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INTRODUCTION

“Of all the conceptions of the human mind from unicorns to gargoyles to the hydrogen bomb perhaps the most fantastic is the black hole: a hole in space with a definite edge over which anything can fall and nothing can escape; a hole with a gravitational field so strong that even light is caught and held in its grip; a hole that curves space and warps time.”

Igor Novikov1

“Dwell on the beauty of life. Watch the stars, and see yourself running with them.”

Marcus Aurelius


 

 

 

Black holes are extraordinary objects with extraordinary properties. Here is just one. If I were a black hole and you were in my vicinity and I turned on the spot through 360°, there would be nothing in the world you could do to stop yourself from being whirled around with me. It would not matter if you had the most powerful rocket or access to every last drop of energy in the universe. Space itself would appear glued to me and you would be unable to remain stationary. A black hole is exactly like that. It sits at the eye of an irresistible tornado of swirling space-time.

A black hole is a region of space from which nothing, not even light, can escape. Or, to put it more precisely, it is a bottomless pit in the fabric of space-time from which nothing, not even light, can climb out. The term was coined in 1967 by the American physicist John Wheeler, the research advisor of the famous physicist Richard Feynman. Before Wheeler popularised the term – he did not actually invent it – there was pretty much no research on black holes. Afterwards, interest exploded. It underlines just how important it is in science to coin a term that paints a striking picture in people’s minds. So vivid is the picture, in fact, that the term has entered everyday language and it is now common to talk of losing this or that item down a black hole.

Paradoxically, however, the term black hole does not paint an accurate picture of the objects astronomers have discovered in space. You would be forgiven for thinking that the two most striking features of black holes are that they are black and holes. But nothing could be further from the truth. Far from being black, black holes are some of the most prodigiously luminous objects in the universe. They appear white-hot. And far from being holes down which matter is inexorably sucked, their most striking feature is often immense “jets” of matter that stab outwards from their poles and extend for millions of light years across space.

The belief that all black holes would be black against the black of space, and so undetectable, is one reason for the lack of interest in these objects in the first half of the twentieth century. But a more fundamental reason is that they are the stuff of physicists’ nightmares. When a massive star at the end of its life runs out of fuel to generate the heat to push outwards against gravity, it shrinks catastrophically, its gravity intensifying until it literally vanishes from the universe. Wrapped in the invisibility cloak of an “event horizon”, the point of no return for in-falling light and matter, the star continues to shrink, its density skyrocketing to infinity. The appearance of such a “singularity” in a theory – in this case, Einstein’s theory of gravity – is a sign that it has been stretched beyond the point that it has anything sensible to say. No wonder Einstein never believed in black holes.

My own interest in black holes was sparked when my dad took me to a meeting of the Junior Astronomical Society at Alliance Hall in central London in 1972. The speaker, who walked to the lectern with a stick because of a childhood bout of polio, was Paul Murdin. Along with Louise Webster, he had recently discovered a blue supergiant star that every 5.6 days whirled around… absolutely nothing. Using Newton’s laws of gravity, Murdin and Webster deduced that the invisible object was at least four times, and possibly six times, the mass of the Sun. Only one kind of celestial body fit the bill: a black hole. Sitting there with my dad on that day and learning about the first black hole ever discovered blew my twelve-year-old mind.

A decade later, as a graduate student at the California Institute of Technology in Pasadena, I regularly walked by Maarten Schmidt in the entrance hall of Robinson Laboratory of Astrophysics. In the Junior Astronomical Society magazine, Hermes, I read how, in 1963, Schmidt discovered quasars, star-like points of light at the edge of the universe that were pumping out 100 times the energy of an entire galaxy of stars from a volume smaller than the solar system. There was only one possible source of such a phenomenal amount of energy coming from so small a volume: matter superheated to billions of degrees as it swirled down onto a black hole. But not a mere stellar-mass black hole. A black hole weighing billions or even tens of billions of times the mass of the Sun. The origin of such “supermassive” black holes remains to this day one of the great mysteries of cosmology.

I remember my Caltech supervisor, Tony Readhead, showing the first image of the galaxy Cygnus A, taken with the twenty-seven radio dishes of the Very Large Array in Socorro, New Mexico. The research group crowded around to see it and were stunned. From the tiny speck of the central galaxy there emerged oppositely directed, thread-thin “jets” of matter, which lanced outwards for millions of light years until they slammed into the intergalactic medium. The splashback, like water from a hose hitting a brick wall, created enormous twin radio-emitting “lobes”, which utterly dwarfed the central galaxy. Here was graphic evidence of a supermassive black hole projecting its enormous power across cosmic distances.

At this time, in 1983, it was widely believed that supermassive black holes were cosmic anomalies that powered only the 1 per cent of delinquent, or “active”, galaxies. Everything changed in 1990 with the launch of NASA’s Hubble Space Telescope. Orbiting above the turbulent atmosphere, its super-sharp eyesight was able to peer deep into the hearts of dozens of nearby galaxies. And, in every one, it saw stars whirling at tremendous speeds around an invisible but extremely massive object. Supermassive black holes were everywhere. Nevertheless, they are minuscule compared to their parent galaxies. It was still possible to believe that they were cosmic anomalies of only peripheral importance to the life of the cosmos.

That idea, however, was blown out of the water by the discovery of unexpected “correlations” between the masses of supermassive black holes and the motion of the stars in galaxies. To everyone’s astonishment, the growth of galaxies and supermassive black holes were intimately linked. In fact, supermassive black holes were the missing ingredient without which galaxies make absolutely no sense.

This is the story of how black holes, once thought to be so ridiculous as to not even be the preserve of science-fiction, have come in from the cold. This is the story of how, over the past century, these nightmare objects have journeyed from the periphery of the imagination into the very heart of science. This is the story of how we realised that black holes are not only the key to understanding fundamental physics, but also the key to understanding our universe – and maybe even why you are living on Earth and at this moment reading these very words.

London, 30 June 2023


AUTHOR’S NOTE

The stories I tell here are as factual as I can make them. If the scientists were alive, I interviewed them. If they were dead, I used historical facts, and especially oral histories, and dramatised the events around them. My hope is that, by doing this, I not only bring the events to life but also provide some idea of what the moment of discovery is like and how exhilarating it is to realise a profound truth about the world that no one has known before. For those interested in the history of science, I provide copious references.

As a journalist, as well as a former scientist, my first inclination is always to pick up a phone and get the story directly from the horse’s mouth. None of the scientists I talked to appear to have been contacted recently by anyone else writing a book on black holes. It is hard to convey the thrill of putting down the phone after an hour or two of conversation with a notebook filled with stories very probably nobody else knows. It was a thrill I first experienced researching the cosmic background radiation for Afterglow of Creation. Most of the people I interviewed on a whirlwind tour of the US are now dead so the book is now a unique historical account of one of the greatest cosmological discoveries of the twentieth century.

People working at the frontier of science are, by definition, extremely busy and hard to get hold of. I am therefore truly grateful to all those who generously gave up their precious time to talk to me.


- 1 -

AN IMPOSSIBLE THING BEFORE BREAKFAST

How a man dying in a First World War field hospital discovered that a star crushed into a tiny volume would warp space-time into a bottomless pit from which nothing, not even light, could escape.


 

 

 

“Black holes are where God divided by zero.”

Steven Wright

“Curiously, black holes are very simple in that, like the back of the Moon, we cannot observe them.”

Roy Kerr


MULHOUSE, ALSACE FRONT, 
26 JANUARY 1916

So shocking was his mathematical result that his hands were shaking as he slipped his paper into an envelope and wrote on it: “Prof A. Einstein, Kaiser Wilhelm Institute, Berlin.” Somewhere out in the universe there could be holes in the very fabric of space and time, sealed off and cloaked forever from the rest of reality. On fastening the envelope, Karl Schwarzschild collapsed back, exhausted, in his cot, aware once again of the distant pounding of guns.

He had been woken by the latest bombardment 17 kilometres away at Hartmannswillerkopf.a As he screwed up his eyes against the winter sunshine streaming through a low window of the chapel, he was overcome with a deep depression. Not only was this awful war dragging on and on but it had been hard for him to get to sleep with all the pain and discomfort he was suffering from the blisters all over his body. But, no, he admonished himself, he must not succumb to self-pity. That way lay oblivion. At all costs, he must cling to the good things.

He glanced across at the wooden crate beside his cot – at the photograph of his wife, Else, in their beautiful garden back in Göttingen, and at the pages of esoteric calculations that, on waking, he had, for one terrifying moment, thought had been nothing but a dream. But, no, all was well. The letter to Einstein he had finished at 2.30 a.m. was exactly where he had left it. He had not been dreaming. His mathematical manipulations had revealed something extraordinary and scarcely believable about nature: it was possible for space and time to fold in on themselves, leaving a region of the universe forever shrouded in utter blackness.

The morning routine was exhausting. A sleep-deprived nurse with dried bloodstains on her white uniform came into his bay. She mopped at his ugly weeping blisters, rolled him over in his cot, changed the sheets, and rolled him back. She left him with a tray of soft bread and warm milk (though he would have preferred a beer).1 As he chewed gingerly at the only food that did not further inflame his blistered mouth, he listened to the thud-thud of the distant guns and pondered the chain of events that had brought him to this field hospital in a half-demolished chapel on the Alsace Front.

When war was declared on 3 August 1914, there had been absolutely no need for him to volunteer. He was forty and the director of the Berlin Observatory, one of the most prestigious posts in German science. But antisemitism was on the rise in the German Empire and he was a Jew. He never mentioned it to anyone. In fact, in his “Last Will and Testament”, penned on the eve of joining the army, he strongly advised Else to withhold from his children, until they were at least fourteen or fifteen, the fact that he was Jewish.2 But, though he did not attend synagogue or observe his religion in any way, he could not escape his Jewishness. What he could do, however, was demonstrate that Jews like him could be patriotic Germans. That was why, as ominous events unfolded across Europe over the summer of 1914, he resolved that, if it came to it, he would put his life on the line to defend the Fatherland.

The nightmare had begun in Sarajevo on 28 June 1914 when Gavrilo Princip, a nineteen-year-old Serbian nationalist, assassinated the Austro-Hungarian Archduke Ferdinand. International alliances clicked into place and, by the autumn, Germany and the Austro-Hungarian Empire were squaring up to England, France and Russia. “The lamps are going out all over Europe,” said British foreign secretary Sir Edward Grey. “We shall not see them lit again in our life-time.”

During his eighteen months in the Kaiser’s army, Schwarzschild had run a weather station in Belgium and calculated shell trajectories with an artillery battery in France.3 Finally, his artillery brigade had been posted to Mulhouse, a shell-damaged city in Alsace, the only mountainous region on the 700-kilometre-long Western Front.b

For France, the declaration of war with Germany had been seen as a golden opportunity to snatch back Alsace and part of Lorraine, which had been ceded to Germany after the Franco-Prussian War in 1871. From August 1914, bloody battles had ensued in which positions were repeatedly taken, lost and retaken. In 1915 alone, the strategically important 956-metre-high rocky spur of Hartmannswillerkopf had changed hands four times.4

It was at Mulhouse that Schwarzschild started to feel unwell. On 22 December 1915, he wrote to Else: “I don’t know how to name or define it, but it has an irrepressible force and darkens all my thoughts. It is a void without form or dimension, a shadow I can’t see, but one that I can feel with the entirety of my soul.”5

Schwarzschild, lying alone in his cot, looked down at his chest and the blisters beneath his unbuttoned pyjamas, some scabbed over and some still weeping. He shut his eyes tight and instead thought of the letter now on its way to Berlin – the second of two letters he had sent to Einstein at the Kaiser Wilhelm Institute in Berlin. Had he made a mistake in his calculations? Did his astonishing result hold up? There had been nobody to talk it over with. The new theory of gravity was so fresh that he was one of the first people, if not the very first, to understand and master it. Apart from, of course, its genius creator.

*

Albert Einstein’s path had crossed Schwarzschild’s on only a handful of occasions and they had exchanged nothing more than pleasantries. Whereas the Kaiser Wilhelm Institute was in the Berlin suburb of Dahlem, the Berlin Observatory was outside the city in Potsdam. Despite this minimal contact, Schwarzschild had followed Einstein’s decade-long struggle to find a theory of gravity that was compatible with his revolutionary special theory of relativity of 1905 with “burning interest”.6

The problem with special relativity is that it contradicts Newton’s theory of gravity in several ways. For instance, Einstein’s theory maintains that nothing can travel faster than light whereas Newton’s assumes that the gravity of a body like the Sun is felt everywhere instantaneously, which is tantamount to saying that gravitational influence propagates at infinite speed.

Newton was very aware that such “instantaneous action at a distance” is nonsensical and that between the Sun and the Earth there must be some kind of medium that transmits gravity. But he was unable to come up with a credible explanation of how it might work. And he had little incentive given that his universal theory of gravity was so brilliant at explaining everything from the motion of the planets to the periodic rise and fall of the tides in the ocean.

Fast-forward to the early nineteenth century. When the English physicist Michael Faraday held a piece of iron close to a magnet, he could actually feel the magnetic force of attraction reach out across space and grab it. He was sure there was something in the air around the magnet and he imagined an invisible “field” of force. A magnet creates such a field, he guessed, and it is the field that applies a force to the piece of iron.

Faraday was ridiculed for his concept of the magnetic field by other physicists wowed by the successes of Newton’s theory of gravity and supposing, wrongly, that Newton believed in instantaneous action at a distance. Only one physicist took the idea seriously: the Scot James Clerk Maxwell. In 1820, the Danish physicist Hans Christian Ørsted found that a wire carrying an electric current deflected a nearby compass needle, and so acted as a magnet, revealing a surprising connection between electric and magnetic fields. In a mathematical tour de force, Maxwell obtained a description of this “electromagnetic field” and discovered, to his amazement, that the speed of a disturbance propagating through the field is the speed of light. Not only is there a connection between electricity and magnetism, there is a connection between electricity, magnetism and light. Light is an electromagnetic wave.

But, if an electromagnetic field mediates the electromagnetic force between electric charges, Faraday wondered, could there be a gravitational field that mediates the force between masses? Maxwell thought it a serious possibility. Unfortunately, he died, aged only forty-eight, before he could explore the idea.

Einstein, however, was in no doubt that a theory of gravity that would simultaneously supplant Newton’s and be compatible with his special theory of relativity must be a field theory. If there existed a gravitational field, it would take time for a gravitational influence to propagate through the field. Einstein’s maximum speed limit of the speed of light would therefore be incorporated naturally. Whereas Newton’s theory predicted that, if the Sun were to suddenly vanish, the Earth would notice immediately and fly off to the stars, Einstein’s theory predicted that, before doing so, the Earth would orbit the Sun for a further eight and a half minutes: the time it would take for news of the Sun’s absence to propagate through the gravitational field at the speed of light.

The gargantuan task Einstein set himself was to find a field theory of gravity. He started out by addressing a 400-year puzzle.

The seventeenth-century Italian scientist Galileo Galilei reportedly dropped different masses from the top of the Leaning Tower of Pisa and observed that they hit the ground at the same time. This observation is perplexing. To understand why, imagine two identical sledges on an ice rink: one empty and one carrying a child. If each is pushed with the same force, the sledge with the child, on account of having more mass, or “inertia”, will be more reluctant to move and so will not change its velocity, or “accelerate”, as much as the empty sledge. In short, the same force applied to two different masses results in different accelerations.

Contrast this with two different masses that are acted on by the force of gravity. They categorically do not accelerate at different rates. As Galileo demonstrated, they accelerate, or “fall”, at the same rate.c Peculiarly, the force of gravity appears to adjust itself to any mass, so that, for instance, the force on a body twice as massive as another is twice as big, the force on a body ten times as massive is ten times as big, and so on. By perfectly compensating for their masses in this way, the force of gravity ensures all bodies accelerate at the same rate.

Einstein’s genius was to realise that, actually, no adjustment is needed. Because there is one circumstance in which all bodies, no matter what their mass, automatically appear to accelerate at the same rate.

Imagine an astronaut in a spacecraft far from any source of gravity such as the Earth. Imagine also that the spacecraft is accelerating at 1g so that the astronaut’s feet are pinned to the floor of the cabin, exactly as if he were standing on the Earth’s surface. If, furthermore, the windows are blacked out and the cabin is perfectly insulated from the vibration of the engines, for all the astronaut knows, the cabin could truly be on the surface of the Earth.

Now, imagine that the astronaut holds out two masses at the same height in front of him – say, a hammer and a drawing pin – and lets go of them. They appear to fall under gravity, hitting the floor simultaneously. But this is not really what has happened. Because the spacecraft is far from any source of gravity, the hammer and drawing pin have actually hung, weightless, in mid-air. What has happened is that the floor has accelerated upwards at 1g to meet them. It struck them simultaneously because, well, how could it not?

According to Einstein, therefore, Galileo’s observation that all masses fall at the same rate under gravity has a trivial explanation. Gravity is acceleration. Not realising that we are accelerating, we have made sense of our world by inventing a force called gravity.

Think of the astronaut again. Imagine he shines a laser horizontally from the left-hand wall of his cabin to the right-hand wall. He notices that the spot on the right wall is slightly lower than on the left wall. This is because, during the time the light is in flight across the cabin, the floor has accelerated upwards. (Of course, this is only a very tiny effect because the speed of light is huge – 300,000 kilometres a second – but this is only a thought experiment.) The astronaut, however, believes he is experiencing gravity. He believes gravity has bent the beam of light so that it curves downwards.

But what has actually happened? Light is well known for taking the shortest path between any two points. On the Earth’s surface, this would be a straight line – but only if the ground is flat. If the ground is hilly, the shortest path is curved. Since the path of the beam of light is curved, the unavoidable conclusion is that space too is curved. And, since gravity and acceleration are indistinguishable, gravity must be curved space.

Here, then, is the explanation of how we can be accelerating while not noticing: space, though we are unaware of it, is curved, or warped. We think there is a force of gravity, like an invisible tether, that extends from the Sun to the Earth and keeps the Earth trapped forever in orbit around the Sun. But this is an illusion. What the mass of the Sun actually does is warp the space around it into a valley, and the Earth travels around the rim of the valley like a roulette ball in a roulette wheel. To be more precise, the Sun warps not simply the space around it but the space-time. “Matter tells space-time how to curve,” according to American physicist John Wheeler, “and curved space-time tells matter how to move.”7 There it is: Einstein’s theory of gravity in a nutshell.

Space-time melds together three dimensions of space – east-west, north-south, up-down – and one of time – past-future – into a seamless four-dimensional thing. It cannot be perceived by mere three-dimensional beings, which is why it took the genius of Einstein to recognise it. When the Earth orbits the Sun, it is merely travelling under its own “inertia” along the shortest path through this warped four-dimensional space-time. This “geodesic” is the warped space-time equivalent of the straight line joining two points on a piece of flat paper.

The subtlety is that it is space-time and not merely space that is warped by matter. This explains how we can be accelerating while standing on the surface of the Earth and not appearing to be moving. The Earth, like any big mass, creates a valley in the space-time around it. We are prevented from falling to the bottom by the ground, which obstructs us and pushes upwards on our feet. Although we are not moving in space, we are still moving in space-time because we are moving in time. This gives us the illusion of gravity just as the acceleration of the astronaut’s spacecraft gives him the illusion of gravity. In fact, it is the curvature of the “time” part of “space-time” rather than “space” that is largely responsible for the path the Earth takes around the Sun.

Einstein called the indistinguishability of gravity and acceleration “the principle of equivalence”. It is a crucial observation. His special theory of relativity of 1905, which recognised the speed of light as the ultimate cosmic speed limit, described what the world looks like only from the point of view of observers moving at uniform speed relative to each other. But a more general theory, Einstein realised, would describe what the world looks like from the point of view of observers who are not simply moving at uniform speed but changing their speed, or accelerating, with respect to each other. Therefore, the principle of equivalence told Einstein that a theory of gravity would automatically be a theory of accelerated observers. It was the ultimate buy-one-get-one-free.

A closely related insight came to Einstein in 1907 while he was working as a patent examiner in the Swiss Patent Office. “I was sitting on a chair in my patent office in Bern,” he said. “Suddenly the thought struck me: If a man falls freely, he would not feel his own weight.” Think of the man standing on a set of weighing scales as he falls. The scales fall at the same rate as the man and so read zero. Einstein called this insight “the happiest thought of my life” because the world of such a freely falling person is described by his gravity-free theory: special relativity. He had therefore found the crucial bridge between his special theory of relativity and the field theory of gravity that he sought.

Despite his vital insights, Einstein went down many blind alleys during a decade of sweat and struggle, to find the elusive theory in which gravity is nothing more than warped space-time.

It turns out that Einstein’s special theory of relativity contradicts Newton’s theory of gravity in asserting not only that gravity travels at finite rather than infinite speed as Newton assumed, but also in maintaining that the source of gravity is energy not mass, as Newton believed. All forms of energy have an effective mass – mass-energy just happens to be the most compact form.d A consequence of this is that light energy has an effective mass, which Einstein realised, well in advance of finding a field theory of gravity, has an observable consequence: the path of starlight passing close to the Sun on its journey to the Earth should be bent by solar gravity.

Schwarzschild’s colleague, Erwin Freundlich, had in fact been in Crimea with two companions at the outbreak of the First World War, intending to observe this “gravitational lensing” effect during the total eclipse of 24 August 1914. Such an event, when the disk of the Sun is blotted out by the Moon, is the only time stars can be seen close to the Sun. Unfortunately, the Russians viewed Freundlich and his colleagues as enemy aliens and threw them into prison. They got back to Berlin only in late September as part of one of the first prisoner exchanges of the war.

For Einstein, the failure of Freundlich’s expedition was a huge stroke of luck. In 1913, he had published his field theory of gravity. However, this draft, or “Entwurf”, turned out to be wrong, predicting a deflection of starlight by the Sun of only half the true value. Within two years, Einstein had corrected his mistake and was ready to go public with his final theory. He presented his “general theory of relativity” in Berlin in a series of four lectures on the successive Thursdays of 4, 11, 18 and 25 November 1915.

Remarkably, Schwarzschild was in the audience for Einstein’s lecture of 18 November at the Prussian Academy of Sciences.8 He had five days leave and had travelled the 800 kilometres from the Alsace Front to Berlin by multiple trains. In Potsdam, he was reunited with his wife, Else, and his three children: Agathe, who was five, Martin, three, and Alfred, who had been born only a year earlier and whom Schwarzschild had barely seen.e It was good to see his colleagues at the Berlin Observatory, though some of the younger ones were now conspicuous by their absence, having been called up for compulsory military service. Most of his colleagues still thought him mad to have volunteered for the war at age forty, though a few understood why he had done it. Fortunately, his children were too young to ask him.

His colleagues, fed on a diet of newspaper propaganda, told him how well the war was going and how a final “push” rumoured to take place in the spring of 1916 was certain to bring victory. He did not tell them how the conflict had descended into an unspeakable war of attrition with no end in sight, and that although the struggle on the Eastern Front was a war of movement, the conflict on the Western Front had reached a stalemate, the system of opposing trenches a 1,000-kilometre grave already dug.

For a short while, he sat in the tranquillity of his office, poured himself a schnapps from the drinks’ cabinet, and looked out across the manicured gardens of the observatory. He remembered the parties he was famous for, both here and earlier at Göttingen, where he had spent eight happy years, with revellers coming in and out of the open windows. One person forgot he was not on the ground floor but on the upper floor and stepped out of the window. Fortunately, he only broke a leg.9

For a while, Schwarzschild daydreamed about the world of astronomy, his travels to the United States, his visit to Mount Wilson above Los Angeles, with its 60-inch telescope and its 100-inch monster under construction. The American astronomers had laughed when the first thing he had asked for on his arrival at the summit after a hot hike was a cold beer. The US was not in the war, thank goodness. But all those colleagues, all those friends he had made abroad, what did they think of him and his country now?

On the afternoon of Thursday 18 November, Schwarzschild sat at the back of a crowded lecture theatre at the Prussian Academy of Sciences as Einstein scrawled the equations of his new theory of gravity across several blackboards. Schwarzschild copied down every last symbol in his notebook. It was love at first sight. In his entire scientific life he had never seen a mathematical structure of such sublime beauty.

Einstein used his new theory to explain the baffling motion of Mercury, the planet closest to the Sun. Because gravity is a “universal” force that acts between every mass and every other mass, Mercury is being tugged by the gravity not only of the Sun but also of the other planets in the solar system. This causes its elliptical orbit to gradually change its orientation in space, or “precess”. But, even when astronomers accounted for this effect, they found there was still something left over for which there was no known explanation: the “anomalous precession of the perihelion of Mercury”.

Einstein pointed out that Mercury, on account of being the closest planet to the biggest mass in the solar system – the Sun – is orbiting in the most warped space-time. Consequently, of all the planets, its path should depart the most from that predicted by Newton. On the blackboard, Einstein used his new theory of gravity to predict Mercury’s path. It was exactly what the astronomers observed. Writing later to his friend, the Austrian physicist Paul Ehrenfest, Einstein wrote: “Imagine my joy that the equations give the perihelion motion of Mercury correctly. For a few days I was beside myself with joyous excitement.”

Schwarzschild was stunned by Einstein’s successful prediction. On leaving the lecture, he obtained summaries of the two lectures he had missed on 4 and 11 November. Back in Potsdam, he asked a colleague to attend Einstein’s final presentation on 25 November, take notes and send them by the swiftest means possible to his billet at Mulhouse.

Saying goodbye to Else and the children the next day at Berlin Hauptbahnhof was almost too much to bear and there were tears in his eyes as he hung out of the window, watching them, dwindle to dots on the platform, still waving. The morning train was bursting with troops but, in marked contrast to a year ago when they had been excited and boisterous, singing rousing and patriotic songs, these men were subdued and quiet, many, like him, returning after leave to the Western Front.

As the train rumbled through the German countryside, Schwarzschild buried himself in his notebook. There were delays when the train stood still for long periods of time. It frustrated the men around him but it mattered not at all to Schwarzschild because it gave him more time to devour the wonderful theory.

To describe gravity, Einstein used the esoteric and complex mathematics of curved space. But, by a piece of tremendous good fortune, Schwarzschild was in a unique position to absorb and understand it. In 1900, he had presented a paper at a meeting of the German Astronomical Society in Heidelberg in which he speculated that the universe might not have flat geometry but that space might be curved.10 The paper had required him to become proficient in the “tensor calculus” of curved space, developed in the nineteenth century by a number of mathematicians, most notably Carl Friedrich Gauss and Bernhard Riemann. It was precisely the mathematics that Einstein used.

Towards the end of the long journey, Schwarzschild looked up from his notebook. It was then, for the first time, he became aware of a blister on the roof of his mouth. For a while, as he idly watched the wintery red sun going down behind the hills, he probed it with his tongue. But he thought nothing more of it and went back to concentrating on Einstein’s theory.

At Mulhouse, Schwarzschild spent much time calculating the effect of weather on the trajectory of long-range shells. He even condensed his insights into a paper titled “The effect of wind and air density on the path of a projectile”, which he posted to the Berlin Academy in November 1915. Despite his military commitments, he still found time to think deeply about the consequences of Einstein’s theory. It was a relief, in fact, to play with the differential equations of space and time rather than the differential equations of death.

The key to applying Einstein’s theory to the real world was to find the shape of the space-time around a given distribution of matter, since the shape of the space-time was the gravitational field. But there was a formidable obstacle in the way of finding this. Whereas Newton’s theory describes gravity with one formula, Einstein’s requires ten.f Consequently, Einstein believed that finding such a description of space-time – technically, an exact “solution” of his equations of the gravitational field – was impossible. In fact, when he predicted the anomalous precession of the perihelion of Mercury in the 18 November Berlin lecture attended by Schwarzschild, he used an approximation of the warpage of space-time in the vicinity of the Sun.

While perusing Einstein’s working in his Mulhouse billet, Schwarzschild realised that not only was Einstein’s approximation less than ideal, it was not even unique. There existed a second, equally legitimate, approximate solution.11 The ambiguity meant that Einstein had not, as he maintained, definitively explained the anomalous precession of the perihelion of Mercury. Schwarzschild, with his familiarity with Riemannian geometry of curved space, set out to remove the ambiguity.

