than two hundred years after the speculations of Michell, Laplace and von Soldner, a band of journalists are gathered at the Royal Swedish Academy of Sciences in Stockholm. The Secretary General of the Academy is about to divulge the recipient of this year’s Nobel Prize in Physics. He begins by saying that the prize ‘is about the darkest secrets of the universe’. The British mathematician Roger Penrose receives half the prize for his theoretical investigations into how black holes are created, while the German astrophysicist Reinhard Genzel and the US astrophysicist Andrea Ghez are awarded their share of the prize ‘for the discovery of a supermassive compact object at the center of our galaxy’.19

The rector of Thornhill had been proved right. Gigantic, dark objects really do exist in space. Genzel and Ghez used Michell’s method to identify the black hole in the centre of our galaxy: they observed how stars move around it. But what they have discovered is something much stranger than anything Michell could have imagined.




Chapter 2

_______________

THE DARK HEART OF THE MILKY WAY

‘Iwoke up at six o’clock to a message on my phone: Lava is pouring out of the volcano!’

Geoff Bower’s voice booms out over the roar of the Jeep’s engine. We’re driving slowly up a potholed gravel track that leads to the top of the volcano Maunakea in Hawaiʻi. Bower has lived on the island for many years, and works as an astronomer at the Submillimeter Array, one of the many observatories at the top of the mountain.

Fortunately it wasn’t Maunakea that was erupting. ‘Although Maunakea is not technically an extinct volcano, it has not erupted in the last five thousand years,’ Bower tells me. It was Kīlauea, on the south side of the island, that had had a minor eruption, and luckily no people or houses had been harmed.

Bower is driving me up Maunakea so that I can see the telescopes astronomers use to study black holes. As a project scientist for the Event Horizon Telescope Collaboration, he has been deeply involved in one of the most astonishing black hole observations ever made: the imaging of its darkness (more about that in Chapter 8). For my own part, I don’t remember exactly when I first heard of black holes. It might have been some sci-fi show I watched as a teenager, or maybe a documentary on TV. But I’ve always viewed them as a kind of dark, threatening phenomenon that represents the unknown. At the same time, their darkness was also alluring.

When I started studying physics at university, my idea of what a black hole was expanded. They are objects that can actually be studied. With the help of mathematical formulae, we can understand their characteristics, and with sophisticated observations we can investigate what happens around them. This has led scientists to realize that they play an important role in the universe. They are not only destructive objects, they also have a creative function, governing the birth and development of galaxies, and, surprisingly, giving rise to the most intense light in space. They might even play an important part in the development of life in the universe. If scientists succeed in solving the mystery of black holes, we will be closer to understanding how structures are formed and how they dissolve, how space and time come into being, and how the laws of nature work. That’s why I’m so fascinated by them, and it’s why I’m sitting in Bower’s Jeep heading up Maunakea.

I ask Bower why astronomers decided to build several of the world’s most important telescopes in one of the most volcanically active sites in the world. ‘First of all, the mountain is very tall,’ says Bower, referring to the fact that its peak is more than 4,200 metres above sea level. At that altitude, light from space appears much clearer, as it does not need to travel as far through the turbulent layers of air that make up the atmosphere. ‘Secondly,’ Bower continues, ‘Hawaiʻi is an isolated island in the Pacific Ocean. The wind blows smoothly over the telescopes, which reduces the twinkle of the light that passes through the atmosphere.’

I look out through the car window at the cloud cover below us. It’s raining over the island, but above us the Sun is beating down. The higher we go, the more difficulty I have breathing. I feel dizzy and my lungs struggle to take in oxygen, and I feel no calmer when I think of the sign at the bottom of the mountain that read: ‘Altitude Sickness Can Be Fatal’. At the top of Maunakea, oxygen levels are significantly lower than they are at sea level. Although I’m finally about to see some of the world’s greatest telescopes, all I really want to do is close my eyes and go to sleep.

We approach the peak at last. As I step out of the car, I think for a moment I’ve ended up on Mars. The gravel and stones on the ground are a reddish-brown colour. I can’t see any plants or animals. Bower informs me that the comparison with Mars is not that far-fetched. On the neighbouring volcano Maunaloa, a billionaire has built an experimental facility for astronauts. It’s where NASA tests the psychological effects of long-term isolation in a dry, stony, desolate environment reminiscent of our red neighbour. And NASA has road-tested lunar modules on Maunakea. Everything is barren and stark, everything except the thirteen observatories lined up along the peak, the white telescopes clearly silhouetted against the blue sky. My gaze sweeps across the ridge and I quickly identify the two telescopes the astronomer Andrea Ghez used to study the black hole at the centre of the Milky Way. I cast my mind back to the conversation I had with her a few weeks after she was awarded the 2020 Nobel Prize in Physics.