Einstein assumed that far from the Sun – or indeed any star – the gravity is the same as if all of its mass were concentrated at a single point. Since such a point is spherically symmetric, the curvature of the space-time must be independent of direction and depend only on the “radial” distance from the mass. Einstein further assumed that the curvature of space-time does not change with time. These simple assumptions hugely simplified his equations, reducing them from 10 down to just 1.

Schwarzschild studied the lone equation obtained by Einstein. Then realised something remarkable. An approximate solution was unnecessary. It appeared that an exact solution might be possible. The question was: could he find it? His heart in his mouth, he set to work. He was painstaking and meticulous. He dared not slip up. Every step of his reasoning he checked and rechecked. But, to his surprise, the derivation proved relatively straightforward. After a couple of pages of mathematical manipulation, there it was: the exact solution to Einstein’s lone equation. A perfect description of the warped space-time around a point-like mass.

He had out-Einsteined Einstein. He had achieved what the great man had considered impossible. In the years to come, in recognition of the extreme difficulty of finding such exact solutions, each would be named after its discoverer. Schwarzschild’s would be immortalised as the Schwarzschild solution, or, technically, the “Schwarzschild metric”.

Using his exact solution, Schwarzschild confirmed Einstein’s claim that his theory explained the anomalous motion of Mercury. And, on 22 December 1915 – the same day he admitted in a letter to Else that he was feeling unwell – he wrote the letter to Einstein containing his solution. “The war has treated me kindly enough,” he wrote, “allowing me, despite the heavy gunfire at a decidedly terrestrial distance, to take this walk into your land of ideas.”12

*

In Berlin, Einstein was amazed to receive a letter from the Alsace Front. When he opened it, he saw it was from Karl Schwarzschild, who he knew was Director of the Berlin Observatory Potsdam. He had of course heard that Schwarzschild had, despite being forty, volunteered to join the Kaiser’s army on the outbreak of war, and, as a pacifist, he disapproved. But more astonishing than the origin of the letter and its author was its content: a calculation using his own theory that he had finished unveiling to the world little more than a month ago. An exact solution of his general theory of relativity, which he himself considered impossible. “It is quite a wonderful thing,” wrote Schwarzschild, “that from such an abstract idea the Mercury anomaly emerges so inevitably.”

Einstein was in total agreement. On 9 January 1916, he replied to Schwarzschild. “I have read your paper with the utmost interest,” he wrote. “I had not expected that one could formulate the exact solution of the problem in such a simple way. I liked very much your mathematical treatment of the subject. Next Thursday I shall present the work to the Academy with a few words of explanation.”

*

The reply from Einstein was more than Schwarzschild could have hoped for. He was euphoric. But then, at the very moment of his triumph, things took a turn for the worst. The ulcers that had appeared in his mouth on the journey from Berlin back to Mulhouse had spread all over his body. By late January, the blood-filled blisters formed large areas of painful raw-looking sores that eventually crusted over to form scabs. The blisters came and went in waves, flaring up and dying down unpredictably.

He was admitted to the field hospital in a damaged church in Mulhouse. Fearing that his condition was infectious, the nurses at first isolated him. It at least gave him privacy to think, though only a thin curtain separated him from the rest of the hospital and it was difficult to shut out the cries of the badly injured.

For several days, the doctors remained baffled. Then a dermatologist, called in from another hospital, diagnosed him with Pemphigus vulgaris, a condition in which the immune system attacks some of the proteins that hold together the cells of the outer layer of skin, or epidermis.13 Rare in the general population, the condition was more common among Jews, particularly Ashkenazim from Eastern Europe. Though Schwarzschild’s family had lived in Frankfurt since the sixteenth century, they had indeed come from the east, driven by pogroms.

According to the dermatologist, it was possible that the Pemphigus was triggered by exposure to chemicals.g Schwarzschild had indeed been involved in a gas attack that had gone wrong. Part of his job at the weather station in Belgium was to predict the wind direction so that not only could gas attacks from the enemy be anticipated but they could also be launched. And, during one attack, the wind changed direction unexpectedly, blowing a yellow-green wall of chlorine back towards the German trenches. Schwarzschild was one of the lucky ones. Although he smelled the distinctive aroma – like a mixture of pepper and pineapple – and his eyes, nose and throat burnt, he did not breathe in enough of the gas to kill him. Others were not so fortunate. Over the following days, they died fighting for breath, their lips plum-coloured, their lungs filled with water as they literally drowned in their own secretions.

Whether or not a condition that had lain latent all of his life had been triggered by his exposure to gas, it hardly mattered. There was nothing he could do about it. In the circumstances, the best thing he could do was to distract himself with work. On active service, it had been hard to find the time to do physics. But now, in this field hospital, he had all the time in the world. All the time he had left in the world.

The doctors told him there was no cure for Pemphigus. They did not need to tell him how serious the condition was. It is through the skin that people sweat. If it is compromised, the body cannot avoid overheating. The skin also provides a barrier against infection. If it is breached, the body is left wide open to attack by every last microorganism.

To blot out the awful reality of his predicament, Schwarzschild, lying in his cot, scribbled incessantly in his notebook. Einstein’s theory of gravity was a rare thing of beauty. It was as if a dazzling searchlight had penetrated to the very heart of nature. It appeared to him to be the greatest feat of human thinking about nature, the most amazing combination of philosophical penetration, physical intuition and mathematical skill. It was like a great work of art. The theory became his refuge, his comfort, his place of escape from his painful skin disease and from the noise of the distant guns. It was a manmade heaven in the midst of a manmade hell.

Although Schwarzschild had found the exact curvature of the space-time outside a star like the Sun, he was not finished. What about the curvature of space-time inside such a star? No one knew what the interior of a star was like. But it was a fair guess that the material would get denser towards the centre because of the weight of the matter crushing down on it from above. Such a situation was too mathematically complicated. Instead, Schwarzschild imagined a less realistic star with a uniform density throughout.

The calculations captivated him for several days. They also took away the pain. He was oblivious to everything. Finally, he found the description he was looking for. And that was the subject of his second paper, the one that had made his hands shake as he slipped it in an envelope and wrote the address “Prof A. Einstein, Kaiser Wilhelm Institute, Berlin.”

In addition to finding the space-time curvature for the interior of a star, he had discovered something extraordinary about the solution. If the mass of a star were compressed into a smaller and smaller volume, the valley of space-time around it would become steeper and steeper. Eventually, it would become so steep that it would morph into a bottomless pit from which nothing, not even light, could climb out. At that moment, the star would become cut off from the universe. It would wink out of existence. All that would be left would be a hole in space. Schwarzschild had no name for such a region of grossly warped space-time and one would not be coined for another half a century, but one day pretty much nobody on Earth would not know the term “black hole”. Schwarzschild, in German, by a peculiar coincidence, means “black shield”.

In fact, the first person to recognise that the gravity of an extremely massive star might be so strong that light would be unable to escape it, causing it to appear black, was an eighteenth-century clergyman and polymath called John Michell. “If the semi-diameter of a sphere of the same density as the Sun were to exceed that of the Sun in the proportion of 500 to 1,” he wrote, “a body falling from an infinite height towards it would have acquired at its surface greater velocity than that of light, and consequently… all light emitted from such a body would be made to return towards it by its own proper gravity.”

A decade later, a similar prediction was made by the great French mathematician Pierre-Simon Laplace. However, Michell and Laplace’s proposal of the existence of such “dark stars” was based on faulty reasoning because they wrongly assumed that such bodies could exist without being crushed by their own prodigious gravity down to tiny dense points. It required Einstein’s theory of gravity, which supplanted Newton’s, to truly describe what happens when gravity becomes immensely strong.

The threshold radius at which a collapsed star would vanish from sight would one day, just like Schwarzschild’s space-time, carry his name. For the Sun, it is a mere 1.47 kilometres. If the Sun were squeezed this small, it would indeed disappear from view. But the Sun is almost 1.4 million kilometres across. Squeezing it within its Schwarzschild radius would mean making it 1000 million billion times denser. It appeared completely preposterous. No wonder Schwarzschild’s first reaction to his discovery was that this was “very weird and perhaps just a mathematical curiosity”.14 But, although the possibility of crushing an astronomical body to such an enormous density seemed absurd, he did not dismiss it entirely. “History,” he wrote, “tells us that mathematical solutions are often realised in nature, as if there were some kind of pre-established harmony between mathematics and physics.”

But, if gravity could crush a star within its Schwarzschild radius so that it flashed out of existence, what was to stop gravity crushing it yet further? What was to prevent the runaway shrinkage continuing all the way down to a point of infinite density? Such a “singularity” was a nonsensical thing. It indicated that a mathematical theory has been stretched beyond the point where it made sense. When a nurse came by, Schwarzschild handed her his letter. As she took it away, he was painfully aware that, only two months after Einstein’s triumph, he was introducing a monstrous entity into the heart of his beautiful theory.

*

On 13 January 1916, Einstein presented to the Prussian Academy of Sciences Schwarzschild’s paper in which he obtained the first exact solution of Einstein’s field equations of gravity and used it to explain the anomalous precession of the perihelion of Mercury.15 On 7 February, he read out Schwarzschild’s second paper in which he raised the possibility of what would later be known as a black hole.16

In March, Schwarzschild’s condition worsened and he was freed from all military duties and sent home to Berlin. On 11 May 1916, he died with his family around him. He was just forty-two.

While Schwarzschild did not make it to the end of the war, a lowly lance corporal in the Imperial German army, temporarily blinded by a gas shell at Ypres twenty-eight days before the Armistice, survived against all the odds. The unlikely rise of Adolf Hitler, chief promulgator of the lie that Germany had not been defeated militarily but instead betrayed by the scheming of a shadowy Jewish cabal, would make Schwarzschild’s sacrifice a sad footnote in the history of the struggle against antisemitism.

Schwarzschild’s funeral was held in Göttingen, where he and his family had spent many happy years, and Einstein was one of the speakers. Einstein did not hide the fact that he disapproved of Schwarzschild joining the army. He was yet to realise the danger of the threat of antisemitism and had no inkling that one day he would be forced to flee Germany for his life. In his eulogy, Einstein spoke of the important contributions Schwarzschild had made in many areas, from quantum theory to the structure of stars, from photography to astronomical instrumentation. “He fought against the problems from which others fled and he loved discovering the relations between multiple aspects of nature,” he told the family and colleagues at the City Cemetery. “But what drove his search was joy, the pleasure an artist feels, the vertigo of the visionary capable of discerning the threads that weave the fabric of the future.”

*

Though Schwarzschild had died, his solution of Einstein’s equations for a black hole lived on. And it was easy to see how such a black hole might form in the real universe. From the moment of its birth, gravity tried to crush a star smaller. But the heat of the matter inside pushed back. In the Sun and stars, the opposing forces were perfectly balanced. But the balance could not last forever. In 1916, nobody knew for sure what generated the heat to oppose the gravity. But, whatever that fuel, it was inevitable it would one day run out. With gravity victorious, the star would be crushed ever smaller, until eventually space-time would fold in on itself and all that would be left would be a rent in the fabric of reality from which nothing, not even light, could escape.

At the heart of the black hole would be a singularity. Such a location in space-time, at which the density skyrocketed to infinity, could never actually exist in the real world. It signalled the breakdown of a mathematical theory. For Einstein, it was hard to face the truth that his fresh new theory, the result of a decade of struggle, “the years of searching in the dark for the truth that one feels but cannot express,” contained within it the seeds of its own destruction.17

While Schwarzschild had not dismissed the formation of a hole in the fabric of space-time, for Einstein, it was inconceivable that nature would permit the existence of such a monstrosity. Surely there must exist some as-yet-undiscovered force that would intervene to prevent the formation of such an entity?

As the first decades of the twentieth century wore on, such a force did indeed come to light. It was a consequence of a revolutionary new description of atoms and their constituents. According to “quantum theory”, if electrons were squeezed into too small a volume, they would push back. Ferociously. By the 1920s, it seemed to the few who thought about such matters that this quantum force was sufficient to stop gravity crushing a star down to form a black hole. Nobody, however, had reckoned on a nineteen-year-old Indian student travelling on a ship from Bombay to Southampton.

a In a letter Schwarzschild wrote to German physicist Arnold Sommerfeld on 22 December 1915, he describes hearing canon fire from Hartmannswillerkopf.

b According to Schwarzschild’s correspondence with his wife, Else, he was posted to Mulhouse by the end of September 1915. Although he was relocated elsewhere, he was back in Mulhouse by 1 December 1915.

c Such an experiment is a hard thing to pull off since the air resistance on a large mass, with a big surface area, is greater than on a small mass, with a small surface area. Not until August 1971 did such an experiment yield an unequivocal result. That was when Dave Scott, commander of the Apollo 15 spacecraft, simultaneously dropped a hammer and a feather in the air-resistance-free environment of the Moon. Two puffs of dust on the fuzzy black-and-white TV pictures were indisputable evidence that the hammer and the feather struck the lunar surface together.

d Strictly speaking, the source of gravity is energy-momentum.

e Agathe Thornton (1910–2006) became a classics professor at the University of Otago in Dunedin, New Zealand. Martin Schwarzschild (1912–97) became a professor of astronomy at Princeton University. Alfred Schwarzschild (1914–44) stayed in Nazi Germany and was murdered in the Holocaust.

f Einstein’s field equations of gravity (Guv = 8πGTuv/c4) actually contain 4×4 tables of numbers, which means there are actually sixteen equations. However, with the aid of “symmetry arguments”, Einstein reduced the number to ten.

g The evidence is ambiguous on whether exposure to chemicals can trigger Pemphigus, according to a dermatologist I consulted at St Thomas’ Hospital in London.
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QUANTUM STARS ARE NOT ENOUGH

How a man travelling by ship from Bombay to England in 1930 applied quantum theory to stars and found it could not stop gravity crushing a star down to a black hole if the star were above a critical mass.


 

 

 

“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.”

Subrahmanyan Chandrasekhar1

“The truth cannot force its way in when something else is occupying its place.”

Ludwig Wittgenstein2


SUEZ CANAL, 6 AUGUST 1930

Subrahmanyan Chandrasekhar cut an eccentric figure as he staggered out on deck, carrying a teetering pile of books and papers on quantum theory and astrophysics. Perspiring copiously in the heat, he dumped them in a deckchair and collapsed in another beside it. Just nineteen and something of a mathematical prodigy, Chandrasekhar was travelling from Bombay to England to take up a place at the University of Cambridge. Initially, the SS Pilsna, which left Bombay on 31 July, had been hit by bad weather, forcing it to steam at half-speed. But, at Aden, the sun came out. And, as the ship passed along the Suez Canal, Chandrasekhar was at last able to leave the prison of his cabin, where he had been confined during the heavy seas.3

A diminutive man, immaculately dressed in a suit and tie despite the oppressive heat, he was a handsome figure. Other Indians promenading on deck frowned as they passed him. He had made no effort to interact with them and suspected they considered him aloof, if not arrogant. It was unfortunate but he did not care. At last, he had the peace and quiet to think – really think. And what he thought about, incongruously, as the sands of the Sinai Peninsula sailed past and the hot desert air scoured his face, was the death of stars that had run out of fuel to heat their interiors and been crushed into a tiny volume by the iron fist of gravity. One question and one alone occupied Chandrasekhar’s mind. How fast were the electrons moving in such “white dwarf” stars?

Flicking back and forth between his books and papers, he found the mathematical formulae that described both the interiors of stars and the quantum behaviour of electrons at ultrahigh density. He inserted the numbers he knew and cranked away until finally there emerged an answer for the speed of the electrons. He checked and checked again. Inside a super-dense white dwarf, he estimated, the shrapnel of atomic collisions would be flying about at more than 150,000 kilometres per second. Crucially, such a staggeringly high velocity was more than half the speed of light. It meant that quantum theory alone was insufficient to make sense of the interior of white dwarfs. It would also require using Einstein’s special theory of relativity, which described bodies moving at speeds comparable to that of light.

When night fell, the sky was crowded with an impossible number of stars. Nobody guessed that the strange young man in the deckchair, so engrossed in his notebooks that he had forgotten to go to dinner, was calculating the properties of their interiors.

It did not take long for Chandrasekhar to develop a “relativistic” theory of white dwarfs. And it took only a further ten minutes to discover something unexpected and extraordinary, if not horrifying. The more massive a white dwarf, the more its gravity squeezed the electrons in its interior and the faster they buzzed around. That much was true. Except that special relativity imposed a limit on how fast the electrons could go: the speed of light. As the electrons approached the cosmic speed limit, they became ever more massive, which made it increasingly difficult to boost their speed. But this created a serious problem for the star. After all, it was the relentless drumming of the electrons – like raindrops on a tin roof – that provided the outward force to oppose the gravity trying to crush the star. If, as electrons were squeezed harder and harder, their speeds were boosted by ever smaller amounts, it meant that their ability to oppose gravity gradually bled away. The young Indian in the deckchair, whose body was pinned to the deck of a ship but whose mind ranged freely among the embers of dying suns, saw the looming stellar catastrophe bearing down on him like an express train in the night.

For a white dwarf, the stiffness of the electron gas holding back gravity was like the stiffness of a cricket ball resisting a bowler’s grip. But, above a certain stellar mass, everything changed. It would be as if the cricket ball had turned abruptly into marshmallow.

Chandrasekhar did the calculation, again and again, checking and rechecking. But he had made no mistake. If, at the end of its life, a star was more massive than about 1.4 times the mass of the Sun, so-called electron degeneracy pressure would not be enough to save it.a Gravity would crush the star relentlessly and no known force in the universe could stop it shrinking without limit. It would end up as an impossible point of infinite density: the singularity envisioned by Karl Schwarzschild fourteen years earlier. Chandrasekhar dropped his notebook and stared blindly into the night. A singularity was a nightmare entity that made no physical sense. It was a bombshell dropped into the heart of the world of physics. What would other scientists make of his discovery? He had a sudden premonition that they would not be happy. Not happy at all.

*

The events that had led to Chandrasekhar’s startling discovery on a ship between Bombay and Europe had their origin in the port of Madras – modern-day Chennai. It was there, in the tropical heat of southern India, on the Bay of Bengal, that Chandrasekhar spent his teenage years, along with his three brothers and six sisters. It was a comfortable and affluent life because his father worked for the Indian Civil Service, rising eventually to the highest level as deputy accountant general.

Chandrasekhar’s interest in science was sparked by books left in the library of the family home by his grandfather, who had been a professor of mathematics. It had been obvious from an early age that he was a mathematical prodigy. And in 1925, at the age of sixteen, he began attending the Presidency College of the University of Madras, one of the three most prestigious universities in India.

The most significant event of Chandrasekhar’s five years at the college was the arrival of Arnold Sommerfeld, who delivered a series of lectures in the autumn of 1928. The Austrian physicist’s book, Atomic Structures and Spectral Lines, was in the college library and Chandrasekhar had worked methodically through all the examples after stumbling on it one day. Eager to talk about the subject matter with the book’s author, and with the utter fearlessness of youth, Chandrasekhar found Sommerfeld’s hotel and knocked tentatively on his bedroom door. Not only did the great physicist sit down and talk physics with the precocious seventeen-year-old, he also made a surprising admission: his book was already completely out of date.

Atomic Structures and Spectral Lines had been published a mere nine years earlier in 1919. At that time, the sub-microscopic world of atoms and their constituents was best described by the “old” quantum theory of the Danish physicist Niels Bohr. However, Sommerfeld pointed out that Bohr’s ad hoc and patched-together framework had been superseded in 1926 by a new, seamless and mathematically rigorous quantum theory devised by, among others, Werner Heisenberg, Erwin Schrödinger and Paul Dirac.

The next year, in October 1928, Chandrasekhar actually conversed with Heisenberg when the German physicist also lectured at Presidency College. Intoxicated with the revolutionary new physics from Europe, he read everything he could get his hands on. When there was a competition to write an essay on quantum theory, he entered and won. The prize was a book. Fascinated by not just quantum theory but also everything on the frontier of physics, he asked for a book on astrophysics he had spotted in the college library.

The Internal Constitution of the Stars by Arthur Eddington had been published in 1926. It impressed Chandrasekhar because its beautifully clear language was easy to follow. But the most remarkable aspect of the book was that Eddington achieved something apparently impossible: he deduced the internal structure of a star without any knowledge of what was powering it.

Eddington realised that a star – essentially, a giant ball of gas – is a simple object. It is hot, for instance, for a trivial reason: it contains a lot of mass. It is the weight of all the matter bearing down on the core under gravity that squeezes the gas there and makes it hot, just as squeezing the air in a bicycle pump makes it hot. The Sun is about a billion billion billion tonnes of mostly hydrogen gas.b But, if it were possible to put in one place a billion billion billion tonnes of bananas or a billion billion billion tonnes of bicycles, it would end up exactly as hot as the Sun. A calculation reveals that the temperature at the heart of the Sun is about 15 million degrees.

The amount of mass the Sun contains only explains, of course, why it is hot at this instant, not why it stays hot. After all, it is continually losing heat to space. However, the fact that it is getting no cooler indicates that something must be replacing the heat at exactly the rate it is lost to space.

In the nineteenth century, an age powered by steam, it was natural for scientists to speculate that the Sun was made of coal. At 1.4 million kilometres across, of course, it would be the mother of all lumps of coal. Brushing aside the inconvenient question of where the Sun gets the oxygen needed for its combustion, William Thomson – Lord Kelvin – calculated that a coal-powered Sun would burn out after only about 5,000 years. This was not even enough for Archbishop James Ussher (1581–1656), the Irish cleric who calculated from the Bible that the Earth, and by inference the Sun, was created on the evening of 22 October 4004 BC. And it was certainly not enough for geologists who required tens of millions of years for volcanic mountains to rise up out of the sea, or for biologists like Charles Darwin, who needed hundreds of millions, if not billions, of years for all organisms on Earth to have diverged from a universal common ancestor by a process of natural selection. Nowadays, the evidence from meteorites – the builders’ rubble left over from the birth of the solar system – is that the Sun is about 4.55 billion years old, or about a million times older than it could be if it were a lump of coal. In other words, whatever is powering the Sun is an energy source a million times more concentrated than coal.

At the beginning of the twentieth century, such an energy source came to light: nuclear energy. And, in 1919, Cambridge physicist Francis Aston made a key discovery. Using his invention, a “mass spectrometer”, he found that the core, or “nucleus”, of a helium atom weighs about 1 per cent less than the sum of its constituent protons and neutrons. The implication is that if nuclei of the lightest element, hydrogen, are “fused” together to make nuclei of the next heaviest, helium, mass goes missing. Since mass-energy can morph into other forms of energy, according to Einstein’s famous E=mc2 formula, this missing mass would manifest as a large release of energy, ultimately heat. Here, Eddington argued, was surely the ultimate energy source of the Sun.

The details of how hydrogen-to-helium fusion might work were not clear.c However, crucially, Eddington realised that such knowledge was not necessary to determine the internal structure of the Sun. The reason, as pointed out, is that whatever is powering the Sun is simply maintaining the core at the temperature that any body with the mass of the Sun would have.d Sustaining this temperature requires the Sun to have a natural thermostat so, if fusion generates too much heat, the Sun expands and cools, slowing heat production; and, if fusion generates too little heat, the Sun shrinks and heats up, speeding heat generation. How the thermostat worked Eddington did not know but it was enough simply to know that such a thermostat must exist.e

Eddington’s genius was to focus not on the things of which he was ignorant but on the things of which he was certain. And he knew, in addition to the fact the Sun is radiating heat into space but not getting cooler, that it is also not changing its size. It is neither contracting nor expanding. From these meagre facts, he deduced that, at every point inside the Sun, the outward pressure of the hot gas must perfectly balance the inward pull of gravity. From such common-sense considerations, Eddington deduced the internal constitution of the Sun – how the density, temperature, pressure and so on varied throughout the solar interior.

Chandrasekhar was astounded by Eddington’s audacity. He had used nothing but the power of pure thought to see inside a star.

Although the balance may last for billions of years, the fuel will run out eventually. Gravity will gain the upper hand and crush the star. It will shrink down to nothing at all – a nonsensical point of infinite density. This spelt disaster for Eddington’s theory of stellar interiors. Fortunately, however, there was a strong hint that nature had found a way to avoid such a catastrophic singularity. It came from a peculiar class of stars with baffling properties.

40 Eridani B, along with its binary companion, had been observed in 1783 by William Herschel, the discoverer of Uranus. Much later, in 1910, astronomers realised that its temperature is very high – about 10,000 degrees Celsius. The luminosity of a star is proportional to the fourth power of its temperature. The Sun has a surface temperature of half this: about 5,000 degrees. Consequently, 40 Eridani B should be about 24 = 2 × 2 × 2 × 2 = 16 times as luminous as the Sun. In reality, it is far dimmer than the Sun.

The only way a star can be both very hot and very dim is if its light comes from a very small surface area. The luminosity of 40 Eridani B could be explained only if it was the size of the Earth, which is less than a hundredth of the diameter of the Sun. A star of the mass of the Sun squeezed into such a small volume would be extraordinarily dense. A sugar-cube-sized chunk would weigh more than a family car.

Soon 40 Eridani B was joined by similar anomalous stars such as Sirius B, the companion of the brightest star in the night sky. Because the peculiar stars were white-hot and tiny, they were christened “white dwarfs”. Nobody could understand how they could possibly exist. Until a colleague of Eddington’s called Ralph Fowler did what no one else had dared do: apply quantum theory – the theory of the ultrasmall – to the world of big things – stars.

According to an edict of quantum theory known as the Pauli exclusion principle, no two electrons can occupy the same volume of space.f Think of them as passengers on a bus who avoid others by sitting one to each pair of seats. This tremendous antisocial nature of electrons manifests itself as a force of mutual aversion. It can become so large as the electrons are squeezed together in a shrinking star that it actually stops the contraction dead. A new stable state of balance is reached where the crushing force of gravity is balanced not by the outward pressure of hot gas but by this “electron degeneracy pressure”. Fowler calculated that a star reached this new state of balance when a mass equivalent to the Sun was crushed into a volume equivalent to the Earth, exactly as observed in white dwarfs like 40 Eridani B and Sirius B.

Fowler had found a new force that counterbalanced gravity and prevented a star shrinking without limit down to a point of infinite density. It was what Einstein had hoped for when Karl Schwarzschild, writing from his hospital bed on the Alsace Front, had raised the spectre in his theory of gravity of a nightmare singularity. And it saved Eddington’s theory of stellar interiors from catastrophe. A white dwarf was a “quantum star”. With its layers supported against gravity by electron degeneracy pressure, it gradually radiated into space its meagre store of internal heat, fading eventually into invisibility and gradually becoming an inert, super-dense ball of rock.

Chandrasekhar learnt about the Pauli exclusion principle from his conversation with Sommerfeld. The Austrian physicist also gave him a copy of two of his papers, still in press, in which he applied the principle to a “gas” of free electrons inside a metal. The papers spurred Chandrasekhar to find out all he could about the new quantum theory and to apply it to a real-world situation in his first research paper in January 1929. Later, while in the Presidency College library, flicking through Monthly Notices of the Royal Astronomical Society, Chandrasekhar happened on a paper in which the Pauli exclusion principle was applied not merely to a metal but to the dense matter of a white dwarf. The paper was written by Fowler. Having also read Sommerfeld’s papers on the quantum behaviour of electrons and Eddington’s book on the interiors of stars, Chandrasekhar was delighted to realise that here was a research field to which he might make a contribution.

Feverishly, he wrote a paper on white dwarfs and posted it to Fowler at the University of Cambridge for possible publication in the Proceedings of the Royal Society. Fowler, on receiving it and reading it, was impressed. He immediately sent it with his endorsement to the Royal Society. To Chandrasekhar’s delight, it appeared in the October 1929 issue.

In India, meanwhile, independence was in the air. Though many Indians had died for the British Empire, the people of the subcontinent had received no tangible benefit for this sacrifice. There was a widespread feeling that it was high time to remove the yoke of imperialism. In 1928, Chandrasekhar was deeply impressed by Jawaharlal Nehru, president of the Indian National Congress, who he heard speak in Madras. Hand in hand with the rise of Indian nationalism came a strong feeling that Indians deserved a place on the world stage. But, if they were to do that, they first needed to prove their worth. This was necessary in every field of human endeavour, including science. Here, Chandrasekhar’s uncle, Chandrasekhara Venkata Raman, had become a national hero.

Raman had observed that, when light of a particular colour, or wavelength, is shone on a liquid or a vapour, most of it is reflected, unchanged. Alongside this “scattered” light, however, is a faint glow of light with distinctly different wavelengths to the incident light. It accounts for only about 100-millionth of the intensity of the scattered light so detecting it required a Herculean effort, sometimes the exposure of a photographic plate for more than 100 hours.

Raman announced his explanation for the anomalous light at a meeting of the South Indian Scientists Association in Bangalore on 16 March 1928. It required visualising the molecules in the liquid or vapour as atoms connected by springs. Not only was light reflected by each molecule but also a very small amount was absorbed, setting the atoms oscillating on their springs. It was these oscillations, at discrete, or “quantised” frequencies, that then radiated the changed light, at wavelengths that were characteristic of the molecules.4 This “fingerprint” was too faint to be a practical way of identifying molecules but it would become a realistic method in 1960 with the advent of an extremely intense source of light: the laser.

The Raman effect put India on the scientific map and Raman on the path to winning the 1930 Nobel Prize in Physics. Chandrasekhar had met his uncle only a few times but he was impressed by his success. Raman had made his discovery in India. But another famous Indian academic that Chandrasekhar was aware of had gone abroad.

Srinivasa Ramanujan was a mathematical prodigy who, in 1913, sent his semi-miraculous proofs to G. H. Hardy in England. One of the world’s foremost mathematicians, Hardy was stunned by what he read and invited Ramanujan to Cambridge. Arriving in 1914, Ramanujan became the first Indian to become a member of the Royal Society, before he died prematurely in 1920 at the age of thirty-three. Ramanujan, Chandrasekhar noted, had not only gone to Cambridge but to Trinity College: the establishment of Fowler and Eddington.

In his final examinations at Presidency College, Chandrasekhar achieved a record score. Because of this and because of the papers he had published, in February 1930 he was offered a special Government of India scholarship for three years to pursue research in England. He immediately wrote to Fowler and asked whether he could come to Trinity. Fowler wrote back to say yes. And that was how Chandrasekhar came to be on the SS Pilsna from Bombay, modern-day Mumbai, to England, and to make his shocking discovery about the maximum possible mass of white dwarfs. His extraordinary luck was that, even though he had read only three contemporary books about the frontier of physics, they contained all he needed to make one of the most important discoveries in the history of astrophysics.

Chandrasekhar realised that, as white dwarfs got bigger and the velocities of their constituent electrons approached the speed of light, the ability of those electrons to defy gravity leached away. It meant that beyond a critical mass, no known force in the universe could stop gravity crushing the star down to a dimensionless point. Fowler, despite having the imagination and sheer nerve to apply quantum theory to stars, had unaccountably failed to recognise the implication of Einstein’s special theory of relativity.

When the SS Pilsna docked in Venice, Chandrasekhar travelled onward by rail, arriving in London on 19 August 1930. But, if he had expected to be welcomed by the titans of physics as an all-conquering hero, he was to be sorely disappointed.

*

Between them, the Office of the Director of Public Instruction in Madras and the High Commissioner of India in London bungled Chandrasekhar’s admission to the University of Cambridge. When he appealed to the university authorities, he was met with shakes of the head and shrugs of the shoulders from stony-faced jobsworths. Fowler, unfortunately, was in Ireland. Only when he returned from holiday and intervened forcefully was Chandrasekhar saved the ignominy of a premature return to his family in India.

But, if his bureaucratic travails in London had not been bad enough, when he arrived at the University of Cambridge, he was dealt an even more profound blow. In Madras, Chandrasekhar had been a giant among pygmies. Now he was a pygmy among giants. His confidence was crushed. “To suddenly find myself in an environment where there were people like Dirac and Eddington and Rutherford and Hardy, not to mention all the other well-known names, was a shattering experience,” he said. “Before I left India, I was extremely optimistic, but once I came to England I became very sobered if not humiliated.”5

Recovering from the initial shock, Chandrasekhar was left in not the slightest doubt of the mountain he must scale to achieve anything of worth. He was still in love with science. He still had ambition. But he now knew that realising that ambition would be possible only with extreme discipline and hard work.

And work he did.

Hour after hour, day after day, Chandrasekhar toiled at the desk in his lodgings, fleshing out the theory of dying stars. Apart from sleep, the only break he allowed himself was a stiff walk along the road to London: three kilometres out along the footpath and three kilometres back, the fresh air and repetitive motion clearing his equation-clouded mind. He saw few people and spoke to no one, and only the roar of the occasional car flying past in a cloud of exhaust smoke interrupted his thoughts.

Alone in his Cambridge lodgings, Chandrasekhar had never felt more isolated. The only time he met other living souls was when he went to lectures or colloquia. He felt intimidated by his scientific idols. Unable to pluck up the courage to mix with them, he retreated deep inside himself. He was away from his culture, away from his family and friends, away from the sunshine and heat of Madras. He had no friends and he was acutely aware of being a brown person in a white world. When his mother, Sitalakshmi, died on 21 May 1931, to his loneliness was added grief.

Fowler, a big, boisterous bear of a man who was always in good spirits, might have reconnected Chandrasekhar with humanity. But he proved elusive. Although Chandrasekhar met him in his rooms at Trinity College for the first time in September 1930, after that, he saw him only once every six months. It meant he had no idea whether or not he was making headway with his calculations.

Eventually, Chandrasekhar did find the courage to talk with one of Cambridge’s prominent physicists. Paul Dirac had a stellar reputation as one of the creators of the new quantum theory. But, like Chandrasekhar, he was shy and awkward, which made him more approachable than many others. Chandrasekhar confessed to Dirac that he was feeling extremely discouraged and asked what he should do. “Why don’t you go to Copenhagen?” replied Dirac.

So he did.

The Bohr Institute in Copenhagen had been the epicentre of the quantum revolution. There, between September 1932 and May 1933, Chandrasekhar rubbed shoulders with some of the architects of quantum theory. He stayed in a pension where other people were living and it was the first time since leaving India that he had not felt lonely. In later years, there followed other visits to Copenhagen, to Göttingen in Germany and to Russia. But, always, he returned to Cambridge and his lonely life working in his lonely room. Until, suddenly, his terrible isolation came to an end. In 1933, to his surprise, he was made a fellow of Trinity, the college of Ramanujan, Bertrand Russell and Isaac Newton. “My life changed because I was then a part of ‘Cambridge’,” he said. “I could sit at the same table with all these others. Gradually, I could find people with whom I could talk, discuss, and indeed become friends.”

Although Chandrasekhar discovered the mass limit for white dwarfs in 1930 and published it in 1932, he had not worked out a complete theory of white dwarfs in which the interior of a star was described by Eddington’s exact equations. That took a considerable amount of number crunching on a mechanical calculator. Finally, in the autumn of 1934, he succeeded. An opportunity arose to present his findings to the world when he was invited to give a talk at the monthly meeting of the Royal Astronomical Society in London on Friday 11 January 1935. It would be a big moment in his fledgling scientific career. And he knew it.

Originally, the talk was scheduled for the standard length of fifteen minutes. But, to Chandrasekhar’s pleasant surprise, Eddington told the secretary of the Royal Astronomical Society that his work was important enough to merit half an hour.

Eddington, twenty-seven years Chandrasekhar’s senior, was the young man’s hero. Formidable in appearance, with a domed forehead, long nose, and thin-lipped and unsmiling mouth, he bestrode the scientific stage like a god. He expected reverence from those around him. He was worldly and supercilious. “The British can be very nice and kind, but at the same time, an element in their behaviour makes it very clear that they’re on a different level,” said Chandrasekhar. “There’s no snobbery involved in it. It sort of comes naturally to them.”

In the run-up to the 11 January talk, Eddington took a keen interest in Chandrasekhar’s work. Starting in the autumn of 1934, he dropped by his lodgings every week for an update on the white dwarf calculations. He even discussed Chandrasekhar’s limit on the masses of white dwarfs. But the curious thing that Chandrasekhar noticed was that he never seemed to consider the result important. Nor, come to think of it, did Fowler, either when he first met him in September 1930 or at any later time.

On Thursday 10 January, the day before the Royal Astronomical Society meeting, the programme for the meeting arrived in the post. Chandrasekhar scanned it eagerly for his name. And his jaw dropped. Eddington was scheduled to talk immediately after him. The title of his paper, “Relativistic degeneracy”, left not the slightest doubt that it was about the discovery of the white dwarf limit. Never once, on his weekly visits to Chandrasekhar’s room, had Eddington offered his opinion on his white dwarf work. And never once had he mentioned that he was writing a paper on the subject. That evening, when dining in college, Chandrasekhar saw Eddington across the table but the older man behaved as if everything were perfectly normal and volunteered nothing of what he intended to speak about the following day. Rattled and confused, Chandrasekhar found himself unable to find the words to ask Eddington about his paper.6

On the morning of Friday 11 January, Chandrasekhar took the train from Cambridge to London’s Liverpool Street, then the Circle Line to Baker Street. With his collar turned up against the chill, he hailed a taxi on the Marylebone Road and took it to South Kensington. It was his habit before a Royal Astronomical Society meeting, on the second Friday of each month, to have lunch with Bill McCrea, a friend at Imperial College. Towards the middle of the afternoon, the pair walked along Knightsbridge to Piccadilly, arriving in time for tea at 4 p.m. at Burlington House.

Eddington walked past while Chandrasekhar and McCrea stood with cups and saucers in their hands. McCrea, having learnt from his friend about Eddington’s mysterious talk, daringly stepped into Eddington’s path. “Professor Eddington, what are we to understand about relativistic degeneracy?” Without even saying “Hello” to Chandrasekhar, Eddington side-stepped McCrea. With a thin-lipped and knowing smile, he said: “That’s a surprise for you.”

The lecture room, its high walls hung with portraits of men like Isaac Newton and William Herschel, was packed with fellows. There were six presentations, each fifteen minutes long, one after the other. At 6.15 p.m., it was finally Chandrasekhar’s turn. Standing at the lectern, he thanked the chairman for his kind introduction and began his presentation of the dramatic discovery he had made almost five years earlier on the deck of a ship out of Bombay.

Carefully and methodically, he laid out his argument that the electrons in a white dwarf were moving close to the speed of light and so a correct description of such a star, crucially, required not only quantum theory but also Einstein’s special theory of relativity. He then laid out the case that, if a white dwarf had a mass bigger than a certain threshold, the quantum gas of electrons was powerless to prevent gravity crushing the star down to, well… nobody knew what exactly.g

After a handful of questions, Eddington strode determinedly to the lectern. He arranged his notes fastidiously, looked up at the audience, and, with a deceptive smile, began. The moment Eddington opened his mouth, Chandrasekhar’s blood ran cold. For the next fifteen minutes he proceeded to demolish Chandrasekhar’s theory. He pulled no punches. He was sarcastic. He made jokes. He used every trick in the book to get the audience to laugh with him at the utter preposterousness of Chandrasekhar’s white dwarf mass limit. “The paper which has just been presented,” he finished, with a dramatic flourish, “is all wrong.”

Chandrasekhar was paralysed with shock. In all his discussions with Eddington, never once had the great man expressed an opinion remotely like the one he had just expressed in so public a forum. And, if that was not bad enough, he could not make the slightest sense of Eddington’s argument. Astonishingly, it appeared to boil down to the claim that stars do not behave the way Chandrasekhar described because the Pauli exclusion principle, which prevents electrons piling on top of each other, does not apply to relativistic electrons. It was not even a remotely scientific objection. “The formula is based on a combination of relativity mechanics and non-relativity quantum theory, and I do not regard the offspring of such a union as born in lawful wedlock,” said Eddington. “I think there should be a law of nature to prevent a star from behaving in this absurd way!”

After the meeting, other astronomers commiserated Chandrasekhar. “Too bad, old chap.” “You win some, you lose some, eh?” Such was the power of Eddington’s scientific reputation and personality that, even if he said something that was wrong – even if he provided no concrete evidence other than his belief in its wrongness – it was automatically considered to be wrong. “I don’t think that there was any doubt in anybody’s mind in those days that Eddington was right, by virtue of Eddington’s extraordinary dominance,” said Chandrasekhar.

“You look at it from the point of view of the star,” Eddington would later say to Chandrasekhar. “I look at it from the point of view of nature.”

“Aren’t they both the same?” said Chandrasekhar.

“No.”

It was a window into Eddington’s mind. The point of view of a star was the point of view of physics. In his cryptic remark, Eddington was effectively saying, “Physics is not sufficient if it is not my physics.” Eddington did not need to conform to the universe. It was the universe that needed to conform to Eddington.

Chandrasekhar tormented himself trying to understand why Eddington had treated him in such a brutal way. Could it simply be that he was unable to seriously contemplate the appalling implications of Chandrasekhar’s mass limit? That gravity might be irresistible and crush a massive star down to an infinitely dense singularity. A crack in everything where the laws of physics themselves were split asunder. Was the very idea of infinite density unthinkable to Eddington?

No. To Chandrasekhar, it did not add up. Eddington was known to be ruthless in the cut and thrust of scientific debate while polite and friendly in social situations. But nobody else, Chandrasekhar was sure, had been the target of such an attack. So what explained the venom with which Eddington has struck? Was it racism? Was it age? Did Eddington see Chandrasekhar as a young upstart who needed to be cut down to size? Or could it have been class? Chandrasekhar came from an affluent background. Eddington had lost his father to a typhoid epidemic when he was two years old, and he and his sister, Winifred, had grown up in some poverty. But then Eddington must have met many people more privileged than him at Cambridge. None of them merited the ferocity he meted out to him.

But, if it was not racism or age or class that explained Eddington’s cruel attack on Chandrasekhar, was it something else? Eddington, so brilliant in his early career, had recently gone rather off-piste, devising a “theory of everything” that was already showing signs of being half-baked and wrongheaded but in which he had a messianic belief. It had culminated in a prediction of extraordinary, and somewhat bonkers, precision. “I believe,” declared Eddington, “that there are 15,747,724,136,275,020,577,605,653,961,181,555,468,044,717,914,527,116,709,366,231,425,076,185,631,031,296 protons in the universe and the same number of electrons.”

“When he was young, Eddington had counted the number of words in the Bible,” said Chandrasekhar. “When he became a serious scientist, he counted the number of particles in the universe!” Was it conceivable that Chandrasekhar’s ideas about the white dwarf mass limit – and its potential to unleash the nightmare of chaotic singularities into the ordered universe – somehow conflicted with and invalidated Eddington’s theory of everything?

Whatever the reason, scientists took his words as gospel. In 1936, at the tricentennial celebrations of Harvard University, the prominent astronomer American Harlow Shapley sent a circular to his colleagues, asking them to rank astronomers so that Harvard could hand out honorary degrees. On every single list Shapley received, the number one position was taken by Eddington.

Eddington, after all, was the man who had gone to the island of Principe, in the Gulf of Guinea, off the west coast of Africa, to observe the total eclipse of 29 May 1919. By successfully measuring the shifted positions of stars close to the blacked-out disc of the Sun, he confirmed Einstein’s prediction that starlight is deflected as it negotiates the valley of space-time around the Sun on its way to the Earth. Less than a year after the end of a catastrophic world war in which 20 million had died and 20 million had been wounded, an Englishman created a German superstar of science (both, incidentally, were pacifists). “One thing at least is certain, light has weight,” said Eddington. “Light rays, when near the Sun, do not go straight.”

But it was not only Eddington’s stature that, in the matter of the white dwarf mass limit, made his views the last word. The new-fangled quantum theory was viewed by non-physicists as something that described the sub-microscopic realm but that had nothing whatsoever to do with the wider world. Quantum things were atoms and electrons. Quantum stars seemed straight from the pages of a science-fiction magazine. For most astronomers they were impossible to get their heads around.

Although Eddington was a force of creation in the world of science, the Chandrasekhar episode showed he could also be a force of destruction. He succeeded in destroying any possibility of support from the astronomical community for the Indian’s theory. So devastating was his intervention, in fact, that it caused the theory to be overlooked for more than thirty years and stymied any serious investigation of black holes.

Chandrasekhar knew he was right and Eddington was wrong. But he also realised the futility of fighting against him. In 1939, he summarised his theory in a book and when An Introduction to the Study of Stellar Structure was published, he left the field. It would prove a smart move. In his long career, he would make key contributions to not one but many fields of astrophysics.

Twelve years before his death at the age of eighty-four, Chandrasekhar was vindicated by the award of the 1983 Nobel Prize in Physics. And vindication came not only from the human world but also from nature itself. The ultra-dim nature of white dwarfs means that, of the 10 billion or so believed to inhabit our Milky Way, astronomers have detected only about 10,000. But, of those 10,000, not one has been found to have a mass greater than 1.4 times the mass of the Sun: the “Chandrasekhar limit”.

The attack on his theory by a man he so revered and respected left Chandrasekhar with a deep wound, which never completely healed. He never said a bad word about Eddington in public. He concealed the hurt. But those who knew him, like his devoted wife, Lalitha, knew. Not even the award of the Nobel Prize assuaged the pain inflicted on him, and never expressing his anguish served only to keep the wound festering. But, as an Indian in the Raj, he had absorbed by osmosis, the stiff upper lip and buttoned-up manner of the British.

For his part, Eddington never conceded that he was wrong. He died of stomach cancer during the Second World War, convinced of his correctness, despite overwhelming evidence to the contrary.

*

Long before the vindication of Chandrasekhar’s theory, however, came the discovery of the neutron by James Chadwick in May 1932. Neutrons are the partners of protons in the nuclei of all atoms except hydrogen, whose nucleus contains a lone proton. The discovery of the neutron implied that there existed yet another stable state of dying stars – one even more compact and dense than a white dwarf. For a star more massive than the 1.4 solar mass Chandrasekhar limit, gravity would continue to crush it until its protons and electrons were pressed together to form neutrons. Since neutrons, like electrons, obey the Pauli exclusion principle, neutron degeneracy pressure would halt the collapse and create a stable object. About the size of Mount Everest, its density would be so enormous that a sugar cube-sized volume would weigh as much as the entire human race and its surface gravity would be about 100 billion g.h

The existence of such “neutron stars” was proposed in 1934, just two years after the discovery of the neutron, by Fritz Zwicky and Walter Baade of the California Institute of Technology in Pasadena. It was the same year the pair of astronomers discovered a new, phenomenally luminous type of exploding star. A “supernova” was so violent a stellar conflagration that, briefly, it could outshine its entire parent galaxy of 100 billion stars. Zwicky and Baade immediately realised that the only possible source of this prodigious energy was the “gravitational energy” released by a massive star, depleted of fuel and no longer able to generate the heat to oppose gravity, as it shrank down to form a neutron star.i

The first neutron star – PSR B1919+21 – was discovered by Jocelyn Bell on 28 November 1967. For two years, she had helped build a very strange radio telescope at Lord’s Bridge, west of Cambridge. The brainchild of her PhD supervisor, Anthony Hewish, it covered the area of fifty-seven tennis courts and consisted of vertical wooden poles connected by 190 kilometres of cable like a myriad of washing lines. It was designed to look for the recently discovered, and totally mysterious, “quasars”. However, on 28 November 1967, Bell spotted something unexpected.

The output of the telescope was recorded by a pen on a rotating cylinder of paper. While examining this, Bell noticed a “quarter inch smudge”. Magnifying it, she was amazed to see a signal peaking every 1.3 seconds, regular as clockwork. Hewish pooh-poohed it as almost certainly manmade radio interference. But Bell, like a dog with a bone, refused to drop the matter. Used to examining 30 metres of pen recorder trace a day, she set herself the task of re-examining five kilometres of chart, recorded over the previous six months. Her persistence was rewarded. She found a second source. Eventually she would find four. Given it was unlikely there were several similar manmade sources in different parts of the sky, she had proved Hewish wrong.

The first source, for obvious reasons, had been dubbed LGM–1, for “Little Green Man–1”. But it was astronomer Fred Hoyle who guessed that it was a neutron star, the super-dense relic left after a star had blown itself apart in a “supernova”. The core of a star would spin ever faster as it shrank down to create a tiny neutron star. Although too faint to be seen in normal circumstances, some neutron stars sweep a light house beam of radio waves across the sky as they spin, making them detectable as pulsars.

Hewish, who died at the end of 2021, won the 1974 Nobel Prize, partly for the discovery of pulsating neutron stars, or “pulsars”. And although three Nobel Prizes have now been awarded for pulsars, none have gone to Bell. Hewish once said that, when Columbus discovered the Americas, credit did not go to the first person who spotted land. But Bell was more than an inconsequential scientific deckhand. Having connected up every last cable of the Cambridge telescope, she knew the instrument far better than anyone else. And without her grit, persistence and steely determination, the discovery of pulsars would not have been made at that time.

Bell’s grit and determination was borne out of the adversity she had faced at Cambridge. Not only was she a woman in a male environment but she was also doubly disadvantaged by coming from provincial Northern Ireland. Convinced that she been admitted to the university because of a bureaucratic mistake, she worked long and hard in the hope it would extend the period before, inevitably, found out by the university. Her hard work paid off. She discovered the first three pulsars. Now more than 2,000 are known, with the fastest – PSR J1748-2446ad – spinning on its axis a scarcely believable 716 times a second.

Neutron degeneracy pressure, however, has its limits just as electron degeneracy pressure does. It too cannot support a star against gravity if the star is above a certain threshold mass. Nature’s “strong force”, which controls nuclear particles, is complex, so the behaviour of neutrons is not as easy to predict as that of electrons. Nevertheless, the threshold mass of a neutron star was estimated by American physicist Robert Oppenheimer and Russian-Canadian physicist George Volkoff. The figure they obtained in 1939 was 0.7 solar masses, which is actually less than the limit for white dwarfs. However, more sophisticated calculations later raised this figure to between two and three solar masses.7

The consequence was unavoidable. If a star – specifically, the remnant left over after a supernova – is more than two to three solar masses, no known force in the universe can stop its collapse down to a point of infinite density. Space will fold in on itself and the star will vanish from view, exactly as predicted decades earlier by Karl Schwarzschild. For most scientists, such an object was impossible to contemplate. They still believed that something must surely intervene to stop the runaway gravitational collapse before the formation of singularity.

The great hope was rotation. Schwarzschild’s “solution” was for a non-rotating star, but in reality, stars spin on their axes. Plausibly, rotation would provide an outward, “centrifugal force” that would oppose gravity. If space-time were rotating, surely it could never become a bottomless pit from which neither light nor matter could escape? For thirty years, rotation was seen as the best hope of avoiding a singularity and the breakdown of Einstein’s theory of gravity. But then no one had reckoned on a twenty-eight-year-old New Zealander named Roy Kerr.

a 1.4 solar masses is actually the modern figure. Chandrasekhar determined it was 0.9 times the mass of the Sun.

b In 1925, the British astronomer Cecilia Payne used the new-fangled quantum theory to analyse sunlight and deduce which atoms were common and which scarce. Ever since Greek times, the Sun had been thought to be made of iron. In modern times, this view seemed to be confirmed by the preponderance of spectral features due to iron. However, Payne realised that, at the huge temperature of the Sun, the lightest atoms – hydrogen and helium – were mostly bereft of their electrons. Since electrons in atoms are the source of emitted light, the spectral signature of hydrogen and helium was weak. But, given that it was coming from relatively few atoms, it implied that hydrogen and helium, two gases pretty much non-existent on the Earth, must make up 98 per cent of the atom in the Sun. Payne’s Harvard supervisor, the American astronomer Henry Norris Russell, made her say in her thesis that her result was almost certainly wrong, delaying by more than a decade recognition of the true composition of the Sun.

c In 1928, the English physicist Robert Atkinson and the German Fritz Houtermans showed that the fusion of hydrogen to helium could indeed explain the heat generated by the Sun. Their scheme involved hydrogen nuclei, or protons, “quantum tunneling” into a “proton-trapping nucleus”, assembling, step by step, a helium nucleus. The recognition that the proton-trapping nucleus was carbon, and the fleshing out of the details of the “carbon-nitrogen-oxygen”, or CNO, cycle, had to wait until the work of American Hans Bethe in 1938. So too did the realisation that the Sun derives its sunlight not from the CNO cycle but from an alternative hydrogen-fusion process known as the proton-proton cycle.

d Although the central temperature of the Sun is determined mostly by its mass, it is, to a lesser degree, dependent also on what the Sun is made of. This is because it is free electrons that hinder the flow of heat outwards through the Sun, or create “opacity”, and different elements have different numbers of electrons that can potentially be knocked free.

e This is indeed the case. The speed of the “proton-proton chain”, by which the Sun fuses hydrogen nuclei into helium nuclei, is proportional to the 4th power of the temperature.

f Strictly speaking, two electrons cannot share the same “quantum numbers”. One of these refers to the “spin” of an electron, which can either point in one direction or the opposite. Consequently, two electrons, not one, can share the same volume of space as long as their spins are pointing in opposite directions.

g Actually, Chandrasekhar was not the first person to realise that electrons in a white dwarf are moving close to the speed of light and that this means there was a maximum mass for a white dwarf. The credit goes to Wilhelm Anderson and Edmund Stoner. However, in the two papers they published in 1929 and 1930, they calculated the limit for a star of uniform density. It was Chandrasekhar who calculated it for a realistic star, or “polytrope”, whose density increased towards its centre, as described by Eddington’s theory of stellar interiors.

h Physicist Robert Forward imagined life on the surface of a neutron star in his science-fiction novel Dragon’s Egg (Del Rey, 2000).

i A mass possesses gravitational potential energy by virtue of its position in a gravitational field. If it changes its position, this energy can be transformed into other types of energy. For example, when a slate falls off a roof of a house, gravitational energy is converted into energy of motion as it falls but eventually the sound and heat and the energy of motion of the fragments that fly outward like shrapnel from its impact site. Similarly, if a star shrinks, gravitational energy can be converted into heat. Think of the shrinkage as trillions upon trillions of slates all falling together!
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I’M SPINNING AROUND

How in 1963 a New Zealander stunned the world of physics by finding the exact way in which a rotating star warps the surrounding space-time.


 

 

 

“Many believed that no object in the universe is truly static and, at the very least, its rotation would inhibit its collapse toward a singularity. And so began the search for the ‘holy grail’ of relativity – a description of the space and time surrounding a spinning object.”

Fulvio Melia1

“In my entire scientific life, extending over 45 years, the most shattering experience has been the realisation that an exact solution of Einstein’s equations of general relativity, discovered by the New Zealand mathematician Roy Kerr, provides the absolute exact representation of untold numbers of massive black holes that populate the universe.”

Subrahmanyan Chandrasekhar2


AUSTIN, TEXAS, 30 APRIL 1963

In an office cluttered with stacks of paper, empty pizza boxes and Coca-Cola bottles, two men sat shrouded in a cloud of dense smoke.a The first man, puffing on a pipe like a train and tense with expectation, was perched on the edge of a worn-out armchair. His attention was fixed laser-like on the second man, bent over the desk facing the window, chain-smoking Pall Malls and scribbling feverishly on a large pad of paper.

Alfred Schild had expected a normal day when he came to work that morning. But that was before Roy Kerr had barged into his office with a scarcely believable claim. Nobody had found an exact solution of Einstein’s theory of gravity since a man dying of a painful skin disease in a First World War field hospital forty-seven years earlier. But Kerr was asserting that he had done precisely that. Dropping everything, Schild grabbed his pipe and a pouch of tobacco and chased down the corridor after the twenty-eight-year-old New Zealander.

Kerr’s ground-floor office faced south towards the centre of Austin, and the dome of the state capitol would have been visible peeking above the overgrown bushes outside the window had it not been for the thick haze of smoke in the room. Despite the indoor smog, the bright morning sun was streaming through the window, creating a pressure-cooker atmosphere. For Schild, the twenty minutes he spent watching Kerr carry out his arcane calculations seemed like twenty hours. The stakes were high. Only a year before, he had created the Centre for Relativity Theory through hustle, determination and sheer hard work. Kerr’s result would vindicate him. If it held up, it would put his institute well and truly on the scientific map.