DOING THE IMPOSSIBLE

‘When you travel to Maunakea and spend the first night at an altitude of four kilometres, your brain doesn’t work particularly well,’ says Andrea Ghez. ‘It’s a reminder of what a special place you’re at.’

I’m speaking to Ghez remotely. It’s evening where I am in Stockholm, but for her on the west coast of America the day has just begun.

Andrea Ghez is professor of physics and astronomy at the University of California, Los Angeles. Her interest in space was sparked early on, as she watched the TV broadcast of Neil Armstrong taking those first steps on the Moon in 1969. She dreamed of being the world’s first female astronaut. Instead, she became an astronomer. She started studying physics, taking inspiration from women who had demonstrated that it was possible to follow one’s passion, like Marie Curie (who was awarded the Nobel Prize in both Chemistry and Physics) or the pilot Amelia Earhart (the first woman to fly over the Atlantic). In the early nineties she completed her PhD at the California Institute of Technology.

‘I don’t think there’s any stage of my career where I haven’t heard the obnoxious thing “you’re only getting to the next step because you’re a girl or because you’re a female”,’ Ghez tells me when I ask her what it’s like to work in a field as male-dominated as astronomy. ‘I was actually pretty used to hearing that, but I was also pretty used to thinking, “that’s what you think, I’m fine!” I’ve been taught that if you have a good idea, just do it!’

One of the ideas Ghez had was to find out whether there is a black hole at the centre of our own galaxy. The centre of the Milky Way consists of many more stars than our region of the galaxy. If we lived on a planet that orbited one of these stars, the night sky would be full of stars that would have a combined brightness greater than that of the full Moon. The question was whether there was anything more than stars and clouds of dust in the galactic centre. In 1971 the astronomers Martin Rees and Donald Lynden-Bell had suggested that there might be a gigantic black hole lurking there.1 Several astronomers studied the galactic centre with radio telescopes, and they detected a strong source of radio waves in the middle of this star-dense locality.2 The radio signals were coming from a region that stretched approximately a thousand times the distance between the Earth and the Sun. The radio astronomer Robert Brown called the source of this radio signal Sagittarius A* (or rather: its abbreviated form Sgr A*) because the galactic centre is in the direction of the constellation Sagittarius.3 Brown borrowed the asterisk from the world of atomic physics, where atoms in a high-energy state are marked with that symbol. Brown thought the name was fitting because this region of the Milky Way emitted more energy than its surroundings. Personally I find it rather clumsy, because the name is pronounced ‘Sagittarius A-star’, despite the fact that it is not a star.

Sagittarius A* is right at the centre of the Milky Way.4 It’s important to point out that we are not only moving around the black hole, but around all the stars, dust clouds and other matter that are crowded into the dense centre of the galaxy. If Sagittarius A* suddenly vanished, it wouldn’t affect our orbit.

The radiation from Sagittarius A* is generated by particles swirling about in the dust clouds of space.5 Astronomers could see gas – mostly ordinary hydrogen – moving at high speeds around Sagittarius A*. From this they were able to estimate that there was a mass equivalent to several million Suns in the galactic centre. But exactly what this mass consisted of – whether it was stars, more gas, or perhaps just one or more black holes – they did not know.

Andrea Ghez wanted to find out which of these options it was. She set out to use the method John Michell had proposed more than two hundred years before: confirming the existence of a dark celestial body by studying how stars move around it. Just as ant tracks in a forest indicate the presence of a nearby anthill, the paths of the stars in space can indicate the existence of a dark, invisible object in space. But unlike the forest, where we can walk around in search of the anthill, we can’t move freely in space. In order to prove the existence of the black hole, Ghez therefore had to observe the movement of the stars over many years.

There was one major problem. The Milky Way’s dust clouds obscured the view. Radio signals are able to pass through these dust clouds, but seeing the stars deep in the centre of the galaxy was more difficult. When Ghez was finishing her PhD, two telescopes were being built on Maunakea that were capable of seeing through the cosmic dust clouds, right into the heart of the Milky Way. The first was completed in 1993, the other three years later. Together, they were named the W.M. Keck Observatory, after the oil magnate William Myron Keck, whose foundation had sponsored the expensive project.

The two Keck telescopes observe infrared light. Just like visible light, infrared light consists of electromagnetic waves. Visible light has a wavelength (the distance between the peak of one wave
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