The big question: Was the object described by Kerr’s mathematical formula really spinning?3 To find the answer, the New Zealander was focusing on the space-time far away from the centre of his object. Was it stationary? Or was it swirling around like an irresistible tornado? The tension in the room had reached an almost unbearable level when Kerr threw down his pen and jumped to his feet. “It’s spinning, Alfred!” he declared, punching the air. “It’s bloody well spinning!”

Kerr, against all the odds, had found the exact shape of the warped space-time around a spinning black hole. Though Karl Schwarzschild in 1916 had found it for a non-spinning black hole, everyone knew that was not realistic. All things in the universe – the Earth, the Sun, our galaxy – were rotating. But the insane complexity of Einstein’s theory of gravity made finding the shape of the space-time around a spinning mass nigh on impossible. Kerr had achieved the impossible. And not only that. He had demonstrated that the centrifugal force of a rapidly spinning collapsed star could not, as many had desperately hoped, prevent the formation of a black hole.

*

It goes without saying that a man who can do what nobody else can do, despite almost half a century of trying, is an unusual one. And that was certainly true of Roy Kerr. The road to his extraordinary discovery had begun in 1934 in sleepy New Zealand. Born in the small rural settlement of Kurow on South Island, he was sent to live with friends of the family who owned a farm near the town of Gore when his father, divorced from his mother, had gone off to fight in the Second World War. A mathematical prodigy, Kerr’s talents and out-of-the-box thinking were apparent at an early age. In hard times in the late 1940s, he worked at a small Christchurch factory owned by his father, packaging rubber bands for sealing jam jars. By spreading out the rubber bands on the table and looking for patterns which correlated with their number, he was able to count them twice as fast as other workers, upping his piece-work income.

At St Andrews College for boys in Christchurch, Kerr was handicapped by having no physics or mathematics teacher after the fourth form (equivalent to Year 10 in the UK). In fact, mathematics was taught by the religious master. “And what he knew about maths could be summarised on half a page of A4,” says Kerr. Aged sixteen, Kerr’s next step was to go to the University of Canterbury in Christchurch. It was the former college of Ernest Rutherford, who had become the greatest experimental physicist of his age, discovering the atomic nucleus and fulfilling the alchemist’s dream of transmuting one element into another. But Kerr almost fell at the first hurdle when he scored only 298 out of 600 on the university entrance scholarship exam. He had not realised it was a two-part test and had mistakenly turned up in the afternoon for an exam that had been set in the morning.

Despite this hiccup, and in recognition of his brilliance, Kerr was not only admitted to the university but also allowed to start in the third year of the undergraduate course. “I was the only person in New Zealand who was ever allowed to skip the first and second years in maths,” he says. In the second year, Kerr sat in on the master’s level courses. However, the teaching left much to be desired. “Most of the lecturers had been shot during the Second World War,” says Kerr. “Nobody knew any modern stuff and I essentially learnt nineteenth-century maths and physics.” Kerr did, however, read a book by Arthur Eddington on relativity, which he found “very good”.

Boredom drove Kerr to take up a number of sports, including boxing. When he suffered a few knockouts, William Sawyer, one of the best lecturers at Canterbury, expressed horror and alarm that Kerr’s mathematical brain might be irrevocably lost to a well-thrown punch.

In his second year, the dean told Kerr that, if he applied for a postgraduate scholarship to study in Cambridge in England, the University of Canterbury had agreed that he would get it. Although the prospect of going to England greatly appealed to Kerr, Cambridge would not accept him for a PhD until he was twenty-one. He had no choice but to kick his heels in Christchurch for another three years. “I had nothing to do, so I mostly played billiards,” he says. “In fact, before the final exams, to stop me going berserk, my father sent me off to play golf for a week.”

Finally, in 1955, after a month-long voyage at sea, Kerr arrived in England. At Cambridge, he realised, too late, that instead of killing time in New Zealand playing billiards, badminton, golf and bridge, he could have come earlier and, before starting as a graduate student, received a more thorough undergraduate education than at Canterbury. All was not lost, however. His time in Christchurch had left him free to develop his own ideas without the limitations of establishment ones, and, though he did not know it yet, this would one day pay off for him.

At Cambridge, Kerr oscillated between the undergraduate “Mathematical Tripos”, which was considered a standard grounding for students from New Zealand, and doing a PhD. Eventually, he enrolled for the PhD. He took courses on anything that looked interesting, and these included lectures by Paul Dirac. His supervisor, Philip Hall, was the world’s leading expert on algebra, but after one year Kerr decided he was more interested in theoretical physics and briefly became the student of Abdus Salam. The Pakistani physicist would later win a share of the 1979 Nobel Prize for showing that nature’s electromagnetic and weak forces are merely two facets of the same “electroweak” force. In the late 1950s, however, particle physicists were overwhelmed by a flood of weird subatomic particles spewing forth from their experiments. “I knew nothing about particle physics,” admits Kerr. “I couldn’t even remember the names of all the particles.”

A key event occurred after two years at Cambridge. He met John Moffat. A graduate student two years older than Kerr, Moffat had left school in England at sixteen and gone to Paris hoping to become a professional artist. When he failed to achieve his dream, he moved to Denmark, the country of his birth, where he chanced on a couple of popular books by Eddington, which sparked a burning desire to know how the universe began. In an effort to educate himself, Moffat borrowed books from the library of the University of Copenhagen and, within a year, was able to understand general relativity – Einstein’s theory of gravity – and unified field theories, which attempted to show that the fundamental forces of nature were aspects of a single “superforce”. In 1953, with the confidence of youth, the twenty-year-old Moffat wrote to Einstein, attaching two papers he had written on unifying the forces of gravity and electromagnetism. Einstein not only replied but also treated Moffat as an intellectual equal.4 The pair corresponded half a dozen times, with Moffat’s German-speaking barber translating Einstein’s letters. When local media in Copenhagen caught wind of the story, Moffat came to the attention of the great quantum physicist Niels Bohr, who was based in Copenhagen. Suddenly, the gates of academia opened for him. This led to the University of Cambridge, in an unprecedented move, admitting him for a PhD, despite his having no undergraduate degree.

Moffat’s unconventional background and out-of-the-box thinking were particularly attractive to Kerr. Here was a kindred spirit. Another maverick. The two men spent long hours discussing physics. Moffat was trying to find a unified description of general relativity and electromagnetism, and it was Moffat’s fascination with general relativity that piqued Kerr’s interest. In particular, he became curious about the motion of spinning masses in curved space-time. A little investigation revealed there had been very little exploration of this topic. He could see it was fertile ground for discovery. Here was somewhere he was sure he could make his mark.

Kerr read a paper by the Polish physicist Leopold Infeld, who had worked with Einstein at the Institute for Advanced Study in Princeton. Kerr could see that it was wrong and he wrote his own paper in response. This got him interested in calculating the motion of particles in curved space-time. His exhaustive solutions to this “two-body” problem became the subject of his PhD thesis: “Equations of motion in general relativity.” Officially, Kerr’s advisor was now David Candlin, a young particle physicist, but he spoke to Kerr only once and provided no practical advice on how to write a thesis. Kerr typed it himself on an Olivetti typewriter, substituting Greek letters for the percentage key and so on, so that he could faithfully reproduce his mathematical formulae. “The equations were pretty damned complicated,” he says.

Nobody at Cambridge knew enough about the subject to judge Kerr’s thesis so the university brought in an external examiner: Bill McCrea of Imperial College. “He failed me, citing 137 spelling mistakes,” says Kerr. “I was a very bad typist.” In the end, Kerr’s wife, Joyce, came to the rescue. “She had the advantage of being a typist and being able to spell!” It helped that Kerr had stripped out most of his equations and expanded his explanations. Though it doubled the size of his thesis, all was now well and Kerr duly received his doctorate.

During the summer of his third year at Cambridge, Kerr met German-American relativist Peter Bergmann who offered him a postdoctoral post at Syracuse University in New York. It was the biggest centre of research on relativity in the world and he jumped at the chance. In November 1958, he and Joyce set sail for New York on the USS United States. To the twenty-five-year-old, whose rise through the ranks of academia was meteoric, it seemed he was born lucky. But that was before he and his wife were x-rayed at the US Embassy in London as part of their application for a visa. The couple had known that Joyce was pregnant and had told the embassy. “But they were not careful enough,” says Kerr. The x-rays damaged the foetus, causing their daughter to be born microcephalic. Though Susan was a cheerful child, she was unlikely to see adulthood.b

At Syracuse, Kerr discovered that nobody apart from him was interested in the motion of particles in curved space-time. Instead, the research group was engaged in a major push to unify Einstein’s theory of gravity – the theory of the very large – with quantum theory – the theory of the very small. After six months, however, Kerr identified a fundamental flaw in the “Lagrange” method the group was using to “quantise” the gravitational field. “My advantage over the others in the field was that I was not stupid,” says Kerr. “What they were doing was tautological. It was doomed to failure, as I told Bergmann.”

Kerr saw little point in hanging around at Syracuse, and barely a year after arriving took up an unusual job that he was offered at an unusual location. Not to be outdone by the US Navy, the US Air Force had set up an institute to mimic the Naval Research Laboratory in Washington DC. Located at Wright-Patterson Air Force Base in Dayton, Ohio, it employed about 40,000 engineers and scientists. Relativist Josh Goldberg had somehow persuaded the Air Force Office of Scientific Research that relativity was vital to the survival of the West and should be given lavish funding. He invited Kerr to join the relativity group he had founded at the Aeronautical Research Laboratory. Kerr’s “dream job” involved not only fundamental research but also scrutinising ideas from inventors, which, coincidentally, had been Einstein’s job at the Swiss Patent Office in Bern half a century earlier.

During his time at Wright-Patterson, occasionally critiquing bizarre proposals for anti-gravity devices – usually involving massive flywheels spinning at high speed and made of gold or platinum – Kerr attended several scientific conferences. And a particularly significant one was organised by Infeld in Jablonna, a small town 20 kilometres from Warsaw in Poland, between 25 and 31 July 1962.

There had been surprisingly little exploration of the general theory of relativity since its inception by Einstein in 1915, principally because the great man himself had, unaccountably, abandoned his epic work. “I was very fortunate to know the great astrophysicist Subrahmanyan Chandrasekhar during his last years,” says Canadian physicist Lee Smolin. “And Chandra shocked me by speaking of a deep anger toward Einstein. He was upset that Einstein, after inventing general relativity, had abandoned this masterpiece, leaving it to others to struggle through it.”5 However, interest had been reignited in 1959 by an experiment carried out by Harvard physicists Robert Pound and Glen Rebka. Einstein’s theory predicts that time, as measured by a clock, is slowed by gravity. The up-and-down oscillation of a light wave acts exactly like the tick of a clock, which means that gravity causes light to oscillate more sluggishly. In an experimental tour de force, Pound and Rebka measured the slowing down – technically, the “gravitational red shift – of high-energy light, or gamma rays, as they climbed a 22.6-metre tower”.6 In doing so, they triumphantly confirmed Einstein’s prediction.

The Jablonna conference was attended by luminaries such as Paul Dirac and Richard Feynman, who had developed Dirac’s “path integral” way of carrying out calculations in quantum theory and would share the 1965 Nobel Prize in Physics for his work in “quantum electrodynamics”, or QED. Feynman, perhaps uncharitably, likened the conference to “a lot of worms trying to get out of a bottle by climbing over each other”, and left at the end, discouraged.7 But others did not share Feynman’s pessimism. The majority of relativists, including Kerr, were optimistic and had high hopes that, after half a century of lassitude, the study of general relativity was now not only on the cusp of moving again but that a breakthrough might be around the corner.

Making predictions with general relativity is formidably difficult because of the complexity of its mathematical machinery. Not only does the theory substitute Newton’s one formula describing gravity with ten but it recognises that all forms of energy exert gravity, not simply mass-energy – the most compact form of energy. Most seriously, the gravitational field itself contains energy. This means that gravity spawns more gravity, which spawns yet more gravity, and so on. Such “non-linear” behaviour cannot be handled by conventional mathematics. Yet it is critically important where gravity is strong such as in the vicinity of an extremely dense object like a black hole.

Because of the intractability of predicting how space-time behaves when gravity is powerful, the new generation of relativists had resorted to studying the warpage of space-time at a large distance from a mass, where gravity is weak and the “linear” tools of mathematics were up to the task. Their hope was that gravity’s behaviour in this “far-field” would hint at how it behaves when the field is strong. At such distances, the predictions of Newton’s theory of gravity were extremely good, and any departures caused by general relativity very small, so it was a long shot.

But, against the odds, the German-born mathematician Rainer “Ray” Sachs had discovered something intriguing while studying the gravitational far-field. Kerr had learnt about it back in England at one of the seminars he had often attended at King’s College London, where the relativity group was led by the Austrian-British physicist Hermann Bondi. Sachs imagined the light rays travelling outward from an object along geodesics – the shortest paths through curved space-time. If a screen were to be put in their path, an image of the object would be projected onto the screen. Sachs found that, if the curved space-time had the property that it did not squash the image or bend it or distort in any way – that it was, in the jargon, “shear-free” – then the ten equations describing the space-time were miraculously and dramatically reduced. In fact, two other mathematical physicists, Ivor Robinson from Britain and Andrzej Trautman from Poland, calculated that, in a particular special case, the number of equations was reduced to only three. Although everyone knew that the real space-time of the universe did not satisfy this shear-free condition in general, Sachs’s discovery was nevertheless tantalising.

Kerr flew from Warsaw back to the Wright-Patterson Air Force Base on a US military transport plane. And, shortly after, in July 1962, he attended another scientific meeting: this time a month-long gathering in Santa Barbara, California. It was there that he met Alfred Schild.

Originally from Istanbul, Turkey, Schild was a cheerful, wheeler-dealer physicist on a mission. He had recently persuaded the state government of Texas to fund four scientific institutes. One of them, the Centre for Relativity Theory at the University of Texas in Austin, was set up specifically to explore Einstein’s theory of gravity. For the following year, 1964, Schild had hired some big shots to join the faculty such as Sachs and the English mathematician Roger Penrose. He just needed some researchers to tide him over for 1963. He offered Kerr a one-year job. It was too good an opportunity to miss. Though still connected to Wright-Patterson, in August 1962, Kerr moved to Austin with Joyce and three-year-old Susan.

At the Jablonna conference, the Russian physicist Vitaly Ginzburg had said: “One must understand rotational effects in Einstein’s equations in order to finally test beyond any lingering doubt the correctness of this beautiful, though enigmatic, theory.” But understanding such effects was easier said than done.

“Einstein’s equations are so complicated,” says Kerr. “How the hell are you going to find an exact solution for a rotating body?” Kerr was hopeful, however, that Sachs’s shear-free condition might be the key. After all, in the Robinson-Trautman case, it reduced the number of equations describing gravity from ten to just three. “If there were two bodies in the space then the gravitational field was not shear free, so I knew putting the shear to zero might lead to nothing interesting,” says Kerr. “However, it would turn out there was gold in them there hills.”

Kerr, however, was not the only mathematician trying to find an exact solution to Einstein’s equations for a rotating body. So too was the American relativist Ezra “Ted” Newman. One day, Alan Thompson, a colleague from England, walked into Kerr’s Austin office brandishing a fresh preprint of a paper by Newman’s team. It demonstrated that no source of gravity in nature could produce a gravitational field that satisfied the shear-free condition. The road ahead, it seemed, was well and truly blocked.

Far from being depressed by the Newman paper, however, Kerr was energised. “When I saw the preprint, I was delighted,” he says. “I was sure it had to be wrong.” The paper had been around for months and its result was believed by most in the field. “I was happy to finally get hold of it so I could find their fuck-up,” says Kerr. “I was experienced in finding such errors, and, if I did not find them on the first flick through, I would go back to the beginning of the paper and investigate more thoroughly. My style is to look for the important bit, some place the argument turns to mud.”

Kerr’s intuition was right. There was indeed a mistake: “a rubbish equation.” Technically, Newman’s team had derived a version of a “Bianchi identity”, a relation that was well known to hold in general relativity. It should have agreed with something calculated earlier in the paper but it did not. “Crucially, it meant that everything that followed was bullshit, as I expected,” says Kerr. “The conclusion of the paper was wrong.” Newman’s roadblock was not a roadblock. The route ahead was open.

When Kerr applied the shear-free condition to Einstein’s theory, it did indeed reduce the number of equations from ten to three. But they remained too horrendously complicated to handle. More conditions were needed to simplify things further. And Kerr found them. “I first assumed that the space-time I was looking for was stationary – that is, it did not depend on time,” he says. “It simplified the equations but they were still intractable. So I assumed rotational symmetry – that the space-time should not depend on orientation around the spin axis.”

For the next couple of weeks Kerr hardly slept. Fuelled by coffee and seventy cigarettes a day, he was spurred on by the thought that he was doing something everyone thought impossible. A few years before, Frederick Reines and Clyde Cowan had sought and found the “neutrino” precisely because everyone, including Wolfgang Pauli, who postulated the existence of the elusive subatomic particle, said it was impossible.8 That was what Kerr was doing. Proving everyone wrong. Climbing Everest without oxygen. If there was one thing that characterised his work it was that he explored unconventional avenues and was often rewarded with success. “I have an Irish brain,” he liked to say. “I think differently to other people.”

To his delight, Kerr discovered that by insisting his three remaining equations were the same whether time was flowing forward or backward (time symmetry) and described the same thing even if rotated by an arbitrary amount about the spin-axis (axial symmetry), this drastically reduced and simplified them. It also reduced them to ordinary “differential equations”, which he was sure he could solve. “It took me only half an hour using my handbook of solutions to partial differential equations,” says Kerr. He was left with solutions that depended on four parameters. The final step was to look for one among these that, at great distances from a spinning mass, described normal gravity-free “flat” space. Miraculously, he found it. Staring back at him from a page of his arcane scribblings was the Holy Grail: the description of the space-time around a spinning black hole. Something that would have amazed Karl Schwarzschild and Albert Einstein.

Kerr could see immediately from his solution that, if the black hole were not spinning, the space-time would morph into that of the non-spinning Schwarzschild solution. His solution passed its first test. At the time, Kerr did not know whether his solution was unique. That would be proved only in the years to come.

Later, in his smoke-filled office (he would give up smoking shortly after) and watched closely by his friend, Alfred Schild, Kerr proved beyond any lingering doubt that the space-time of his solution was indeed rotating. He knew how to demonstrate this with his eyes shut because the subject of his Cambridge PhD thesis had been masses spinning in space-time. “It was easy,” says Kerr. “But then most everything is easy if you know what you are doing!” Schild was euphoric at Kerr’s triumph. “The university should have lit up the Tower!” he said, referring to the twenty-seven-storey skyscraper in the middle of the Austin campus that was illuminated with orange lights whenever the University of Texas won a football game.c

The most remarkable thing about Kerr’s solution was that the description of the warped space-time around a spinning black hole depends on only two numbers: the mass and spin rate of the black hole. Incredibly, when gravity crushes a star at the end of its life, all bumps and lumps, every last detail, vanishes. What is left is no more complicated than an elementary particle. “A big misconception is that a black hole is made of matter that has just been compacted to a very small size,” the American physicist Kip Thorne would one day say. “That’s not true. A black hole is made only from warped space and time.”9

Back at Wright-Patterson Air Force Base, Kerr wrote up a one-and-a-half-page paper on his result, which he submitted for publication on 26 July 1963. It was accepted right away and published in Physical Review Letters on 1 September.10,11 The University of Texas immediately offered Kerr a permanent position as an associate professor, bypassing the normal untenured route via the role of assistant professor.

The implications of Kerr’s discovery were profound. It had long been suspected that the rotation of a star would prevent the formation of a black hole and the monstrosity of a singularity. Common sense, after all, says that as a spinning body star shrinks under gravity, it spins ever faster, much like an ice skater who pulls her arms in closer to her body.d The smaller the star shrinks, the faster it spins and the greater the centrifugal force opposing gravity. Eventually, before a black hole can form, this might be expected to halt the collapse.e

But Einstein’s theory of gravity defies common sense. A watertight general relativistic explanation of why rotation does not stop the formation of a black hole is complex. However, some insight can be obtained by remembering that all forms of energy have gravity. So, although it is perfectly true that, as a star becomes very tiny, the outward centrifugal force overcomes the inward force of gravity from the mass of the star, the mass of the star is not the only source of gravity. There is the rotational energy of the star to consider as well. And, as the star becomes very tiny, the inward force from the combined gravity of its mass-energy and its rotational energy overcomes the centrifugal force. The star is crushed, after all, down to a singularity.f

*

A black hole is imagined as cloaked by an “event horizon”, a fictional membrane that marks the point of no return for in-falling light and matter. In 1939, the American physicists Robert Oppenheimer and his student Hartland Snyder analysed the catastrophic gravitational collapse of a star to form a non-spinning Schwarzschild black hole.12 They found that, as the star shrinks and the valley of space-time around it becomes ever steeper, so too do the distortions of time seen by someone watching the collapse from afar. Specifically, time appears to run slower and slower, and, as the star approaches the formation of an event horizon, it is maximally distorted. Although the surface of the shrinking star passes swiftly through the horizon and heads on down to the singularity, from the point of view of the outside observer the event horizon takes an infinite time to form. All the while, light from the star finds it harder and harder to climb out of the deep well of space-time. Long before the horizon forms, therefore, the star disappears from view, the light carrying a picture of its surface having lost so much energy climbing out of the deep well of space-time that it is “red-shifted” to energies beyond those visible with the naked eye.

If you could hover just outside the horizon of a black hole, time would flow so slowly that, in principle, you could look outwards and see the entire future history of the universe flash past your eyes like a movie in fast-forward. And if you were unlucky enough to fall towards a black hole, time would be distorted in exactly the same way as the collapse of the star that made the black hole. Although it would appear to take only a finite time for you to reach and pass through the event horizon, to an observer outside the black hole it would appear to take forever. Not only that but light carrying a picture of you would be red-shifted out of the visible spectrum. In the words of the English cosmologist Stephen Hawking: “In space no one can hear you scream; and in a black hole, no one can see you disappear.”13 The distortion of time would continue to affect you even after you crossed the event horizon. According to Thorne: “When you fall into a black hole, everything that falls in after you over millions of years, as seen by you inside the black hole, comes pounding down on you in a fraction of a second, because of the enormous differences of time flow.”

For a Schwarzschild black hole, once the event horizon is crossed, space and time become so distorted that they effectively swap places. Space becomes time and time becomes space. Because of this effect, the singularity no longer exists ahead across a gulf of space but a gulf of time. Ultimately, this is the reason the singularity of a non-spinning black hole is inescapable. It can no more be avoided than you can avoid the Sun rising tomorrow.

Kerr’s spinning black hole, however, differs from Schwarzschild’s non-spinning one in profound ways. Whereas the event horizon of a Schwarzschild black hole is spherical like the surface of a soccer ball, a Kerr black hole bulges outwards like the Earth’s equator, or a man with middle-aged spread. And the faster the space-time is spinning, the more it bulges.

But this is not the only difference between a spinning and a non-spinning black hole. As mentioned, the space-time near a Kerr black hole is so grossly warped that space and time effectively change places, with the direction of time pointing parallel to the event horizon and in the sense in which it is spinning. Since any object can move only forwards in time and never backwards, this has a remarkable consequence. It means that any body that ventures close to the event horizon has no choice but to rotate with the black hole. It is as if space-time is actually stuck to the hole and the body is inescapably snared in its net. This phenomenon was first predicted theoretically by German physicists Josef Lense and Hans Thirring in 1918.14 Such “frame-dragging” – by the Earth as it rotates on its axis – was later detected by its effect on “gyroscopes” onboard NASA’s Gravity Probe B, launched into orbit in 2004.

The point at which a body venturing close to a spinning black hole is caught in the tornado of space-time and can no longer remain stationary with respect to the fixed stars is known as the “static limit”. In a sense, then, a Kerr black hole has two horizons, one within the other, like Russian dolls: the static limit and, inside it, the event horizon. Both bulge outwards at the equator. The difference between them is that, whereas the event horizon is a one-way membrane, the static limit can be crossed by a body which can later recross it and escape to infinity. This has important implications for the extraction of energy from the black hole. And this is reflected in the name for the region between the event horizon and the static limit: the “ergosphere”.

It turns out that the enormous rotational energy of a spinning black hole is stored not only in the massive flywheel of the black hole itself but also in the tornado-like ergosphere. And, although the rotational energy of the black hole is locked inside forever, crucially, this is not true of the rotational energy of the ergosphere. In 1969, Roger Penrose proposed a scheme by which such energy might be extracted.15 It relies on a counterintuitive fact that is impossible to visualise but emerges from the arcane mathematics of general relativity: there is a portion of the ergosphere where any body entering acquires a negative energy. In the “Penrose process”, a mass falls through the static limit and, in the negative energy region, disintegrates into two, perhaps by means of an internal explosion. Incredibly, it is possible for one fragment with negative energy to fall through the event horizon of the black hole and for the other to escape through the static limit with more energy than the original mass.

The cost of the energy extracted from the ergosphere is paid for by the black hole whose spin is marginally slowed. But, although the Penrose process provides a means of tapping the enormous rotational energy of a black hole, it is very inefficient. The most that can be extracted in this way is only about 20 per cent of the black hole’s energy.

The event horizon of a Kerr black hole, just like that of a non-spinning black hole, is a one-way membrane. But, unlike the Schwarzschild case, space and time effectively change places when falling through static limit. Then, on crossing the event horizon, they change places again, flipping back to normal. Once this boundary is crossed, there is no possibility of escape from the black hole. Ahead lies the monstrous singularity at the heart of the hole. But, in the case of a rotating black hole, spin, or “angular momentum”, prevents collapse all the way to the centre. So unlike the point of infinite density at the heart of a Schwarzschild black hole, the singularity at the heart of a Kerr black hole is a ring.

*

Once Kerr found his mathematical expression for the shape of the space-time around a spinning black hole, he needed to announce it to the world. A big conference in Texas provided a golden opportunity.

The idea for the conference had arisen around a swimming pool in Dallas on the long 4 July weekend of 1963.16 Engelbert Schücking, a relativist at the newly founded Southwest Center for Advanced Studies, later to become the University of Texas at Dallas, had some friends over for lunch. They included Ivor Robinson, a colleague at the Southwest Center; Larry Marshall, Southwest’s top scientific officer; and Brenda Biram, a university friend of Schücking’s who had arrived by bus from Chicago the day before. Schild spent the afternoon in the pool teaching Biram to swim while Schücking, Robinson and Marshall sat around the pool sipping martinis and fanning themselves in the heat. They were moaning about how boring it was in Dallas in summer when Marshall said: “Why not organise a little conference on some interesting topic. It’ll bring some new people into the area. Give a little spice to life?”

Schücking and Robinson were enthusiastic about the idea. At first, the plan was for a relatively modest affair with only a couple of dozen participants. But over the following days, the plan grew. “This is Texas,” was the consensus. “We should do it big.” But who would want to come all the way to the Lone Star State? For a while this was a major stumbling block. Then Schücking and his friends had an idea. Why not tie the conference to the discovery of “quasars”? In March 1963, the Dutch-American astronomer Maarten Schmidt at the California Institute of Technology had discovered that mysterious star-like objects first detected by radio telescopes were at mind-boggling distances. To appear as bright as they did, they must be pumping out as much as 100 times the energy of a normal galaxy. Nobody had the slightest idea what they were, and the astronomical community was abuzz with excitement.

By hitching the conference to the discovery of quasars, they would capitalise on this interest. It was a stroke of genius. It also meant that they could invite astronomers in addition to relativists. And there were many more of them. Suddenly, they were no longer talking about a small conference with a few dozen relativists but a potentially huge conference with several hundred astronomers as well.

The conference needed a name: something that would attract as many participants as possible. There was a vague suspicion that quasars might have something to do with relativity. Schücking and his friends therefore invented an imaginary discipline that combined relativity and astronomy. “Relativistic astrophysics” was a science with, as yet, no subject. But it sounded impressive.

The First Texas Symposium on Relativistic Astrophysics was scheduled to be held in Dallas between 16 and 18 December 1963. The date was chosen because it was at the time of a full Moon, when optical astronomers, unable to photograph the faintest celestial bodies, were thought to be more sociable. The organisers got funding from the government of Texas and from the central government in Washington DC. They invited the dean of US science writers, Water Sullivan of the New York Times. Biram, a writer and poet who was assistant to the director of the University of Chicago Press, would arrange the publication of the conference proceedings.

All arrangements were made and everything was set to go. But, just twenty-four days before the start date of the conference, there occurred in Dallas one of the most shocking events of the twentieth century. At 12.30 p.m. on Friday 22 November 1963, President John F. Kennedy was shot dead while riding in a motorcade that was passing the Texas School Book Depository at Dealey Plaza. In the aftermath, many people urged the organisers to cancel the conference. Some participants even said they were afraid to come to Dallas. But, after much deliberation, the organisers decided to go ahead. They called in the help of the mayor of Dallas. Earle Cabell sent a telegram to each participant reassuring them that it was safe to come and that they would not suffer Kennedy’s fate.

*

Although Kerr’s result was deemed very important, incredibly, he was not invited to speak at the Dallas conference. Instead, Schücking asked Penrose, who was considered to be a better speaker, to present Kerr’s result. But Joan Penrose, his wife at the time, told Joyce Kerr. And, when Joyce told her husband, not surprisingly, he was livid. “There was no way in hell I was going to sit in an audience and listen to someone else present the fruit of my labours,” says Kerr. There was history here. The day after Kerr had found his black hole solution, he had gone to Penrose’s office, only to find it crowded with fifteen people, standing and sitting on desks while Penrose described Kerr’s solution. “Roger was so excited by my proof, he forgot to mention me!” says Kerr. “I said: ‘What the hell are you doing?’”

Schücking, realising his “inexcusable error”, immediately corrected it. Kerr was given a fifteen-minute slot. He drove the 315 kilometres from Austin to Dallas and stayed with his friend Ivor Robinson. The conference was held at a big hotel. But, when Kerr came to give his talk, “Gravitational collapse and rotation”, he did not get the reaction he hoped for. “A hell of a lot of people were not listening,” he says. “Some astronomers were reading newspapers, others were talking among themselves or even snoozing. Although the relativists knew this was the greatest thing since sliced bread, the astronomers thought relativity was rubbish and had nothing whatsoever to do with the real world.”

Despite the audience’s behaviour, Kerr ploughed on with his presentation, trying his best to ignore the monumental indifference of the astronomers. “There had been nothing in general relativity worth a damn for fifty years,” he says. “No interesting physical solution until mine.” The Kerr solution was a rare and miraculous glimpse of the universe in the limit when gravity was strong. And, incredibly, hardly anyone seemed to realise it.

It was not only Kerr who was frustrated by the audience’s lack of reaction. The Greek relativist, Achilles Papapetrou, was so exasperated that the moment Kerr finished, he jumped to his feet and berated the audience. “We’ve been searching for this result for forty years. Don’t you realise what Roy has done?”

But Papapetrou did not know the half of it. The conference had been convened, after all, to figure out what was powering quasars. Nobody, including Papapetrou, had any idea that Kerr’s fifteen-minute presentation contained the answer. “We were there to give the astronomers a chance,” says Kerr. “I gave them the answer. Spinning black holes. But nobody guessed.”

Kerr’s solution was an immense achievement. Arguably, it would turn out to be the most important solution to any equation in physics. Kerr had done what some of the greatest minds, including Einstein, had tried and failed to do. Until Kerr, it had always been possible to say that the black hole described by Schwarzschild was unrealistic because it was stationary and every object in the universe was rotating. But Kerr demonstrated that, even with rotation, a horizon would form. Black holes seemed inevitable.

The most general space-times that satisfied Kerr’s symmetry conditions were found later by Kerr and Schild. But all the other solutions sky-rocketed to infinity along an infinitely long line rather than at a localised singularity. It was impossible to tell whether their space-time was rotating or even whether they had any physical significance. Oddly, of the three men associated with the solutions to Einstein’s equations for non-spinning and spinning black holes, one had a name which meant “black shield” and two had names which were spookily similar: Schwarzschild and Schild.

Schild and Kerr wrote a paper on their general solutions, including Kerr’s for a rotating black hole. In doing this, Schild provided an enormous service to Kerr, whose biggest problem was that he fizzed with so many ideas that he rarely stopped to write up his discoveries, opening himself up to not getting credit for his work or even having his work ripped off.

There remained the fact that no known astronomical body was perfectly spherical. It had lumps and bumps on its surface. Maybe these would cause a body that was shrinking catastrophically under its own gravity to collapse unevenly so that its matter was never compressed into a single, dimensionless point. But that possibility was swept away by the “singularity theorems” derived by Penrose and Hawking between 1965 and 1970. In Einstein’s theory of gravity, they concluded, a point of infinite density was unavoidable.g As a star shrank, any surface irregularities would be radiated away as “gravitational waves”.

The breakthroughs of Penrose, Hawking and Kerr appeared to remove the final obstacle to accepting that black holes were inescapable. Nevertheless, there remained the possibility that Kerr’s solution, though mathematically possible, might not be implemented by nature in the real universe. And, even if it was implemented, black holes might be impossible to detect. After all, would they not be very small and very black against the black of space? That had definitely been the view of Oppenheimer and other scientists who had considered the subject in the past half a century. Certainly, nobody looking through a telescope had actually found a black hole. That, however, was about to change. Enter two young astronomers by the names of Paul Murdin and Louise Webster.

a This chapter is based on an interview with Roy Kerr.

b Sadly, Susan died at the age of seven.

c On 1 August 1966, student and ex-Marine Charles Whitman, having shot his wife and mother, took a supply of guns to the observation deck of the Tower and, in the next ninety-six minutes, killed fourteen people and wounded thirty-one others. The third person shot dead by the sniper was Robert Hamilton Boyer, a thirty-three-year-old gifted relativist, who had been in town for less than twenty-four hours, visiting friends, and was on his way back to take up a maths teaching post at the University of Liverpool, where his wife and children were waiting for him. He was leaving the US because he was fearful of American gun culture. An autopsy on Whitman later found a small tumour on his brain, though it is unclear whether it explained his killing spree.

d The fastest-spinning neutron star spins at 716 times a second.

e Classically, centrifugal force ~ mv2/r. But, since angular momentum is conserved, mrv is a constant, so v ~ 1/r, and centrifugal force ~ 1/r3. Given that the gravitational force opposing this ~ 1/r2, it is clear that when r is small, the centrifugal force overwhelms the gravitational force.

f The rotational energy of a mass m is IΩ2 and its effective mass is IΩ2/c2, where I is its moment of inertia and Ω is its angular velocity. Its gravitational force is therefore ~G(IΩ2/c2)/r2. Since I ~mr2 and Ω ~ v/r ~1/r2, the force ~1/r4, which when r is small overwhelms the ~1/r3 centrifugal force.

g In December 2023, Kerr submitted a paper claiming that Penrose and Hawking had not in fact proved the existence of singularities in black holes: “Do black holes have singularities?” by Roy Kerr (5 December 2023; https://arxiv.org/pdf/2312.00841.pdf). The general relativity community is still digesting this.
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HOLE IN THE SKY

How in 1971 astronomers found that a source of x-rays in the constellation of Cygnus coincided with a star orbiting nothing, and deduced it must be a black hole.


 

 

 

“The thing about a black hole – its main distinguishing feature – is it’s black. And the thing about space, the colour of space, your basic space colour – is it’s black. So how are you supposed to see them?”

Doug Naylor1

“‘I think I’ll call you Cygnus,’ Chelsea said.‘The swan?’ I said. A bit precious, but it could have been worse. She shook her head. ‘Black hole. Cygnus X-1.’”

Peter Watts2


HERSTMONCEUX CASTLE, SUSSEX, EARLY OCTOBER 1971

There was something terribly wrong with the blue supergiant star.a It seemed to be orbiting a body that was not there. Two astronomers sat at a desk in an octagonal turret room of a fifteenth-century English castle and surveyed their observations. Paul Murdin and Louise Webster had shared an office at Herstmonceux Castle since the summer when Murdin had returned from a seven-year stint in the US. It was a large room, entered through a wooden door so low that Webster, who was taller, had to duck to get through. When the castle had been built, the room had possessed only vertical slits, but later a larger window had been added. Through it, could be seen the moat surrounding the picturesque castle and, beyond that, pastures dotted with grazing geese. On the wall next to the window, previous occupants of the octagonal turret room had recorded the date the swifts returned to the castle each year.3

As a graduate student, and later a postdoctoral student, in the US, Murdin had thought a lot about the central problem of astronomy: how do you find an interesting object to study? As Douglas Adams, the British humourist, has written: “Space is big. You just won’t believe how vastly, hugely, mind-bogglingly big it is. I mean, you may think it’s a long way down the road to the chemist’s, but that’s just peanuts to space.”4 The observable universe contains about 2 trillion galaxies, many of which contain hundreds of billions of suns. Finding an interesting star is tantamount to finding an interesting sand grain on a beach.

After frequent discussions with the other graduate students at the University of Rochester in New York State, Murdin concluded that the best bet would be to study celestial bodies that emit x-rays. Such high-energy light is given out only by matter heated to hundreds of thousands, or even millions, of degrees. Any celestial object that emits x-rays, Murdin reasoned, would most likely be extraordinary. It would be “waving a flag saying ‘Look at me! I’m interesting!’,” he says.

The Earth’s atmosphere, fortunately for the human race, screens out cosmic x-rays. However, in the late 1950s and early 1960s, the Italian-American physicist Riccardo Giacconi launched the first crude x-ray telescope on “sounding rockets” that climbed above most of the atmosphere and afforded a brief glimpse of the x-ray universe before falling back down to Earth. Giacconi discovered several cosmic sources. Among them was Cygnus X-1, spotted in 1964, one of the brightest x-ray sources in the sky.

Unfortunately, early x-ray telescopes were crude and unable to pin down the precise location of any source. All that could be said about Cygnus X-1 was that it was located somewhere in Cygnus the Swan. The constellation covered a large area of the sky, however, which meant that finding a star associated with the mysterious x-ray source seemed hopeless. But by 1970 x-ray telescopes had improved and the “box” showing the probable location of Cygnus X-1 had shrunk. Murdin noticed that it contained one star that was intrinsically much more luminous than anything else: a blue “supergiant” 6,000 light years away and known as HDE 226868.b HDE stands for “Henry Draper Extension”, a catalogue of stars compiled between 1925 and 1936 by a small army of women astronomers at Harvard University and named after and paid for by the widow of an American doctor and amateur astronomer.

By the time Murdin returned to England – to take up yet another short-term post at Herstmonceux – the first satellite carrying an x-ray telescope was circling the Earth. Launched by NASA on 12 December 1970, “Uhuru” discovered more than 300 cosmic sources of x-rays. Murdin obtained a preprint of the Uhuru catalogue and noticed that the box pinning down Cygnus X-1’s location had shrunk to only about a third of the apparent diameter of the full Moon. Most significantly, it still contained HDE 226868.

Not for a moment did Murdin think that the blue supergiant was the source of the mysterious x-rays. Although such a star might have a surface temperature as high as 50,000 degrees – ten times greater than that of the Sun – this was nowhere near hot enough to create such high-energy light. However, if matter from one star swirled down onto a compact, super-dense companion, pretty much like water down a plug hole, internal friction in such an “accretion disc” would make it so hot that it blazed with x-rays. The key question, therefore, was: did HDE 226868 have such a companion?

The way to determine whether a star has a companion is to study its spectrum – how its brightness varies with the frequency, or colour, of its light. The frequency is like the pitch of a sound. It gets higher when a star is moving towards the Earth and lower when it is moving away. The phenomenon, a direct analogue of a police siren sounding shriller as it approaches and deeper as it recedes, is known as the “Doppler effect”. Fortunately for us, nature has given each type of atom a fingerprint: a characteristic set of frequencies at which it gives out light. To detect the motion of a star along the line of sight, it is necessary only to identify one such spectral feature in the star’s spectrum and see whether it is shifted from the frequency it would have in a laboratory on Earth. If the blue supergiant varied its speed in a distinctive way – approaching the Earth before later receding from it – it would be a sure sign it was orbiting another star.

Murdin’s good fortune was to be sharing an office with Webster. An Australian a year older than Murdin, who was twenty-nine, she had developed an interest in science from her father, who was a professor of physics at the University of Queensland. The only woman among twenty students in her undergraduate physics class at the University of Adelaide, she had gone on to study for a PhD at the Mount Stromlo Observatory, near Canberra. Like Murdin, she had spent time in the US – in her case, at the University of Wisconsin. At the Royal Greenwich Observatory, Webster was working with the director, Richard Woolley, on a project to study how the stars in our Milky Way galaxy are flying through space. It involved measuring their spectra with a super-precise “spectrometer”, strapped to the back of Herstmonceux’s 100-inch Isaac Newton Telescope. All Murdin needed to do in order to find out whether HDE 226868 was orbiting another star was to write its celestial coordinates on a filing card and hand it to Webster. This he did in August 1971.

Absurdly, the giant Isaac Newton Telescope had been sited at Herstmonceux, in East Sussex, a location plagued by cloud, fog and rain. (In 1979, at a cost greater than that of its construction, it would be moved to the Roque de los Muchachos Observatory on La Palma in the Canary Islands.) But this, it turned out, was another piece of good fortune for Murdin. The world’s best observatories are often at high-altitude, dry sites where the “seeing” is excellent. Astronomers therefore use them primarily for imaging the faintest and most distant objects in the universe. With the Isaac Newton, on the other hand, there was no choice but to concentrate on brighter objects, which could be picked out even under a murky sky. HDE 226868, a relatively bright star, was perfect for the telescope.

Over a number of days, Webster took a total of six spectra of HDE 226868. But, much to Murdin’s disappointment, only one showed any sign of motion. At this stage, he was prepared to give up. But, since he was not the one doing the actual leg work, he decided to leave the filing card where it was. The blue supergiant star stayed in Webster’s observing program and she took another series of spectra. This time, to Murdin’s amazement, the spectra revealed motion. The blue supergiant was, after all, orbiting another star: once every 5.6 days.

When Murdin deduced the orbit with a mechanical calculating machine, it became clear why Webster’s first set of spectra showed little sign of motion. The Doppler shift reveals only the component of a star’s motion towards and away from the Earth. But, by a piece of bad luck, five of the first set of spectra had been taken when HDE 226868 was travelling across the line of sight and so barely moving towards or away from us.

However, Murdin had also had a piece of good luck. The sixth spectrum in Webster’s first set – the one that hinted at motion and that had caused Murdin not to bin his filing card – turned out to be erroneous. There was a fault with the instrument, which Murdin would never manage to identify. Without the screw-up, Murdin would certainly have abandoned his search for a companion of HDE 226868. On such accidents of fate great scientific discoveries can turn. And that would prove to be the case here.

The question was: what was the blue supergiant circling every 5.6 days? Photographic plates revealed nothing but the infinite blackness of space.

Murdin and Webster spread their data out before them on their desk. They focused on the mass of the unseen companion. Having obtained multiple spectra of HDE 226868, they knew that it was an extremely young, hot, luminous star, pumping out about 400,000 times as much light as the Sun. In 1971, the average mass of such an “O-type blue supergiant” was believed to be about twenty solar masses. Using this mass and the orbital period of 5.6 days, it was possible to use Newton’s law of gravity to deduce the mass of the invisible companion. But there was a caveat. Because the orbit of HDE 226868 was projected onto the two-dimensional sky, and its true orientation in three-dimensional space was unknown, it was impossible to deduce the exact mass. The best that could be done was to say that the companion was bigger than a certain “minimum mass”.

The two astronomers divided up the calculations. Murdin went off to the Herstmonceux library. The mathematical formula for inferring the mass of the unseen companion was complicated and he wanted to make sure he had remembered it correctly. When he returned, the pair had everything they needed. Their meeting had lasted only an hour. But they were now certain of their conclusion. The only way the invisible companion star could be whirling the blue supergiant around so fast was if it was at least four times as massive as the Sun, and probably six times as big.

To be invisible, it had to be very faint and very small. But, in 1971, the only compact stellar objects known were “white dwarfs” and “neutron stars”, the latter having been discovered in the guise of “pulsars” only four years earlier by Cambridge graduate student Jocelyn Bell. Physics constrained both types of body to weigh less than a couple of solar masses. That left only one type of theoretical object as a candidate for the invisible star. Webster and Murdin exchanged glances. She was calm and unflappable, as always, while he could hardly contain his excitement. The object they were both thinking of was an entity that had been imagined more than half a century ago by Karl Schwarzschild. It could only be a black hole.

The x-rays in Cygnus X-1 must be coming from matter torn off the blue supergiant star and heated to incandescence by internal friction as it swirled down through an accretion disk onto a black hole. If the two astronomers were right, they had made a truly momentous discovery. “Black holes had been a theoretical solution looking for a problem,” says Murdin. “Now, it seemed, they were real objects in the real universe. Incredibly, they might actually exist!”

RICHMOND HILL, ONTARIO, 
CANADA, 23 NOVEMBER 1971

Tom Bolton took the delicate stellar spectra he had been examining through a microscope, stowed them in a drawer of a wooden cabinet and put on his fur-lined parka. As he emerged from the main door of the observatory’s triple-domed administration building, the night chill hit him squarely in the face and he shivered and pulled up his collar as far as it would go. His car was in the lot at the foot of the hill. But, before heading down the path to it, he stood for a while on the threshold, his breath freezing, his eyes adapting to the dark, transfixed by how the giant copper dome of the 74-inch telescope almost a 100 metres away was glowing eerily in the light of the thin crescent Moon.

When construction had been completed in 1935, the 74-inch telescope of the David Dunlop Observatory at Richmond Hill had been the second biggest telescope in the world, just a whisker bigger than the 72-inch Parsonstown “Leviathan”, built by the 7th Earl of Rosse in a bog in the centre of Ireland, and surpassed only by the 100-inch Hooker Telescope on Mount Wilson north of Los Angeles. It was the principal reason the twenty-seven-year-old Bolton had decided to take up a postdoctoral post at the University of Toronto after completing his PhD at the University of Michigan in Ann Arbor just over a year ago.

Usually, astronomers have to share national telescope facilities, which means they often receive only a few days at a time for their observing projects. But an astronomer on the faculty of the University of Toronto had priority use of the 74-inch. Bolton’s PhD at the University of Michigan had involved measuring the spectra of stars, from which it was possible to deduce all kinds of critical information such as their surface temperatures and elemental composition. Unlimited time on the 74-inch would enable him to extend his work by monitoring changes in the spectra of stars over the long term.

Bolton, however, was interested in all aspects of astronomy. And, like many other astronomers, he was excited by the launch of the “Uhuru” space telescope, which had added hundreds of mysterious faint x-ray sources to the handful of bright ones known since the early 1960s. In August 1971, he happened to notice a paper in which two radio astronomers in Holland reported finding a source of radio waves that fluctuated in perfect step with the x-rays that Uhuru detected coming from a bright x-ray source known as Cygnus X-1.5 The correlation implied that the x-rays and radio waves came from a single source, and, crucially, the radio astronomers pinned down its rough location. Caught in the crosshairs, Bolton noticed, was an ultra-luminous star called HDE 226868. Murdin had spotted the exact same paper. In fact, it had served to bolster his belief that the blue supergiant was in some way associated with Cygnus X-1.

Bolton, like Murdin, was well aware that normal stars are not hot enough to generate intense x-rays. The only possibility was that HDE 226868 had a compact companion and that matter, superheated as it swirled down onto it, was emitting the x-rays. The most obvious candidate was a white dwarf or a neutron star. Bolton was intrigued. In mid-September 1971, just a month after Webster began taking the spectrum of HDE 226868 with the 100-inch at Herstmonceux, Bolton started monitoring the supergiant with the 74-inch at Richmond Hill. Just as Murdin had, he hoped that Doppler shifts in its spectral lines would reveal that it was orbiting a companion. His suspicion was quickly confirmed. By the end of November, he had discovered that, once every 5.6 days, the blue supergiant was whirling around an object that was utterly invisible.

A long train trundled noisily by on the nearby Canadian Northern Ontario railway line as Bolton made his way in the dark down the winding path to his car.c Its lights were piercingly bright in the night but, thankfully, such trains only occasionally spoilt observations of the heavens. The real problem which Bolton, unfortunately, had not appreciated when he had taken up his postdoctoral post, and which, frankly, was beginning to depress him, was “light pollution” from the urban sprawl encroaching on the 77-hectare observatory site. The administration building, essentially used now only for the weekly meeting of the astronomy department, already had the air of a half-abandoned office block. And the university had chosen to install a new 60-centimetre telescope not at Richmond Hill but at the newly established University of Toronto Southern Observatory under the ultra-dark site of Las Campanas, 2,500 metres up in the Chilean Andes.d

Bolton turned the ignition key and the car burst into life. As he steered his Chevy Malibu off the observatory site and onto the main road for the twenty-minute drive back to Toronto, his thoughts turned to the invisible companion of HDE 226868. Even a cursory calculation revealed it had a minimum mass rather high for a white dwarf or a neutron star. The thought struck him: could it be a black hole? No, that was utterly ridiculous. But, as the lights of downtown Toronto grew steadily brighter, he found he could not get the thought out of his head.

It would be an extraordinary claim to assert that the companion of the blue supergiant was a black hole. And extraordinary claims, as everyone knows, require extraordinary proof. If Bolton were right, it would make his career. However, if he was wrong, it could break it. The only sensible thing, he decided, was to proceed with the utmost caution. To firm up his suspicion, he needed to take more data. He decided to keep monitoring HDE 226868 for the next few months. There was no hurry. After all, he had all the time in the world.

Or so he thought.

LONDON, 17 NOVEMBER 1971

The instant the 11.23 a.m. train from Hastings squealed to a halt at London’s Charing Cross station, Paul Murdin reached through the wound-down window and unfastened the lock of the door. Weaving past passengers spilling out of other carriages, he hurried along the platform to the ticket barrier, then sped across the concourse, still crowded, though it was long after rush hour, and exited the station onto the Strand. As he headed east towards the Royal Courts of Justice on Fleet Street, he passed the Savoy Hotel and Coal Hole pub – which was fitting considering that in the briefcase Murdin was carrying was the proof of another, even blacker, kind of black hole.

Murdin had been so excited after the meeting with Louise Webster in the octagonal turret room at Herstmonceux Castle that he had found it impossible to settle. Webster, as reserved and unperturbable as ever, continued to work at her desk, immune to distraction. Murdin paced up and down the turret room, thinking through the logic of the conclusion they had come to, checking and rechecking each step in his mind. Later, the pair sat down and wrote a short paper together. “It is inevitable,” they concluded their 500-word missive, “that we should speculate that the companion is a black hole.”

Now all they needed was to get the paper into print. But that was easier said than done. Until a few years before, the Royal Greenwich Observatory had been run by the Royal Navy. Public perception was therefore extremely important. Director Richard Woolley was wary of publishing anything speculative or controversial, which might open up the Navy to derision and ridicule if it was later proved to be wrong and had to be retracted. It did not help that Woolley had been the student of Arthur Eddington, who had not believed in black holes and was involved in the famously acrimonious dispute with Subrahmanyan Chandrasekhar, who had demonstrated that no known force could stop the runaway gravitational collapse of a massive star. According to Murdin, Woolley thought black holes some sort of “new-age-ish” magic. “He even asked me why, exactly, I believed Cygnus X-1 contained a black box.”

However, the spectral observations of HDE 226868 with the 100-inch were convincing. All indications were that the blue supergiant star was orbiting something invisible and abnormally massive. The only conceivable celestial body that fit the bill was a black hole. Nevertheless, Woolley vacillated, discussing the matter with senior members of the Royal Greenwich Observatory, who suggested redrafting the paper to play down the black hole speculation. Murdin and Webster continued to argue that their paper was important and, eventually, they succeeded in convincing Woolley. They got the green light to submit their paper to the most prestigious British scientific journal: Nature.

The obvious thing was to post the paper to the international science journal. But what if it got lost in the mail? Even if it did get to Nature’s London office without a hitch, they would lose a day or so while it was in transit. And, for all Murdin knew, there might be someone else out there who had come to the same conclusion about Cygnus X-1 and who would beat them into print.

A lot was at stake. Murdin had a wife and two young boys, aged three and seven, to support, and as yet no permanent position with a regular salary. Finding the first black hole in history was a big deal. It was his chance to make his name in astronomy. It was his one shot and he could not afford to mess it up. He decided that the paper must be stamped with the earliest possible “received by” date. And there was only one way to do that: deliver it in person.

Murdin got a big shock on the drive to Hastings railway station when he caught the tail end of a news item on the car radio. He could not be 100 per cent certain of what he heard. But it seemed to be something about “a very energetic event in the stars”. “Oh no!” he thought. “Someone else has got our fantastic result!” The possibility that he and Webster had been scooped nagged at him for the entire hour-and-a-half train journey to London Charing Cross.

The Royal Courts of Justice appeared ahead on the far side of the road as he passed King’s College and then the entrance to Aldwych tube station. Opposite the church of St Clement Danes, he turned left off into Milford Street. A little way down, on the left, was Little Essex Street, where, in a faceless 1930s building, were the offices of Macmillan, which published Nature.

John Maddox, the editor, was holding court in his smoke-filled office on the first floor. Among the typewriters, Murdin found the journal’s physical sciences editor, retrieved from his briefcase the paper entitled “Cygnus X-1 – a Spectroscopic Binary with a Heavy Companion?” and watched with relief as it received the date-stamp: “17 November 1971”. Murdin was more than satisfied when he left the office. And, later, he discovered, to his enormous relief, that the “energetic event” he had half-caught on the radio was nothing whatsoever to do with Cygnus X-1, but was instead a storm on Mars.

SAN JUAN, PUERTO RICO, 
10 DECEMBER 1971

Tom Bolton was perspiring. He was perspiring not only because it was 31 degrees today in San Juan, whereas it had been freezing in the Toronto he had left barely thirty-six hours earlier, but because of the last-minute stress. A mere five minutes before walking to the lectern to deliver his talk, he had been sitting at the back of the crowded conference room, revising his paper on the fly, trying to get the latest data on HD 226868 onto the diagram on his overhead projector slide.

His presentation lasted fifteen minutes. At no point did he explicitly claim that he had discovered the first-ever black hole. However, none of those attending the 136th meeting of the American Astronomical Society could have been left in any doubt that the invisible object lurking in Cygnus X-1 could be a black hole.

After fielding a few questions, he gathered his notes and slides. It was then that an astronomer friend came up, proffering a preprint and saying: “Have you seen this?” Bolton squinted at it. It was from the British science journal Nature. The moment he read the title, “Cygnus X-1 – a Spectroscopic Binary with a Heavy Companion?”, his heart sank.6

He could have kicked himself. How could he have been so naive? Not for one instant had it occurred to him that there might be others on the same trail. Now he could see there were two. Paul Murdin and Louise Webster of the Royal Greenwich Observatory in England said that the companion of HDE 226868 might be a black hole. Bolton, however, convinced himself that their conclusion was tentative and that he was still in the game. As soon as he got back to Richmond Hill, he would set about obtaining better data. He would make a better case for the existence of a black hole in Cygnus X-1. And, once he had incontrovertible evidence, he would write the definitive paper and stake his claim.

*

Murdin and Webster’s paper appeared in Nature on 7 January 1972.7 Murdin gained scientific recognition and the permanent job he was desperate to get. Not only that but his family also got a bigger house. In fact, he was the first person in history to have his mortgage paid by a black hole. The day of publication, Murdin and his wife, Lesley, celebrated by taking their two small boys to a seafront café in Hastings, almost deserted in the winter season, and treated them to “knickerbocker glories”. As the boys dug their long, thin spoons into the layers of ice cream, fruit and fruit syrup, served in tall conical glasses, it was not difficult to guess what was going through their minds. “I think they were hoping their dad would find some more black holes, opening up the possibility of more treats,” says Murdin.e

*

Black holes had been predicted by a man dying of an agonising skin disease in a First World War field hospital but discovered fifty-five years later by a man who celebrated with knickerbocker glories in an English beachfront café. Rarely in this history of science has there been a greater contrast between a prediction and a discovery.

In 1974, Louise Webster returned to Australia to work at the Anglo-Australian Telescope at Siding Spring. Four years later, she obtained a faculty position at the University of New South Wales in Sydney. The same year she also married the British radio astronomer Tony Turtle, with whom she had a son, Michael, in 1980. “I thought at the time: that’s really nice – two nice people get together and get married,” remembers Ron Ekers, former director of the Very Large Array in Socorro, New Mexico, and a friend of Webster’s from their undergraduate days in Adelaide.

During her time in Sydney, Webster helped to put the University of New South Wales on the astronomy map. She took pleasure in solving not only scientific problems but also bureaucratic ones. It led her to serve on many committees, both in Sydney and nationally. Her forte was diplomacy – talking nicely to people and using gentle persuasion behind the scenes. “Helping other people was what she naturally did,” says Ekers.

Ekers has a photograph taken by Webster at the opening of the Australia Telescope Compact Array at Narrabri, 500 kilometres northwest of Sydney, on 2 September 1988. The Australian prime minister is admiring a welcome message assembled in pebbles on the ground by some children, including Ekers’ son Erik. “To entertain the children while they waited, someone got them to collect the pebbles and write the message and I suspect it was Louise,” says Ekers, who had moved back from the US to his native Australia at the beginning of that year.

Webster had earlier been diagnosed with liver disease and in 1986 in Brisbane had one of the first successful liver transplants in Australia. “At Narrabri, she certainly appeared in good health,” says Ekers. Unfortunately, the good health was short-lived. She was diagnosed with terminal cancer. “We all knew that Louise was often hiding her pain and discomfort and that she was finding it increasingly difficult to keep working,” says Ekers. He last saw her at a meeting in August 1990. “It was obvious she was not good.” One month later, she died in her home in the suburb of Paddington. She was only forty-nine.8

Black holes and neutron stars are the two types of “relativistic star” – endpoints of stellar evolution that can be understood only with Einstein’s general theory of relativity. Both were discovered, or at least co-discovered, by women: black holes by Louise Webster and neutron stars by Jocelyn Bell. Neither woman received the credit they deserved. Three Nobel Prizes have been awarded for pulsating neutron stars, or pulsars, and none have gone to their discoverer. Nevertheless, Dame Jocelyn Bell-Burnell is widely believed to have been scandalously overlooked for the Nobel Prize and astronomy books universally credit her for the discovery. Webster, by contrast, has been almost completely forgotten.

One reason that may have contributed to Webster being overlooked was that she was “so quiet, considerate and thoughtful” and “just a lovely person” according to Ekers. “Though she impressed people who knew her with her scientific knowledge and insight, she was underrated by many,” he says. “She always stayed in the background. She was never pushy. She always downplayed her achievements.”

Tom Bolton died in 2021. Like Webster, he had been plagued by ill-health. Although a star athlete in high school in Illinois, in middle age he developed a thyroid condition that made him look like an overweight couch potato. The suicide of one of his graduate students also deeply affected him, as did the death of his wife, Susan, from motor neurone disease in 2012.9 Bolton’s depression was deepened by his long fight to save his beloved observatory. Starting in 1975, Bolton began a relentless campaign to limit light pollution caused by the rapid development of metropolitan Toronto. By engaging constructively with civic leaders and local developers, he did indeed help to reduce light pollution at Richmond Hill. But the writing was on the wall for any observatory that was not at a dark location remote from civilisation. And when, in 2007, the University of Toronto decided to sell the David Dunlap Observatory, it broke Bolton’s heart.

Despite his depression, Bolton remained proud of his work on Cygnus X-1 and drove around in a car with a licence plate that read: CYG X-1. He did use telescopes under clearer, darker skies in Chile and Hawaii. But a few hours of time on an oversubscribed telescope on a remote mountaintop was unfortunately not sufficient for much of his work, which required regular access to a telescope over weeks and months. It was no accident that Bolton, and Murdin and Webster, had access to big telescopes whose less-than-ideal locations were useless for observing the super-faint celestial bodies that were the focus of interest at the cutting edge of astronomy. “I’d say there was a reason for us both working on Cygnus X-1 at the same time,” says Murdin. “We were both working with a quite large telescope in rotten climatic conditions, so HDE 226868, which was too bright for similar US telescopes in good skies, was at the right level of challenge for us both; and neither of our telescopes was oversubscribed, so we both had quite good access to take spectra.”

All the obituaries of Bolton said he had discovered the first black hole. “In Canada he is almost universally credited with the discovery without mentioning us,” says Murdin. The truth is that Bolton published a paper in Nature with almost the same content as Murdin and Webster’s and which made a tentative black hole claim in a similar way. But it was a month after the pair at the Royal Greenwich Observatory.10 And it was not until eleven months later, on 11 December 1972, that Bolton backed up his result with “better data” from David Dunlap and Herstmonceux.11 “He was a lot less pressured in his work than I was, so he took his time,” says Murdin. “I think he was quite laid back. I was hungrier.”

*

Over the next decade, follow-up observations confirmed the existence of the black hole in Cygnus X-1. The current best estimate of the mass of a blue supergiant star HDE 226868 is about thirty solar masses, 50 per cent greater than the average mass estimated for such a star in 1971. This puts the mass of the black hole at a whopping fifteen times the mass of the Sun. Since black holes result from the implosion of the core of massive star in a “supernova”, which blows off 90 per cent of a star’s material into space, the precursor star must have been at least 150 solar masses.

Dozens of black holes are now known in our galaxy. The majority are in binary systems that emit x-rays. In “High-Mass x-ray Binaries”, of which Cygnus X-1 is typical, the companion is a hot blue, O-type or B-type star, like HD 226868, with a mass greater than ten times that of the Sun. And, in “Low-Mass x-ray Binaries”, the companion is a star similar in mass to the Sun.

In addition to the x-rays emitted by its super-hot accretion disk, a black hole can, in principle, also be detected if it passes in front of a more distant star. In this situation, the powerful gravity of the black hole bends and focuses the light of the distant star, briefly magnifying its light. Such “gravitational lensing” events are rare.12 Nevertheless, millions of stars at the centre of the Milky Way were monitored as part of a search for objects that might comprise the “dark matter”, invisible stuff known to outweigh the visible stars by a factor of six. One lensing event was found that fit the expected characteristics of a black hole. The seven-solar-mass object goes by the rather cumbersome name MOA-11-191/OGLE-11-462.13

A black hole can also reveal itself when it merges with another black hole, launching a tsunami or tortured space-time that spreads outwards at the speed of light.14 Currently, such “gravitational waves” – whose existence was predicted by Einstein in 1916 – can be detected only in the last second or so as two black holes spiral together and coalesce. Because these events are so rare, they are detectable only by sampling a huge volume of the universe and involve very large black holes, typically around fifty times the mass of the Sun. None have been found in our galaxy, and, in fact, there are good reasons to believe that such cataclysms occurred only in the remote cosmic past when stars are widely believed to have been more massive than today.

All these methods of finding black holes – apart from gravitational lensing – involve detecting the tell-tale signs when a black hole interacts with something else – a companion star or another black hole. However, most black holes are likely to be either solitary or in binary systems in which the black hole orbits at too great a distance from the companion for its gravity to rip matter from it and heat it up. It goes without saying that such “dormant” black holes are incredibly hard to discover. However, modern observational techniques are beginning to hold out some hope of detecting them.

Astronomers have resorted to the “numbers game” of taking the spectra of vast numbers of stars and looking for the periodic Doppler shift which is the tell-tale sign that a star is orbiting an invisible companion. In this way, they have found a number of stars that are orbiting massive objects that are emitting no x-rays or any other kind of light. They are confident they have found one solid instance of a dormant black hole and one credible example. The solid example is not in the Milky Way but in its biggest satellite galaxy, the Large Magellanic Cloud. VFTS243 is a twenty-five-solar-mass O-type star that orbits a black hole every ten days, and that weighs about ten times the mass of the Sun. The not-so-solid but still credible black hole candidate is in the Milky Way. It orbits an O-type star called HDE 130298 every 10.4 days and has a mass of around seven times that of the Sun.15

It is possible to estimate how many stellar-mass black holes there are in total in our Milky Way because astronomers know things such as the rate of star formation in our galaxy and how it has changed over galactic history; the fraction of stars at each mass and the speed at which the most massive stars go through their lives and spawn black holes; and so on. From this information, astronomers can simulate the history of the Milky Way on a computer and estimate the number of black holes there should be around today. The answer they get is an astonishing 100 million or so. The few dozen black holes so far discovered are evidently no more than the tip of an enormous iceberg, and astronomers’ hit rate in finding black holes has been pitifully low.

What Cygnus X-1 and the other black holes proved beyond doubt was that, despite the efforts of theorists to prove that black holes are too monstrous to be implemented in nature, they really do exist. There are literally tens of billions of billions of them scattered across the universe. Despite this realisation, however, it was still possible to claim that black holes were inconsequential stellar cadavers with no more impact on the life of the universe than corpses in a cemetery have on the world of the living. However, eight years before the discovery of the black hole in Cygnus X-1, a Dutch-American astronomer made a discovery that changed everything. He found a class of prodigiously luminous galaxies. And they would blow out of the water the idea that black holes are mere exotic anomalies and of no consequence in the cosmic scheme of things.

a This chapter is based on an interview with Paul Murdin.

b A light year is a convenient unit for expressing distances in the universe. It is how far light travels in a year, or about 9.46 trillion kilometres. The nearest star, Alpha Centauri, is 4.3 light years away while the distance to Andromeda, the nearest big galaxy and the most distant object visible with the naked eye, is 2.5 million light years.

c In May 1939, the train carrying King George VI and Queen Elizabeth across Canada paused on the railway below the observatory, at the time the site of the largest telescope in the Commonwealth.

d It was at this site on 24 February 1987 that University of Toronto astronomer Ian Shelton and Chilean telescope operator Oscar Duhalde would spot the supernova SN 1987A, the first supernova visible to the naked eye in more than 350 years.

e I am writing this account in large part because, in 1972, I went with my dad to a Junior Astronomical Society meeting at Alliance Hall in London. The subject was the black hole candidate in Cygnus X-1 and the speaker was Paul Murdin. It blew my twelve-year-old mind!
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THE UNBEARABLE WHITENESS OF BLACK HOLES

How in 1963 a Dutch-American astronomer discovered “quasars” whose prodigious luminosity could be explained only by matter heated to incandescence as it swirls down onto a “supermassive” black hole.


 

 

 

“Twinkle, twinkle quasi-star
Biggest puzzle from afar
How unlike the other ones
Brighter than a billion suns
Twinkle, twinkle, quasi-star
How I wonder what you are.”

George Gamow1

“Supermassive black holes give out no light and yet are the brightest objects in the universe.”

Kip Thorne2


PASADENA, TUESDAY 5 FEBRUARY 1963

For almost six weeks the spectrum had sat among several others on his desk, but he had looked at it only intermittently because it made absolutely no sense. On returning to his office after a light lunch at Caltech’s Athenaeum, Maarten Schmidt squinted at the spectrum through his desktop viewer. No. He shook his head. It still made no sense.

The spectrum had been obtained with the 5-metre Hale Telescope on Mount Palomar, 65 kilometres north of San Diego. On the night of 29 December 1962, he had taken the elevator to the prime focus cage, a two-metre-diameter barrel built into the telescope’s steel skeleton and suspended a dizzy 15 metres above the giant parabolic mirror. It was there that the light collected by the “Big Eye”, the largest telescope in the world, was focused and concentrated. And it was there that was located the “spectrograph”, which fanned out the light into its constituent colours just like a glass prism.

Schmidt’s target was a curious star which coincided with 3C 273: the 273rd object discovered by the Third Cambridge Survey of Radio Sources (3C), published in 1959. His challenge was to keep the pinpoint of light from 3C 273 hovering on the slit of the spectrograph, a task which involved nudging the telescope continually with the up-and-down and side-to-side buttons of a hand control. It was freezing in the cramped cage but, inside his “Army Air Forces” suit, an electrically heated relic of the Second World War, he was warm and snug. His only concern was for his bladder since, the moment the elevator moved out of the way so that observations could begin, he would be marooned for eight straight hours with no possibility of a toilet break.

Schmidt had actually obtained a spectrum of 3C 273 two nights earlier, but it was a disaster. He had taken it towards the end of a night’s observing when the Sun was threatening to come up and he was looking forward to going to bed. The moment he extracted the plate from the spectrograph and examined it with a dim red torch light, it was clear it was badly overexposed.3 His excuse was that he had never before observed anything so bright. The “magnitude” of 3C 273 was 12.9, making it as brilliant as stars in our own galaxy, whereas his usual quarry was very distant and very faint nineteenth magnitude galaxies, more than 200 times fainter.a So feebly did their light rain down from the night sky that it often took hours to collect enough in the giant light bucket of the 5-metre telescope to create a discernible spectrum. It did not help that photographic plates were so insensitive that they threw away 98 per cent of the incident light.

Before the night’s observing run, Schmidt had carefully prepared glass spectrum plates in the Palomar dark room. Each was one inch long and a third of an inch wide, and cut from a standard five-by-seven-inch photographic plate. He had then transported them to the prime focus cage in a light-tight container about the size of a cigar box.4 Taking his gloves off, he selected a new one and carefully inserted it into the spectrograph. He waited, patiently. The music of Bach and Telemann played over the dome’s sound system as an unbroken veil of stars sailed overhead. He could think of no more romantic profession than that of an astronomer. As a member of the staff of the Hale Observatory, he was entitled to twenty to twenty-five nights a year of observing on the Big Eye. Occasionally, he had to pinch himself to prove he was really there. How had a little boy who had cowered under a kitchen table as Groningen burned, fearing he might not see the morning, end up at the prime focus cage of the most powerful telescope in history as it probed the farthest reaches of the cosmos?

After an exposure of fifteen minutes, he extracted a spectrum of 3C 273. It was perfect. It was the very same one he was now inspecting through the viewer on his desk.

What had prompted him to take a fresh look at the spectrum today was a letter from a former Caltech colleague, now in Australia. John Bolton wrote that Cyril Hazard, a member of his team at the Parkes Observatory in New South Wales, was submitting a paper on the location of 3C 273 to the journal Nature. Would he write a companion paper on the object’s spectrum? Schmidt had the greatest respect for Bolton as a fellow tenacious observer – though of the radio rather than visible universe – so he was more than happy to oblige. His concern, however, was that there was very little he could say on the subject of 3C 273 apart from: “Here is a spectrum. It is utterly baffling.”

He sat back in his chair for a moment and rubbed his eyes. A small group of “techers” were passing the Robinson Laboratory of Astrophysics, their books under their arms. Even after almost a decade in Southern California, he still marvelled at the sight of students in tee-shirts and shorts in mid-winter. Though it was cloudy in Pasadena today, it was a balmy 20 degrees and he didn’t even need to put on a jacket to stroll along the Olive Walk to the Athenaeum.

Snapping himself out of his reverie, Schmidt flicked through his observer’s notebook for 29 December 1962 and found the page on which he had recorded in small, neat pencil the details of the spectrum of 3C 273: date, time, exposure length, and so on. Typically, a stellar spectrum was crossed by spidery black lines, which were caused by the absorption of light by atoms in a star’s cool outer regions. Very conveniently for astronomers, nature had given each kind of atom a characteristic fingerprint of such “spectral lines”, so it is possible to recognise the presence of atoms of each element, from hydrogen to calcium to uranium. This flew in the face of the pronouncement in 1835 of the French philosopher Auguste Comte: “Never, by any means shall we be able to study the chemical composition or mineralogical structure of the stars.”5

Schmidt ran his finger down the page to where he had written the wavelengths of three mysterious spectral lines in 3C 273. He had added a fourth line, recorded the month before in the invisible-to-the-naked-eye “infrared”. It had been detected by his Canadian colleague, John Beverley “Bev” Oke, using the 2.5-metre Hooker Telescope on Mount Wilson, above Pasadena, the same instrument used by Edwin Hubble in 1929 to discover the expanding universe. Over the past six weeks, he had asked pretty much every one of his Caltech colleagues if they could identify the four peculiar spectral lines, none of which corresponded to any known element, but none were able to do so. Now that Schmidt was taking a fresh look at the spectrum, it struck him that there was a pattern in the lines he had not noticed before. As they marched towards shorter wavelengths – from red light to blue – they seemed to get ever fainter and closer together.

An idea occurred to him. Why not compare the pattern he was looking at with a known pattern of spectral lines? If there were any similarities, it might at least give him a clue about the identity of the mysterious lines. It was a long shot. But, after six weeks of making absolutely no progress in identifying the lines, he could think of nothing better to try. One thing was for sure. If he did not find something extra to add to his Nature paper, it would be embarrassingly short.

As Schmidt pulled his mechanical calculator towards him, another group of students was passing beneath his window. It made him smile to see them tossing a brown-and-white oval American football back and forth between them. Though renowned for their scientific prowess, Caltech students were famed throughout the state for their appallingly bad record in college sports.

For his comparison pattern, Schmidt chose a well-known spectral sequence. The “Balmer series” of hydrogen arises when the single electron in the lightest atom drops to the second highest energy orbit. It can do that from the third highest level, the fourth, the fifth, and so on, and in each case the electron sheds its excess energy in the form of light of a characteristic wavelength.b Schmidt spent his life measuring astronomical spectra so he knew the wavelengths of the common Balmer lines by heart.

Consulting his observer’s notebook, he tapped in the wavelengths of the first spectral line of 3C 273 and, cranking his calculator, divided it by the wavelength of the nearest Balmer line. The ratio came out as 1.16. Next, he divided the wavelength of the second line by the wavelength of the nearest Balmer line. The ratio was 1.16. He repeated the process with third line. It was 1.16. And the fourth: 1.16.6 He shook his head in amazement. There was no doubt about it. What he was looking at was the Balmer series shifted by 16 per cent.

Actually, there were two other lines in the spectrum of 3C 273, one in the red and one at the blue end of the spectrum. Schmidt had left them out because they appeared unrelated to the other four lines. Now, suddenly, he realised they made total sense if they were familiar spectral lines that had been shifted in wavelength by 16 per cent: one due to magnesium that had lost two electrons, and the other to oxygen that had lost three electrons.

Schmidt had chosen the Balmer series as a convenient comparison because it was a well-known series and because its lines were close in wavelength to those in 3C 273. Never for one moment had he believed that the mysterious features might actually be Balmer lines. Such features are simply not found in the spectrum of stars and he was absolutely sure 3C 273 was a star. A weird star, admittedly, but a star, nonetheless.

The frequency of light is like the pitch of a sound. And, just as the pitch of a police siren gets higher as it approaches and lower as it recedes, so does the frequency of light. If the source of the light is approaching, its spectral lines are shifted towards the higher frequency, blue, end of the spectrum, causing a “blue shift”. And, if the source is receding, the lines are shifted towards the lower frequency, red, end, creating a “red shift”. High-frequency corresponds to short-wavelength and low-frequency to long-wavelength. 3C 273’s red shift of 16 per cent meant it was hurtling away from Earth at an incredible 16 per cent the speed of light. At such a speed – 47,400 kilometres a second – it would be possible to fly to the Moon in eight and a half seconds. No star had ever been discovered that was speeding through space anywhere near as fast. The only celestial bodies with red shifts as large were galaxies.

Hubble’s deduction that the universe was expanding had come from observing that its constituent galaxies – great islands of stars of which our Milky Way is but one – are flying apart from each other like pieces of cosmic shrapnel. The further away a galaxy, the faster cosmic expansion is carrying it away from us. And the further away a galaxy, the longer its light has spent travelling to Earth, and the greater cosmic expansion has stretched its constituent wavelengths, imprinting on its spectrum a “cosmological red shift”.

Galaxies, however, appear as fuzzy blobs in telescopes. Their constituent stars are smeared together by sheer distance. None appear as super-bright pinpricks of light. That was why Schmidt was convinced that 3C 273 was a nearby star. But, even for a galaxy, the red shift of 3C 273 was huge. Only one – 3C 29 – was known with a greater red shift. It had been found by Schmidt’s colleague, Rudolph Minkowski, who was part of a Caltech team attempting to find optical counterparts of the 3C radio sources.

Given that the further away a galaxy from us is the faster cosmic expansion is carrying it away, its speed of recession yields its distance. The speed of 3C 273 implied it was at least 2.4 billion light years away. It was a thousand times more distant than Andromeda, the nearest big galaxy to the Milky Way. But how could it possibly be so bright in the night sky when it was so far away? Schmidt knew there was only one answer: if it was pumping out dramatically more light than a galaxy of stars. At this realisation, Schmidt jumped to his feet. He had to tell someone.

Out the corridor, Schmidt immediately bumped into Jesse Greenstein. “Jesse! Quick! Come in! There’s something I need to show you!” Greenstein, the New Yorker who headed Caltech’s astronomy department, was taken aback. The tall, gangly Dutchman he had hired four years earlier because of his uncanny ability to eke out every last ounce of performance from the Palomar 5-metre was renowned for being calm and soft-spoken. Greenstein had never before seen him this flushed and animated.

When he had recovered from hearing Schmidt’s news, Greenstein immediately said: “We should look at 3C 48!” Like 3C 273, it had unidentifiable spectral lines. The optical counterpart to the radio source 3C 48 had been discovered by Palomar observer Allan Sandage in 1960. The sixteenth magnitude star-like object fluctuated in brightness over a period of only a few months, which had implications for the size of the source. A body that varies its brightness in only a few months must be less than a few light months across because that is the minimum time for a disturbance, travelling at the cosmic speed limit of the velocity of light, to cross the body and so cause all parts of it to brighten or fade in unison. Even the Sun and the nearest star, Alpha Centauri, are separated by 4.3 light years. At light months across, 3C 48 must be far smaller than this separation. It was this, and the fact that it looked like a star, that had convinced Greenstein that it was a star.

It would have to be a very exotic kind of star. Normal stars do not emit much in the way of radio waves yet 3C 48 had popped up in a survey of intense cosmic radio-emitters. Greenstein’s best guess was that it was some weird kind of super-compact star relatively nearby in our galaxy. In fact, in 1961, in the Caltech house magazine, Engineering and Science, he had written an article on 3C 48 with the title “First True Radio Star?”.

Only the week before, Greenstein had come by Schmidt’s office with the thick manuscript of a paper he had written on 3C 48. Deeply frustrated that he was unable to include any explanation of its spectrum, he had thrown the paper down on Schmidt’s desk, saying: “If you don’t have any remarks within a week, I’m going to send it off for publication.” Schmidt now retrieved the manuscript from near the top of his in-tray and handed it to Greenstein, who quickly found the page with the spectrum of 3C 48. “The only true voyage of discovery,” wrote the French novelist Marcel Proust, “consists not in seeing new landscapes but in having new eyes.” With their new eyes, Schmidt and Greenstein saw immediately that the three mystery lines in the spectrum of 3C 48 were also Balmer lines of hydrogen. But not shifted by a mere 16 per cent, as in 3C 273, but by 37 per cent. 3C 48 was hurtling away from us at more than a third the speed of light – a staggering 110,000 kilometres per second. The Hubble expansion put an object with such a recession velocity at a remarkable distance of 5.1 billion light years. There was no way that the 3C 48 could be a mere star.

Oke, having heard the commotion in Schmidt’s office, came in to investigate. He was the instrument builder whose super-sensitive spectrographs boosted the effectiveness of the 5-metre Mount Palomar and 2.5-metre Mount Wilson telescopes. By now, Schmidt and Greenstein had realised that the spectral line due to doubly ionised magnesium was in the spectrum of both 3C 273 and 3C 48. That was too much of a coincidence. It confirmed to them that they were dealing with the same kind of object.

Over the next couple of hours, the enormity of Schmidt’s discovery gradually dawned on the trio. Both 3C 273 and 3C 48 were bright. Not exactly visible to the naked eye but not that far off. To simultaneously appear so brilliant and so extraordinarily far away, they must be enormously luminous – perhaps 100 times more luminous than a normal galaxy. And 3C 273, because it fluctuated on short timescales, must be extraordinarily tiny. What could be pumping out the light of 100 galaxies from a volume not much larger than the solar system? What the hell were 3C 273 and 3C 48?

*

Schmidt’s journey to making his discovery on 5 February 1963 had not been an easy one. Born in Groningen in 1929, he was only ten when low-flying Messerschmitts heralded the Nazi invasion of Holland in May 1940.7 Two years later, all able-bodied men between eighteen and forty-five were forced to work for the Germans, often digging defensive ditches, though his father, a government accountant, obtained an exemption. If things were not bad enough for the population, conditions deteriorated yet further in the summer of 1944 when the Allies, in their push to liberate Holland, failed to secure the bridge over the River Rhine at Arnhem. In retaliation for a Dutch train strike aimed at hindering the occupiers, the Nazis dismantled the country’s entire railway system, sending the iron back to Germany for the war effort. The lack of transport exacerbated food shortages, causing a famine in which tens of thousands starved to death. For the Schmidt family, the endgame was played out in mid-April 1945 as they cowered all night on their kitchen floor, caught in the crossfire between Canadian and German troops, the sky outside turned blood red by the buildings burning in the heart of Groningen.

During the years of fear and persecution, the only consolation for Schmidt were the walks with his father through the city when air-raid blackouts left the night sky above inky black and crowded with stars. His uncle Dik happened to be a keen amateur astronomer, and, in the summer of 1942, Schmidt was allowed to look through a telescope from the upstairs window of his pharmacy in Bussum. It was a life-changing event. Back in Groningen, and despite the shortages, he built a telescope with a big lens cadged from his house-painter grandfather, a cardboard tube from a toilet roll, and a small eyepiece of the kind used by biologists to study flowers.

When the war was over, Schmidt finished high school and went to study physics and mathematics at the University of Groningen. In 1949, at a graduate school in astronomy at the University of Leiden, he became interested in mapping the structure of our Milky Way. This was possible because of a prediction made in 1944 by a Dutchman hiding from the Nazis. Hendrik van der Hulst pointed out that neutral hydrogen atoms floating in interstellar space should be broadcasting radio waves at a wavelength of precisely 21 centimetres.c Unlike the visible light from stars that was blotted out by interstellar dust that hung like a dark curtain across space, radio waves could reach us relatively unhindered from great cosmic distances.

On their retreat, the Germans had left behind 7.5-metre Würzburg dishes, which they had used as part of an anti-aircraft radar system. Schmidt and fellow graduate student, Gart Westerhout, used such a dish to measure the Doppler shift in the wavelength of the 21-centimetre line. It enabled them to not only map the distribution of hydrogen gas out in space but also pin down how fast it was moving. Schmidt and his PhD supervisor, Jan Oort, then deduced how the hydrogen was spread throughout the galaxy and became the first people in history to “see” the spiral structure of the Milky Way.

Oort enthused about Schmidt’s 21-centimetre observations of the Milky Way in a letter to his friend, Walter Baade, at the Mount Wilson Observatory in Southern California. The endorsement impressed Baade. Oort was one of the most important astronomers of his generation. In 1950, he had deduced, from the orbits of comets, that the solar system is embedded in a giant bee-swarm of trillions of such icy bodies, which would become known as the Oort cloud. Baade offered Schmidt a Carnegie Fellowship at the Mount Wilson Observatory’s Santa Barbara Street offices in Pasadena. He jumped at the opportunity.

In 1956, Schmidt drove across the US to California with his wife, Corrie, stopping at major observatories along the way. They spent the next two years in Pasadena but, afterwards, returned to Holland. By now they had two daughters, Elizabeth and Marijke. But Holland’s postwar housing shortage made it difficult and expensive to find a house big enough to accommodate the family. Schmidt realised, after six months spent in the austere, not to mention chilly, conditions, that he had made a big mistake in coming home. When he was offered a professorship at the California Institute of Technology (Caltech), it was a no-brainer, and he returned to the US with his family in October 1959.

Caltech had relatively recently entered the field of “radio astronomy”. In revealing “all the light we cannot see”, the fledgling science, pioneered by the men who had worked on radar during the war, had found mysterious compact sources of cosmic radio “noise”.8 By the time of Schmidt’s arrival, radio telescopes had reached the point at which they could pin down the locations of such sources precisely enough that photographic survey plates of the night sky could be scoured for optical counterparts. Some appeared to be galaxies pumping out outrageous quantities of energy. Some, even more bizarrely, appeared to be stars. The only way to figure out what exactly the enigmatic objects were, was to take their spectra, which would reveal key aspects like their composition and temperature. And that was the job Schmidt took on at the Big Eye on Mount Palomar shortly after his arrival back in California.

*

The story of the mysterious cosmic radio sources actually began three decades earlier when Bell Telephone Laboratories set about testing a new transatlantic radio phone service. Such communications could be degraded by radio interference, or “static”, and, in 1931, the task of identifying sources of such interference was given to a twenty-six-year-old engineer called Karl Jansky.

Jansky built a radio “antenna” at Holmdel in New Jersey, one of Bell Labs’ many sites. An antenna is anything that converts an electromagnetic wave passing through the air into one travelling down a metal “wave guide” so it can be detected by a “receiver”. Jansky’s antenna was a box-shaped frame of metal pipes and timber the size of a train carriage. It was mounted on four wheels from a Model T Ford, and, with the aid of a small motor and chain drive, could be moved around a circular rail track to “point” in any direction in the sky. Using the contraption, which became known as the “merry-go-round”, Jansky discovered three distinct sources of interference at a wavelength of 14.6 metres. First, there was static from local thunderstorms. Second, there was static from distant thunderstorms. Most mysterious, however, was the third and weakest source: “a steady hiss type static of unknown origin.”9

The hiss seemed to vary in intensity on a daily basis so Jansky guessed it was associated with the Sun. But, after a while, he discovered that the period of fluctuation was not 24 hours; it was 23 hours 56 minutes. This is the time taken for the Earth to return to the same orientation relative to the stars. This “sidereal day” is four minutes less than the time for the Earth to turn once on its axis because the planet is also orbiting the Sun. The fact that the mysterious static was varying over such a timescale indicated it was coming not from the Sun but from a source beyond the solar system.

Jansky published his findings in a paper under the dull title “Directional studies of atmospherics at high frequencies”. However, his two follow-up papers were more exciting: “Radio waves from outside the Solar System” and “Electrical disturbances apparently of extraterrestrial origin”. By now, Jansky had determined that the radio signals originated in our Milky Way, the thin disk of our galaxy that bisects the sky on a clear night.10,11. Though diffuse static was coming from the whole of the Milky Way, it was strongest in the constellation of Sagittarius, the location of the galactic centre.d

The Bell publicity department went to town promoting the discovery. In May 1933, the New York Times ran a front-page report under the headline “New Radio Waves Traced to Center of Milky Way”. There was even a radio station in New York that ran a special evening programme in which its audience got to listen to the cosmic static picked up by Jansky’s merry-go-round and relayed directly to the station. It was broadcast as the “hiss of the universe”.

Jansky had singlehandedly created the science of radio astronomy.e But his discovery was either not noticed by astronomers or noticed by them but dismissed as unimportant. And Jansky, being an employee of a commercial company rather than a scientific institute, was moved on to other projects. Nevertheless, his research papers were read by a twenty-two-year-old undergraduate student and radio “ham” in Chicago. Grote Reber was so excited by what he read that he immediately wrote to Bell Labs, begging to be employed to follow up on Jansky’s work. When the telephone company turned him down, Reber was disappointed but he was not deterred. He would just have to follow up on Jansky’s work himself. He decided to create a whole-sky “map” of cosmic radio noise. The task would involve him inventing the modern radio telescope.

Reber needed to do two things: collect as much of the feeble cosmic radio energy as possible and discern as much detail in the radio sky as feasible. Both requirements led him to design a steerable parabolic dish that collected radio waves like a bucket, concentrating them at a focus, where they were detected by a receiver. He built the dish in 1937 in the backyard of his parents’ home in Wheaton, Illinois, much to the astonishment of their neighbours. It took him four months and cost US$1,300, a very large sum at the time. Assembled from wooden rafters, galvanised sheet metal and spare parts from a Ford Model T truck, the dish was nine metres in diameter and weighed two tonnes.f

On completing the mammoth reflector, Reber immediately set about mapping the radio sky. He had a full-time job as an engineer at a radio equipment company in Chicago and his routine was to return to his parents’ home, eat dinner and sleep until midnight. From midnight until 6 a.m., when local radio interference was at a minimum, he sat in a little wooden hut watching his telescope track back and forth across the sky. A receiver he had suspended at the focus of the dish picked up the radio static and its magnitude was recorded by a pen trace moving up and down on a slowly rotating cylinder of paper.

The smallest detail in the sky that can be discerned by a telescope is determined by both its diameter and the wavelength of the light it collects. Radio waves and visible light are both types of “electromagnetic wave”, but radio waves typically have a wavelength about a million times greater than visible light. It means the images obtained by a radio telescope are a million times blurrier than those of a similar-sized optical telescope. Reber made his first map of the radio sky at a wavelength of about two metres and the smallest details in it were about fifteen degrees across, or thirty times the apparent diameter of the Moon. Later, he built a receiver that could pick up shorter wavelengths, which made possible a sharper image of the radio sky. Reber, just like Jansky, found diffuse emission from the plane of the galaxy that brightened towards the centre. But his map of the radio sky also revealed something else: an intriguing local peak of emission in the constellation of Cygnus.

One reason nobody, apart from Reber, followed up on Jansky’s work was that it was inconceivable to astronomers that there were objects out in space creating significant radio static. Hot bodies like stars emit a thermal, or “black body”, spectrum of light and the intensity of that light tails off to pretty much zero at long wavelengths. Reber, however, discovered that for the Milky Way the ratio of the intensity of radio to optical emission was vastly greater than for the Sun. It was the first indication that cosmic radio waves were not being generated by the same mechanism that generated the light of the Sun and stars but by some as yet unimagined exotic process.

Reber published his findings on “cosmic static” in the Astrophysical Journal in 1940.12 But, as was the case with Jansky’s work, nobody took much notice. “The astronomers of the time didn’t know anything about radio or electronics,” he said, “and the radio engineers didn’t know anything about astronomy.” And of course the Second World War interrupted everything, ensuring he remained for a decade the only radio astronomer in the world.

The war, however, had a profound effect on the fledgling science. A key technology developed by the Allies was the bouncing of radio waves off distant objects such as planes and the detection of their faint echoes. In 1940, “radar” proved a major factor in the defeat of the German Luftwaffe in the Battle of Britain. And, when the war finally ended, so too did Reber’s stint as the loneliest researcher in the world. Three groups of ex-radar scientists picked up where Reber had left off. Two were in England – at Cambridge, led by Martin Ryle, and Jodrell Bank near Manchester, led by Bernard Lovell – and one was in Sydney, Australia.

The man who would take the next key step towards understanding the mysterious radio static coming from the universe was John Bolton. Born in Sheffield, England, he studied physics at the University of Cambridge, where he lodged in a room at Trinity College that was across the Great Court from the rooms once occupied by Isaac Newton. On graduating in 1942, Bolton met with the Royal Navy’s recruitment man at Cambridge, the novelist C. P. Snow, who arranged for him to apply for a commission. Bolton subsequently spent two years working on airborne radar, before becoming the radio officer on a British aircraft carrier. His job of maintaining radio equipment took him to the Pacific and to Australia. At the end of the war, a combination of factors – including being turned down for a Cambridge research post, finding the climate in Australia better for the asthma that had dogged his childhood, and having an Aussie girlfriend – led him to stay Down Under. And, in 1946, he had the good fortune to land a job at Sydney’s Radiophysics Laboratory. The Laboratory had been set up in 1940 to carry out secret wartime research on radar. But, once the fighting was over, it needed a raison d’être. Among the peacetime applications of the technology considered by the Lab was radio astronomy.

At the time, the principal extraterrestrial interest was in radio emission from the Sun. Late in February 1942, radar stations across England had reported severe bursts of radio noise which stopped them operating for days. The War Office, suspecting the Germans were developing radar-jamming methods, gave the job of urgently investigating the matter to Stanley Hey of the Army Operational Research Group. After analysing the records, he concluded that the radio interference was coming from the Sun. And, when he consulted the Royal Greenwich Observatory, he discovered that it coincided exactly with the passage across the solar disk of an exceptionally active sunspot.

To make sense of what had gone on in February 1942, the Radiophysics Laboratory decided to create a map of solar radio emission. The problem was that the Sun was a relatively small object in the sky and too tiny for a radio telescope to see in any detail. An obvious way to improve a telescope’s “resolution” was to build a bigger one. But this route was blocked because, beyond a certain size, a radio telescope would buckle and collapse under its own weight. One way to overcome this limitation would be to harness together two telescopes. The resolution would then be determined not by the size of each telescope but by their separation. An ingenious way to achieve this had been concocted by Joe Pawsey, the head of the radio astronomy group at the Radiophysics Laboratory and the man responsible for coining the term “radio astronomy”.g

The idea was to site a radio telescope on a clifftop. Radio waves are reflected by any electrical conductor and that includes seawater. So, when the telescope points at a source in the sky, radio waves arrive via two distinct routes: directly, and indirectly, reflected off the surface of the sea. In effect, this would conjure into existence a second, virtual, telescope – a mirror-image of the first – separated from it by twice the height of the cliff. The “sea interferometer” was the ultimate buy-one-get-one free.

At the instrument’s receiver, the direct and reflected waves would undergo “interference”. If the peaks of the two sets of waves were in step, they would reinforce each other and create a strong signal; if the peaks of one set of waves coincided with the troughs of the other, they would cancel each other out. Consequently, as the Earth rotated and a source moved across the sky, the signal would reinforce and cancel, reinforce and cancel, creating what are called “interference fringes”.h The key thing was that actual fringes could be seen only if the source was smaller than the separation of the projection of the expected fringes onto the sky. Seeing fringes therefore revealed crucial information about the size of a source.

In 1946, Pawsey built a sea interferometer at Dover Heights. The site was a former Royal Australian Air Force radar station about five kilometres south of the entrance to Sydney Harbour and only a few kilometres from where Captain James Cook had landed at Botany Bay on 29 April 1770. The interferometer consisted of a simple “yagi” antenna similar to an old-style TV aerial. It looked out across the Tasman Sea from the top of 85-metre-high cliffs. Bolton, on starting work at the Radiophysics Laboratory, was assigned to work on the instrument along with a young Australian. Each morning, Bolton and Bruce Slee would get the bus from Bellevue Hill and Bondi Beach, respectively. They would then work at Dover Heights for long shifts in freezing conditions with frequent and frustrating electricity blackouts. Their workplace misery was compounded by severe postwar shortages that had them smoking tobacco in rolled-up bus tickets.

Neither Bolton nor Slee had any formal training in astronomy, though one of Bolton’s lecturers at Cambridge had been Arthur Eddington. Recognising their ignorance, during their night-time observing runs, the two men read textbooks and back issues of astronomy journals borrowed from the physics department library at the University of Sydney. Teaching himself was second nature for Bolton. He had been taken out of primary school by his parents when he refused to accept the authority of a teacher and the need for classroom discipline. Although his parents were both teachers, he had learnt most from reading books during his lonely childhood spent roaming the Yorkshire countryside.

Bolton and Slee were tasked by Pawsey to carry out solar observations with the sea interferometer. Unfortunately for them, the Sun had entered a quiescent phase with no sunspots on its surface, so life proved pretty dull. Bolton, however, was galvanised by a report from Jodrell Bank in England. In 1946, Hey had built a pioneering interferometer consisting not simply of one telescope and its reflection in the sea but of two actual telescopes. Using it, he had found a localised source of radio waves in the constellation of Cygnus, exactly where Reber had earlier discovered a peak of emission. The possibility that there might exist localised radio sources – radio stars – blew Bolton’s mind. In June 1947, he and Slee confirmed that there was indeed a compact, point-like source of radio waves in Cygnus.

Unfortunately, Bolton and Slee were not discreet about their off-piste observations. When Pawsey, on a visit to Dover Heights, noticed they were not observing the Sun, he sent them back to Sydney in disgrace. Bolton was reassigned to work with New Zealander Gordon Stanley on building instrumentation for an expedition to Brazil to observe radio emission during a total eclipse of the Sun. But his luck was in. After a few months, it became obvious that the expense and logistical problems of taking people and equipment halfway around the world were too much, and the expedition was cancelled. Pawsey told Bolton he could cannibalise the eclipse equipment for his own projects – and he could use Stanley.

With a truck filled with equipment, Bolton, Slee and Stanley headed back to Dover Heights. Their priority was to rig up a radio so they could listen to a broadcast of the fifth Test Match between England and Australia at the Sydney Cricket Ground. After that, they installed two new receivers. This time, when they pointed their antenna at the Sun, the pen recorder went crazy. One of the largest sunspots for several years was transiting the solar disk. The radio outburst came from an accompanying solar flare, which ejected large amounts of matter into space at high speed. The event was so powerful that the following night a bright aurora was visible over Sydney, an extremely rare event at a latitude as high as thirty-four degrees South.13

When Bolton, Slee and Stanley finished with the Sun, they started scanning the heavens. To their delight, they found several more compact radio sources in addition to the one in Cygnus: in the constellations of Taurus, Centaurus and Virgo. But their radio-vision was too blurry to reveal their exact locations. What was needed was a telescope with finer resolution, which in practice meant an even bigger separation between the yagi aerial and its sea image. Finding that there were no suitable sites close by in Australia, Bolton and Stanley looked further afield and found a site on the North Island of New Zealand. The cliffs at Pakiri Hill, about 70 kilometres north of Auckland, were 280 metres high, making them more than three times taller than those at Dover Heights. In 1948, Stanley converted an army radar trailer into a mobile sea interferometer and sent it to Auckland by sea. Stanley and Bolton followed later on a flying boat.

It took three months of painstaking observations followed by several months of gruelling data reduction on pen and paper. But, crucially, they measured the location of their compact radio sources to within half a degree – the apparent diameter of the Moon – raising the hope of linking them to unusual astronomical objects on photographic survey plates.

Bolton adopted the practice of labelling the radio sources in a particular constellation that were brightest, second brightest, third brightest, and so on, with the letters of the alphabet. In 1949, Taurus A, one of the sources, was identified with the Crab Nebula, the glowing remnant of a massive star that had detonated as a “supernova” and shone so brightly in the night sky of AD 1054 that the Chinese had recorded it as a “guest star”. The identification of Taurus A with the Crab was critically important because for the first time it created a bridge between the new science of radio astronomy and conventional astronomy, kicking off a postwar revolution. No longer would astronomers be limited by what they could see through optical telescopes. Radio waves, which easily penetrated clouds of choking interstellar dust, opened up a new window on the universe. In due course, astronomy, restricted for so long to observing celestial bodies with eyes sensitive only to the single octave of wavelengths of visible light, would be supplemented by fifty-six octaves of the electromagnetic spectrum, ranging from ultralong radio waves to ultrashort gamma rays.14

But what would turn out to be the most significant discovery of the sea interferometer was not the radio source associated with the Crab Nebula but the mysterious radio sources in Centaurus and Virgo, and of course Cygnus. Bolton strongly suspected that Centaurus A, Virgo A and Cygnus A were extragalactic. However, he was acutely aware that he had no explanation for the enormous power output necessary for them to be detectable over such huge distances. He also knew that the astronomical community was very conservative. Consequently, in a paper on the discrete sources published in Nature in 1949, he, Stanley and Slee went along with the orthodoxy that the compact radio sources were nearby radio stars in our galaxy.15,16 In fact, claiming anything different would have meant also explaining how the sources could fluctuate in brightness on short timescales, indicating they were much smaller than a galaxy.

It was later found that the brightness fluctuations were caused mainly by an interplanetary version of “twinkling” in which irregularities in the Earth’s atmosphere cause the light coming from stars to jitter. Rather than being in the air, the irregularities making the radio waves twinkle are in the charged gas, or “plasma”, streaming outward through the solar system from the Sun. Twinkling is obvious for celestial bodies that appear tiny like stars but not for ones that appear big like the Moon. So regardless of whether the fluctuation in the radio sources was intrinsic to the sources or whether it was the result of interplanetary twinkling – “scintillation”, to give it its technical name – it came to pretty much the same thing. The sources were small – much smaller than a galaxy.

By 1950, however, the idea that compact radio sources in Centaurus, Virgo and Cygnus were exotic stars in the Milky Way had bitten the dust. All were identified with peculiar “elliptical” galaxies at enormous distances: Centaurus A was associated with NGC 5128, which was bisected by a prominent dust lane; Virgo A was twinned with NGC 4486, which had a strange optical “jet”; and Cygnus A with a galaxy called NRAO 620. Without doubt, finding extragalactic radio sources was one of the most shocking discoveries in the history of astronomy. To be detectable at large distances beyond the Milky Way, such sources must be extremely powerful – pumping out up to 100 times the energy radiated by all the stars in our galaxy – and all this energy had to be coming from a region far smaller than a galaxy.

In fact, evidence that something strange was happening deep in the cores of some galaxies had been found at the start of the twentieth century by a German astronomer. In 1908, Edward Fath at Lick Observatory near San Jose, California had found strange “emission lines” in the spectrum of the spiral galaxy NGC 1068. Such lines are usually seen only in gaseous “nebulae” floating between the stars. They arise when electrons in atoms of the gas are kicked into a high-energy state before dropping down and emitting light. The kicking needs to be done by a high-energy, high-intensity source of light. In the case of nebulae – the birthplace of stars – it is ferociously hot newborn stars. In the case of NGC 1068, the powerful energy source was a total mystery.

More evidence that the hearts of galaxies were the seats of enormous energies came during the Second World War. In 1943, Carl Seyfert, using the Mount Wilson 2.5-metre telescope, discovered six galaxies with anomalously bright “nuclei”. These “Seyfert galaxies”, as they became known, all had the strong emission lines seen by Fath. Each line spanned a large range of wavelengths. Assuming this “broadening” was caused by the Doppler effect, Seyfert deduced that the emitting gas must be moving incredibly fast, at up to 8,500 kilometres a second. What was the energy source and why was the gas moving so tremendously fast? Nobody bothered to address the question because Seyfert’s galaxies did not fit the accepted picture of such objects. Seyfert, discouraged, abandoned his research.

But not everyone ignored the maverick galaxies. One Soviet astronomer was convinced that something highly unusual was going on in galactic nuclei. At the 1958 Solvay Conference, held in Brussels, Viktor Ambartsumian argued for a radical change in our picture of the nuclei of galaxies and for the rejection of the idea that they are made of stars alone. “Large masses of pre-stellar matter are present in nuclei,” he declared, cryptically.17

Ultimately, the sea interferometer was limited in the fine detail it could see by the height of the available cliffs. But this blurry eyesight, Hazard at Jodrell Bank had shown, could be overcome by building interferometers with two physical telescopes, moveable on railway tracks to a range of separations. In the late 1950s and early 1960s, other radio astronomers followed Hazard’s lead, using two or more dishes to mimic, or “synthesise”, larger radio telescopes.

In all these developments, the US was left behind by Australia and Britain. But, in 1955, Caltech poached Bolton. He founded a radio observatory in the Owens Valley, a five-hour drive north of Los Angeles between the Sierra Nevada Mountains and the White Mountains. Among the sage brush and jack rabbits, 1,200 metres up in the High Desert, he supervised the construction of two 90-foot dishes on 1,600-feet-long north-south and east-west railway tracks. The “90-foot interferometer” put Caltech at the forefront of work to pin down the location of the mysterious cosmic radio sources. On its completion in 1960, a Canadian postdoctoral student called Tom Matthews started going through the 3C catalogue methodically, pinning down the location of each radio source, some to within ten arcseconds, or less than 1 per cent of the apparent diameter of the Moon. Meanwhile, Allan Sandage looked for optical counterparts on photographic plates of the Palomar Observatory Sky Survey.

The very first radio source from the Cambridge catalogue for which Matthews and Sandage scored a success was 3C 48. In October 1960, Sandage found the sixteenth magnitude star whose mysterious spectral lines so baffled Greenstein. Another radio source, which showed every indication of being very small, was 3C 273. Unfortunately, Matthews’s location was not good enough to find a unique optical counterpart. However, in 1962, the Moon was to pass in front of 3C 273 several times. Since the Moon’s orbit, and so its position in the sky, was extremely well known at all times, there was the possibility of exploiting this “occultation” to reveal the precise whereabouts of 3C 273. All that was needed was to record the precise time at which the radio source vanished behind the Moon and when it reappeared. However, the occultation would be visible only from the southern hemisphere.

Bolton was in the right place at the right time. In 1960, much to the dismay of Caltech, he had returned to Australia to supervise the construction of a giant 64-metre radio dish. Designed by Barnes Wallis, of Second World War bouncing bomb fame, it was situated at Parkes in New South Wales. Bolton, therefore, had the rare distinction of founding two major observatories: one in the northern and one in the southern hemisphere. None of this was a surprise to those who knew him. His central characteristic was his phenomenal determination. Whether playing cricket, table tennis, snooker or golf, he would invariably prevail even when facing a better opponent. He brought the same unshakeable resolve to the task of hunting down the extragalactic radio sources.

The giant Parkes dish had become operational in 1962 and was ideal for observing the lunar occultation of 3C 273. At Jodrell Bank, Hazard had demonstrated that such occultations could pin down the location of radio sources to unprecedented accuracy. As luck would have it, he happened to be in Australia, so Bolton invited him to be a “guest observer”.

The lunar occultations of 3C 273 would occur on 15 May, 5 August and 26 October 1962. Of the three events, the most important was 5 August because both the disappearance and reappearance of 3C 273 would be visible from Parkes. Unfortunately, the 5 August occultation was so low in the sky that it would be hard for the 64-metre dish to observe it. Bolton’s solution was to disable the failsafe device that cut off the power to the dish if it pointed too close to the horizon. For good measure, he also removed a ladder from the telescope structure and, with the aid of a grinder, cut away “housings of the zenith angle bearings”, the steel balls that reduced friction as the dish changed from pointing near the horizon to the zenith.18 He had acquired this kind of improvisational skill on Royal Navy ships during the war when he was under constant pressure to fix temperamental radio equipment to deadlines and in difficult combat conditions.

Though Hazard carried out extensive preparations over many weeks, the run-up to each occultation proved a nail-biting time. All roads to the observatory were closed and all unnecessary electrical equipment on site turned off. During the occultation of 5 August, the rim of the Parkes dish very nearly scraped the ground. But everything worked. And, crucially, the three occultations pinned down the precise location of 3C 273.

Hazard sent the location to Schmidt at Caltech, who immediately consulted the photographic plates of the Palomar Observatory Sky Survey. At the location of 3C 273, he found a magnitude 12.9 star with a curious jet extending from it. It was the same object whose spectrum he had taken at the prime focus of the 5-metre telescope on 29 December 1962. It was the same object whose mysterious spectral lines made no sense whatsoever until his dramatic discovery on the afternoon of 5 February 1963.

PASADENA, 1.15 A.M., 6 FEBRUARY 1963

For several hours after Corrie and the girls had gone to bed, Schmidt paced up and down his living room like a caged tiger.19 He could not stop. He could not sit down. Too many thoughts were flying through his mind. In his Caltech office, he, Greenstein and Oke had struggled all afternoon to come up with an explanation of the crazy spectra of 3C 273 and 3C 48 that would allow them to be no more than maverick stars in our own galaxy. Might the mystery lines be caused, for instance, by bizarre ionised states of rare elements? But, no, that, did not work. And neither did anything else they tried. By 6 p.m., they were exhausted and drove over to Greenstein’s house in Duarte. They had never done that before.

Greenstein’s wife, Naomi, was flabbergasted when her husband burst through the front door yelling: “We need a drink!” Evidently, he had never done that before either. On the terrace above the garden with the faint whiff of skunk in the air, they had sipped ice-cold beers. The pollution hanging over the Los Angeles basin was creating a spectacular red sunset. Naomi brought out guacamole and tortilla chips and Schmidt thanked her, politely, but the other two were too caught up in their heated discussion to even notice. A priority, said Greenstein, was to get the discovery into print. Urgently.

It was of course Bolton’s letter to Schmidt, asking him to submit a paper to Nature to go alongside Hazard’s on the occultation of 3C 273, that had spurred him to take another look at the object’s spectrum, compare its lines with the Balmer series and make his discovery of its ludicrously high red shift. At the time, his worry was that he had too little to say about the spectrum of 3C 273 to fill a paper. Now the problem was what to leave out. In fact, there was so much to say that the three of them decided to each submit a paper to Nature on 3C 273 and 3C 48. Now that they knew they were definitely not stars, they were calling them “quasi-stellar radio sources”.20 It was clumsy and long-winded but none of them could think of anything better.

For several hours, with the distant yip-howls of coyotes coming from the foothills of the San Gabriel Mountains, they had argued over what the spectra of 3C 273 and 3C 48 actually meant. But when Schmidt left for home at around 8.30 p.m., none of them were any the wiser. A brilliant Moon, still two days from full, was in the sky as he drove back along the Foothill Freeway to Pasadena. It was the same Moon whose mountains and craters he had seen through his uncle’s telescope from the upstairs floor of his pharmacy in Bussum, so bright they had to put a dark filter in front of the eyepiece to avoid being dazzled. It was the same Moon whose mountains and craters made the lunar rim jagged and set an ultimate limit on the accuracy with which a lunar occultation could locate 3C 273.

When he got home, the first thing he said was: “Corrie, something terrible happened at the office today!” The look of worry that flashed across her face caused him to immediately backtrack. He had not quite meant that. But, in a sense, what he had discovered was terrible. Terrible because he was a fundamentally shy man who enjoyed working without fuss in a quiet corner of science, and he knew he would now have to go public with a discovery that would make headlines across the world and thrust him into the limelight. That was one of the reasons he was pacing up and down his living room at 1.15 in the morning. But it wasn’t the only one.

What if they were wrong? What if they had missed something? What if it was a big trap and, after they published, someone would come up with a simple explanation of 3C 273 and 3C 48 that showed things were not so extraordinary after all? Other scientists would laugh at them. How could they have been so stupid as to make such a mistake? How could they have been so gullible to think a star of thirteenth magnitude could be at a distance of 2 billion light years?

Earlier, pulling out of the Caltech parking lot onto California Boulevard to drive to Greenstein’s, he had spotted the physicist Richard Feynman coming towards him. “Dick!” he exclaimed out of the wound-down window. “You won’t believe this!” He was right. Feynman did not believe him. It was preposterous that 3C 273’s huge red shift could be cosmological. “What about a gravitational red shift?” Feynman, dammit, was right. Before making their claim, they must first rule out the possibility that the red shift of 3C 273 was caused by the light climbing out of the gravitational well of some strange super-dense object.

But, if they were right and 3C 273 and 3C 48 were really at the enormous distances indicated by their red shifts, that in itself was a huge problem. What the hell could be liberating such a phenomenal amount energy from so small a volume? How could he admit to journalists that he had absolutely no idea? They were not simply claiming a discovery on the basis of very little evidence; they were claiming a discovery for which they had no plausible explanation.

As Schmidt continued to pace, yet more thoughts crowded his mind. If objects this far away were so bright and easy to see, it must mean that fainter objects in the same class existed that were even further away. And, because their light would take so long to reach us, they would be beacons blazing in the dawn of time. Using them, it would be possible to probe not only the deepest reaches of space but also the earliest moments of the universe. With that thought, he finally stopped pacing. Through the living room window, the white dome of the Hooker Telescope was glinting in the moonlight on the dark summit of Mount Wilson. It was from that observatory high above Pasadena that, in 1923, Edwin Hubble discovered the sheer, mind-cringing vastness of the universe: that our Milky Way was merely one giant island of stars among billions upon billions of other galaxies. But Hubble had no idea. 3C 273 and 3C 48 were far, far beyond any galaxy he had observed. They were bonfires burning in the most distant reaches of the cosmos and they promised to illuminate a universe far vaster than any of them had ever imagined.

The existence of 3C 273 and 3C 48 had put a bomb under the world of astronomy. There was no doubt about it. Schmidt could feel a new world, a new universe, opening up before him. He had a sudden thought that made him feel giddy. In a hundred years’ time, when the history of astronomy was written, the subject would be divided into two parts: “Before 5 February 1963” and “After 5 February 1963”.

*

The year after Maarten Schmidt’s discovery, a Chinese-born American astronomer wrote an article in the May 1964 edition of the magazine Physics Today. In it, Hong-Yee Chiu coined the term “quasar”.21 It stuck.

By rights, quasars should have been discovered almost three years earlier. On 16 November 1960, just a month before leaving Caltech for Parkes in Australia, Bolton wrote a letter about 3C 48 to Pawsey at Sydney’s Radiophysics Laboratory22: “I thought we had a star. It is not a star. Measurements on a high dispersion spectrum suggest the lines are those of neon [V], argon [III] and argon [IV], and that the redshift is 0.367. The absolute photographic magnitude is -24 which is two orders of magnitude greater [100 times more luminous] than anything known…”

Bolton did not have the courage of his convictions perhaps because he was first and foremost a radio engineer and felt himself an interloper in the world of astronomy. Instead, he allowed himself to be swayed by those with more experience. And no one at Caltech had more experience than Greenstein, who convinced Bolton 3C 48 was a star.

In December 1963, only nine months after Schmidt’s discovery, the world’s astronomers met in Dallas for the First Texas Symposium on Relativistic Astrophysics. Schmidt was asked to give a talk on quasars. He suspected, however, that there would be a media frenzy – exactly the thing he had so feared when pacing up and down his living room that restless night of 6 February. Knowing how deeply uncomfortable he would feel caught in the glare of the media spotlight, he turned down the offer. “I agonised about publicity,” says Schmidt. “The publicity was an enormous pressure on me.”

The organisers of the symposium, who had hijacked the discovery of quasars to put their conference on the scientific map, were dumbfounded by Schmidt’s polite refusal of their offer. But no amount of persuasion proved enough to winkle the publicity-shy Dutchman out of his protective shell. Although Schmidt attended the conference, he refused to talk about the discovery of quasars and instead insisted that Greenstein, his senior colleague, present the findings.

The Dallas conference was where Roy Kerr presented his exact description of the shape of a space-time around a spinning black hole. It was a huge moment in the history of science: the first significant development in Einstein’s theory of gravity for forty-seven long years. But nobody – not even Kerr himself – realised he had provided the answer to the quasar puzzle.

The solution was proposed independently by the American astrophysicist Ed Salpeter and the Soviet astrophysicists Yakov Zeldovich and Igor Novikov in 1964. Quasars are powered by spinning, or “Kerr”, black holes. The previous year, Matthews and Sandage had pointed out that it would require the gravity of about a billion times the mass of the Sun to hold onto the gas in 3C 273 and 3C 48, which according to the Doppler width of the spectral lines was expanding at 1,000 kilometres per second.23 Salpeter and Zeldovich picked up on this idea and proposed that quasars are powered by spinning “supermassive” black holes with masses ranging from tens of millions to tens of billions of times the mass of the Sun. Matter – and ripped-apart stars – swirls down onto such a black hole like water down a plug hole, heated by internal friction to millions of degrees. This blisteringly hot “accretion disk” of in-swirling matter generates the prodigious light output of a quasar. Whereas nuclear fusion – the power source of the Sun and stars – turns about 1 per cent of the mass-energy of matter into other forms such as light and heat, matter funnelling down through an accretion disk onto a black hole can convert more than 40 per cent, if the black hole is spinning at its maximum rate possible.

The spinning supermassive black hole model of Salpeter and Zeldovich received little attention, perhaps because multi-billion-solar-mass black holes sounded like the stuff of science-fiction. However, by the time the idea was fleshed out by Cambridge astrophysicist Donald Lynden-Bell in 1969, more astrophysicists had come around to the idea.24 “A quasar’s thirst is gigantic,” says Heino Falke of Radboud University in Nijmegen in the Netherlands. “It devours forty-five times the total amount of water on the Earth every second – the equivalent of the mass of the Sun every year… With every sip it only gets heavier, bigger. More attractive, more dangerous.”25

What is remarkable is that the first theorists to imagine black holes such as Chandrasekhar to Oppenheimer failed to anticipate their most striking characteristic. They believed that such bodies, on account of being black against the black of space and very tiny, would be impossible to see. They failed to realise that, out in the universe, black holes are likely to be embedded in an environment of interstellar gas and ripped-apart stars. In gobbling it up, they would super-heat it. Far from being black, black holes could be the most brilliant beacons in Creation.

What type of beacon they were depended on a number of factors. “With different values of the [black hole mass and accretion rate],” wrote Lynden-Bell, a former postdoctoral student at Caltech, “these disks are capable of providing an explanation for a large fraction of the incredible phenomena of high energy astrophysics, including galactic nuclei, Seyfert galaxies, quasars and cosmic rays.”

It was a prescient remark. Quasars turn out to be the brightest members of a large class of galaxies with violent activity in their nuclei. Such “active galactic nuclei”, or AGNs, are defined by the fact that the majority of their light comes not from stars, as it does in a normal galaxy, but from light given out by superheated matter swirling down onto a central black hole. Different members of the class appear different because of variations in the mass of their central black holes, variations in environment in which the black hole is embedded, and variations in the angle at which we happen to be viewing the accretion disk.

Another type of active galaxy, in addition to the quasar and Seyfert galaxy, is the “radio galaxy”. When observing them, the first interferometers whose individual dishes had a large separation such as Caltech’s 90-foot interferometer at Owens Valley found something striking and baffling. The radio emission comes not from the visible galaxy but from enormous “lobes”, which dwarf the central galaxy, one on either side.

It was obvious from this “double-lobe” structure that there must be a connection between a central galaxy and its radio lobes – some kind of channel by which matter was funnelled outwards from the nucleus. But it was clear it would require a significant leap in the size and collecting area of interferometers to see it. In the early 1980s, an interferometer array of twenty-seven linked radio dishes was constructed in the New Mexican desert near Socorro. The Very Large Array imaged for the very first time thread-thin “jets” of matter stabbing out from central galaxies to feed radio lobes. Some objects, such as 3C 273 and the bright “nucleus” of M87, even sport optical jets extending from their nuclei. The jets reveal that, although the defining characteristic of a black hole is that they suck in matter, the most striking observational characteristic of many of the black holes observed by astronomers is that they are blowing out matter. Another commonly held idea, in addition to black holes being black, turned on its head.

Although a jet may lance outwards across space for millions of light years, astronomers can zoom in on its point of origin using a technique which harnesses radio dishes around the globe to simulate an Earth-sized radio telescope. Very Long Baseline Interferometry, or VLBI, often reveals a remarkable structure in the innermost few light years which astronomers have dubbed a “cosmic blow torch”. The imaging technique may also show something scarcely believable if the jet happens to be pointing in our direction, but at a small angle to the line of sight. Knots of plasma appear to surge along it at speeds of up to ten times the speed of light. This is, of course, impossible and must be an illusion. In fact, “superluminal motion” was anticipated by Cambridge astrophysicist Martin Rees in 1966.26 It is caused by the material that is emitted at one time moving so fast that it almost catches up the light given out by material at an earlier time. Astronomers underestimate the interval between the two emissions, so, when they divide the distance travelled by the knot by the time to yield the speed, they overestimate the true velocity.

But, although superluminal motion may not be evidence of faster-than-light motion, it is nevertheless evidence that matter is being accelerated to within a whisker of the speed of light. It serves to underline the prodigious power of active galactic nuclei. Whereas on Earth we can boost an infinitesimally small amount of matter to near the speed of light with a giant particle accelerator like the Large Hadron Collider near Geneva, every year a typical quasar is able to accelerate a mass equivalent to the Sun or more to within a whisker of the ultimate cosmic speed. The details of how they do this is not understood but the ultimate source of the energy is clear.

Although the Penrose mechanism for extracting energy from the ergosphere of a black hole is too inefficient, a related mechanism, proposed in 1977 by Roger Blandford and Roman Znajek of the University of Cambridge, is much more promising.27 The Blandford–Znajek process recognises the importance of magnetic fields.28 These are naturally generated by the charged “plasma” of the super-hot accretion disk. And, when material falls into the supermassive black hole, the magnetic field lines end up threaded through the event horizon like the spines of a porcupine. A spinning magnetic field generates an electric field, which can drive an electric current. This “dynamo” mechanism is the basis of how we create electricity on Earth. In the case of active galactic nuclei, the spinning magnet of a supermassive black hole creates an enormous electric field between its poles that is more than enough to accelerate electrically charged matter such as electrons at relativistic speeds along the jets. The exact manner in which the jets are launched is not known and neither is it understood how they remain collimated, thread-thin channels over millions of light years.

The existence of powerful magnetic field and high-energy electrons turn out to be the two prerequisites for the mechanism that ultimately explains the intense radio emission from celestial objects such as quasars. It had been guessed by Bolton and Stanley when they detected radio waves from a solar flare. The activity on the Sun was associated with both strong magnetic fields and electrically charged matter, or “plasma”, moving in response to those fields. Somehow these two ingredients combined to create intense radio emission. Might the mechanism that generated radio waves on the Sun, Bolton asked, be similar to the one generating the radio waves from extragalactic sources? His speculation would prove to be prescient.29

Bolton and Stanley had no idea how the two ingredients combined to generate the radio emission of the extragalactic radio sources. However, in the early 1950s, physicists accelerated electrons to high energy by confining them by a magnetic field and whirling them around a subatomic racetrack. The Achilles’ heel of such a “synchrotron” is that, as the electrons gain energy, they also lose it by radiating electromagnetic waves known as “synchrotron radiation”. But what was the bane of the life of particle physicists was a boon to astrophysicists. It became clear to them that if, out in space, there were high-energy electrons and strong magnetic fields, the magnetic force on the electrons – which is always perpendicular to the field – would cause the electrons to spiral around the field direction and emit intense synchrotron radiation in the form of radio waves.

Astronomers had been mistaken in believing that the Sun and stars generate negligible amounts of radio waves. The Sun has both high-energy charged particles and magnetic fields and so emits synchrotron radiation in the form of radio waves. And, sure enough, the radio waves from active galaxies – specifically, how their intensity changes with wavelength – bear the characteristic fingerprint of synchrotron radiation.

The synchrotron mechanism of radio emission explains why optical maps of the sky do not match radio maps of the sky. Whereas visible light is emitted principally by solid things like stars, radio waves are generated by immense volumes of relatively empty space in which high-energy electrons spiral around magnetic fields.

Together, the jets and the accretion disks help explain the variety of active galaxies. The disks are so hot that they puff up into a sort of doughnut ring around the central black hole. If the jets emerge perpendicular to our line of sight, we see them as thread-thin channels, stabbing outwards from the central galaxy. When they slam into the intergalactic medium, plasma splashes back, like water from a hose hitting a brick wall, creating the double lobes of radio galaxies, the biggest “objects” in the universe. If, on the other hand, we happen to be looking straight down through the doughnut ring towards the black hole, we see the jet coming straight towards us. In this case, the light is hugely boosted in intensity by a process known as “relativistic beaming” and we see a different type of active galaxy known as a “blazar”.30

Quasars were suspected to be star-like because their accretion disks were so luminous that they completely overwhelm the light of the stars in their parent galaxies. In fact, the possibility that the galaxies of 3C 273 and 3C 48 were hidden by the glare of their nuclei was suggested by Matthews and Sandage as early as 1963. And, indeed, in 1983, when sensitive enough instruments were built that could detect ultrafaint light, this was found to be the case.31

Some Seyfert galaxies show spectral features nearly identical to those seen in quasars and they turn out to be closer and less powerful versions. Tragically, Seyfert never knew the importance of his discovery. He died in a car crash in Nashville on 13 June 1960, less than three years before the discovery of quasars.

In 1965, Sandage reported the discovery of a large population of radio-quiet objects that otherwise appeared to resemble quasars.32 Only about 10 per cent of quasars turn out to be radio-loud. This is because only 10 per cent of quasars have the jets necessary for generating radio emission. But why this is so remains a mystery.

Maarten Schmidt died at his home in Fresno, California, in 2022. He was ninety-two. Though he had been desperate to avoid the media spotlight, there was nowhere to hide after Time magazine put him on their cover in 1966.

John Bolton died in Australia in 1993 at the age of seventy-one, never having lost his Yorkshire accent. After his death, his ashes were buried in the ground beneath the sundial at Parkes.i A sometimes difficult man who could be harshly intolerant of mediocrity and poor judgement in others, he nevertheless was a devoted father to his wife Letty’s sons by her first husband, killed in the war, and he kept an open house for his staff, barbecuing steaks and providing fine wines. The British astronomer and physicist Robert Hanbury Brown said: “How can you plan serendipity? I think that you need the right man in the right place at the right time, but he must be a man who doesn’t know too much!” Bolton was just that. His relentless pursuit of the extragalactic radio sources opened up the universe and gave birth to modern astronomy.

Active galaxies, of which quasars are the most violent examples, constitute only about 1 per cent of all galaxies. Therefore, it was still possible to sweep supermassive black holes under the carpet, to believe that they are rare anomalies in nature and are only of peripheral importance in the universe. But then, on 24 April 1990, NASA launched the Hubble Space Telescope. And everything changed.

a A celestial object with an “apparent magnitude” five times larger than another is 100 times fainter. The faintest star visible to the naked eye has a magnitude of about 6 while the apparent magnitudes of the full Moon and the Sun are -12.7 and -26.7, respectively. This means the Sun shines about a million times brighter than the full Moon.

b The spectral lines created when an electron drops to the first, or lowest, energy level are not visible to the naked eye. These “Lyman” lines are in the ultraviolet.

c In a hydrogen atom, the single electron can either have the same quantum “spin” as the single proton or the opposite spin (naively, the spins can be thought of as either a clockwise or anticlockwise rotation). The state in which spins are aligned has a very slightly greater energy than that in which they are not aligned. So, if the atom drops from the higher to the lower energy state, the excess energy is shed as “photon”. This has a wavelength of 21 centimetres.

d Sagittarius A* would later be identified as a 4.2-million-solar-mass black hole at the heart of the Milky Way.

e The discovery of cosmic radio waves was not the only major astronomical discovery made at Bell Labs’ Holmdel site. In 1964, Arno Penzias and Robert Wilson would discover the “cosmic background radiation”, the “afterglow” of the Big Bang fireball in which the universe was born 13.82 billion years ago. See my book, Afterglow of Creation (Faber & Faber, 2010).

f Grote Reber reconstructed his 31-foot dish radio telescope at the National Radio Astronomy Observatory at Green Bank, West Virginia, where it can be seen by visitors. https://public.nrao.edu/gallery/grote-rebers-telescope-and-the-green-bank-science-center/

g Pawsey, on a tour of the US, first used the term “radio astronomy” in a letter to Edward “Taffy” Bowen, director of the Radiophysics Laboratory in Sydney on 14 January 1948. The term was quickly adopted. In August 1948, Martin Ryle in Cambridge published a popular article in British Science News entitled “Radio Astronomy”.

h An interesting application of this effect may be observed when a helicopter flies above the sea near a radio transmitter. The helicopter receives two signals: one signal directly from the transmitter and a second signal after reflection from the sea. As the helicopter rises the phase difference between the two signals will alter and the helicopter will pass through regions of maxima and minima. See “Lloyd’s Mirror”, https://www.schoolphysics.co.uk/age16-19/Wave%20properties/Interference/text/Lloyds_mirror/index.html

i Parkes played a key role in the Apollo 11 Moon landing on 20 July 1969 as well as the rescue of the stricken Apollo 13 spacecraft in 1970. Bolton was portrayed by Sam Neill in the 2001 Australian movie The Dish.
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BIG BLACK HOLE BONANZA

How, in the 1990s, NASA’s Hubble Space Telescope found that supermassive black holes exist in not only the 1 per cent of unruly galaxies but in essentially all galaxies.


 

 

 

“Central black holes might play an important role in adjusting how many stars form in the galaxies they inhabit. For one thing, the energy produced when matter falls into the black hole may heat up the surrounding gas at the center of the galaxy, thus preventing cooling and halting star formation.”

Priyamvada Natarajan1

“Just as with cars, it’s critical to know the fuel efficiency of black holes.”

Steve Allen


ROCHESTER, NEW YORK, 6 JUNE 2000

In a private room of a swanky restaurant, nine men and one woman sit around a large circular table sipping glasses of wine.a They are engaged in animated conversation about two remarkable discoveries they have made concerning the “nuclei” of nearby galaxies. Both profoundly change our view of what a galaxy is and how these cosmic building blocks came to be. Both involve the most esoteric objects in the universe: supermassive black holes. Putting down his glass emphatically, one of the astronomers turns to the others around the table and says: “How can what we’ve found be true? It simply doesn’t make sense!”

“Perfect!” a voice interjects from the shadows beyond the table. “That’s a wrap! Thanks, everyone!” The booms with furry microphones are retracted. The camera dolly, which has been shuttling back and forth along a railroad track around the table, capturing people’s faces as they speak, comes to an abrupt halt. The astronomers, relieved that their acting stint is over but still pumped with adrenalin, are all on their feet. Two are rolling their shoulders and stretching; one has taken the opportunity to nip to the rest room; and the others are laughing about things they fluffed that they hope will be cut.

The conversation around the restaurant table was for a fifty-minute BBC Horizon documentary.2 But, although it was a mock-up, the chat was not entirely fake. The astronomers did indeed make the discoveries they were discussing. But they were the result of the painstaking accumulation of observations over many years rather than the sudden “Eureka!” moment so beloved by the makers of TV documentaries.

The ten astronomers have flown here to Rochester, New York, to attend the 196th meeting of the American Astronomical Society. They call themselves “the Nuker team” and it is fair to say they have blown out of the water everything people thought they knew about supermassive holes.

*

The Nuker team was formed in 1985 by Tod Lauer, a first-year postdoctoral scholar at the University of California, Santa Cruz. The catalyst was NASA’s Hubble Space Telescope, which was scheduled for launch within only a few years. Once the instrument was in orbit, high above the blurring effect of the Earth’s atmosphere, astronomers would have an unprecedented ability to see fine detail in the night sky. The Nukers aimed to exploit that capability to investigate the motion of stars deep in the hearts of nearby galaxies.

At the team’s first meeting, held at Princeton University in New Jersey, June 1985, another astronomer at the University of California, Santa Cruz was elected leader. Sandra Faber had a reputation for being superbly organised and it was her second big astronomical team. At the start of the 1980s, she had gathered a group of astronomers to create a map of how elliptical galaxies were distributed and moving in the local universe.b The team, informally known as “The Seven Samurai”, made several major discoveries in its decade of using telescopes across the world. Most notably, it identified a huge concentration of about 10,000 galaxies about 220 million light years away. The gravity of this “Great Attractor” is dragging in whole clusters of other galaxies, including our own Local Group.

The success of The Seven Samurai convinced Faber of the value of bringing together astronomers with a wide range of observational and theoretical expertise to pursue a well-focused research project. There was also the hope that the panel that allocated precious observing time on the Hubble Space Telescope would look favourably on a long-term programme carried out by a large team.

Faber and Lauer had already been observing the nuclei of galaxies from the University of California’s Lick Observatory near San Jose. Another astronomer, John Kormendy of the University of Texas at Austin, had been doing the same from the Canada France Hawaii Telescope on Mauna Kea, Hawaii. “I understood the value of pooling resources and getting lots of time on the telescope,” says Kormendy. “I agreed to join the team provided that they also invite Doug Richstone and Scott Tremaine, who were friends of all of us and world experts in the dynamical modelling theory required to analyse observations to look for black holes.” Alan Dressler, a former student of Faber’s, also joined the effort. This core of six astronomers would eventually expand to fifteen. It was Faber who came up with the team’s name. In 1989, she began an email to the other five members with the words “Dear Nukers”. It seemed very apt and it immediately stuck.

A late addition to the team was Alex Filippenko of the University of California, Berkeley. As a graduate student at Caltech in the early 1980s, he became intrigued by a report of gas clouds flying at several thousand kilometres per second in the nucleus of the nearby spiral galaxy, M81. This was alarmingly fast for a galaxy. It suggested to Filippenko that something extraordinary might be going on in its nucleus and that perhaps it was a scaled-down version of the quasar phenomenon. “It set me on my thesis topic,” he says. “Could I find weak quasar lines in nearby galaxies?”

“H-alpha” was the hugely red-shifted Balmer emission line spotted by Maarten Schmidt and Bev Oke in 3C 273, the first quasar to be identified. The Doppler broadening of the line indicated that the gas was moving at several thousand kilometres a second. Since a possible explanation was that it was being whirled around by the powerful gravitational field of a supermassive black hole, it seemed a promising spectral feature to hunt for. Filippenko observed 500 galaxies. And he was in luck. He found faint, broad H-alpha lines in a wide range of them. It was the expertise he developed while doing this work that made him useful to the Nuker team. “I could tell them which galaxies were most likely to contain supermassive black holes,” says Filippenko.

It was important to know the best places to look so as not to waste valuable time with the Hubble Space Telescope. Galaxies have very “low brightness per unit area” and in reality look nothing like the spectacular images depicted in popular astronomy books, which are the result of long exposures. In order to create a decent spectrum of a single galaxy, Hubble would need many orbits of the Earth in which to soak up sufficient light. “To convince the Hubble committee that our project was worthwhile, we needed to show we had chosen galaxies where there was a high likelihood of finding what we were looking for,” says Filippenko.

When the Nuker team formed in 1985, there was a strong suspicion among astronomers that supermassive black holes reside in the nuclei of quasars and their kin, and that such active galaxies derive their prodigious luminosity from matter heated to incandescence as it swirls down onto the black hole through an accretion disk. However, the idea was supported by precious little in the way of observational evidence. Nevertheless, seven years earlier, there had been a tantalising hint.

*

In 1978, a team led by Wallace Sargent, who had been Filippenko’s thesis advisor, and Peter Young at Caltech used the 5-metre Hale telescope on Mount Palomar to peer deep into the core of a relatively nearby giant elliptical galaxy. M87 is about 50 million light years away and sports a bright nucleus and a strange optical “jet” stabbing out of it. These peculiar features suggested to the team that the galaxy might be a local, relatively inactive version of a distant quasar: an almost dormant one much like a sporadically active volcano.

Sargent and Young examined the light from the stars in the very centre of the galaxy using a spectrograph. They found that the lines were broadened by the Doppler effect because the stars had a large range of velocities. Most significantly, Sargent and Young found that the broadening rose by 20 per cent in the very centre of M87. It was exactly what would be expected if the stars were in the gravitational grip of a huge, compact mass and were being whirled around it at high speed: the closer they were to the mass, the faster they would be moving. Sargent and Young were sure the object was a supermassive black hole. And, from the speed of the stars so close into the centre of M87, they estimated that it must be an astonishing 5 billion times the mass of the Sun.3

Extraordinary claims, however, require extraordinary evidence. And Sargent and Young did not quite possess that. They assumed that the Doppler broadening of spectral lines of stars in the very centre of M87 was due to their speeds as they orbited a hidden mass, with some of the stars coming towards us and having their light blue-shifted, and some flying away from us and having theirs red-shifted. But there was another possible interpretation. Plausibly, the stars might not be in orbit around a concentrated mass at all but instead flying outwards from the centre of the galaxy in the aftermath of some kind of titanic explosion. Because Sargent and Young’s team was unable to rule out such a possibility, it wasn’t certain that M87 contained a 5-billion-solar-mass supermassive black hole.

*

Five years later there was further tantalising observational evidence of supermassive black holes lurking in the hearts of galaxies. In 1983, an astronomer at the Carnegie Observatories, a privately funded research facility not far from Caltech’s campus in Pasadena, arrived for an observing run at Mount Palomar. Alan Dressler carried in his briefcase star charts showing the location of two relatively nearby active galaxies: NGC 1068 and NGC 4665. “Unlike M87, these were not dormant,” says Dressler. “Each nucleus was like an intense blue searchlight. It was screaming ‘massive black hole’.”4

Active galactic nuclei tend to pump out so much visible light, and especially high-energy ultraviolet, that it completely swamps the light coming from the stars. However, such galaxies are not so overpoweringly luminous in the invisible-to-the-naked-eye infrared. “My idea was that looking at NGC 1068 and NGC 4665 in the infrared would lessen the blast of blue light coming from their massive black holes so I might be able to see the sign of stars moving faster and faster at their centres,” says Dressler.

The light from stars has distinctive spectral lines in the infrared that are due to the element calcium – in fact, a triplet of them. Dressler hoped to be able to detect them deep in the heart of NGC 1068 and NGC 4665 using a near-infrared spectrograph built for the 5-metre telescope by Caltech’s Bev Oke. But things did not go to plan.

Dressler had some time after observing NGC 1068 and NGC 4665. He had no spectra of normal galaxies – ones not suspected to contain a supermassive black hole – with which to compare his pair of galaxies, so he decided to observe them. He picked the nearest: the Andromeda spiral galaxy, or M31, and its diminutive satellite galaxy, the elliptical galaxy M32.

He did not analyse his data for NGC 1068 and NGC 4665 until later. But, when he did, he was very disappointed. All he had to show for his nights at the biggest telescope in the world were two badly overexposed spectra. “Even in the infrared, there was still too much light coming from the glowing gas,” he says. “It completely overwhelmed the ordinary starlight.” Disheartened, he turned to the spectra of M31 and M32. And got the shock of his life. “To my utter amazement, there was a clear signature of stars going nuts-o in the centres of Andromeda and M32,” he says. “I had found what I was looking for – but not at all where I was looking for it!”

M31 and M32 were considerably closer than the M87 galaxy observed by Sargent and Young’s team. It meant that Dressler was able to take the spectra of the stars on either side of their centres. And, in both galaxies, he saw evidence that stars were moving extremely fast. In fact, in M31, on one side, the stars were speeding towards us and on the other they were flying away. It was the unmistakable signature of stars orbiting a massive, compact object. Whereas Sargent and Young assumed the stars in M87 were orbiting a hidden mass, for the stars in M31 and M32, Dressler found strong evidence for it.

From the speed at which the stars were orbiting, Dressler deduced the mass of the compact body at the heart of each galaxy. In Andromeda, the stars were being whirled around at a barely believable 150 kilometres a second, or 540,000 kilometres an hour. Dressler concluded that the mass doing the whirling was about 140 million times that of the Sun. In M32, it was about 3 million solar masses.

John Kormendy had also been observing Andromeda at the same time with the Canada France Hawaii Telescope. He too had discovered the abnormally high velocity of the stars in the nearest galaxy to our Milky Way. “The big shock was M31 and M32 were ordinary galaxies not active galaxies,” says Dressler. “Yet they still contained supermassive black holes!” Dressler and Kormendy both published their astonishing results. However, other astronomers were unconvinced.5 Just as one swallow does not make a summer, two galaxies do not make a compelling case for supermassive black holes.

*

Obtaining definitive evidence of the existence of supermassive black holes in the nuclei of galaxies required seeing stars being whirled around by the powerful gravity of an invisible body. But this was stymied by the Earth’s atmosphere. Peering at stars from beneath the swirling atmosphere is like peering at the lights on a ceiling of a swimming pool while lying on your back at the bottom of the deep end. They jitter around, smearing the images.

NASA’s Hubble Space Telescope – the main reason for the formation of the Nuker team – promised a new era for astronomy. With its 2.4-metre mirror orbiting high above the Earth’s atmosphere, its vision would be up to ten times sharper than that of any ground-based telescope. Perfect for searching for the tell-tale signature of supermassive black holes in the heart of up to 100 nearby galaxies.

On 24 April 1990, Hubble was launched in the cargo hold of NASA’s Discovery Space Shuttle. It reached its designated orbit and everything went to plan. Then the giant telescope opened its eyes to the universe. To the horror of those at Mission Control, the first images beamed down from space were horrendously blurred. It was as if the telescope were seeing the heavens through a frosted bathroom window.

In the construction of a telescope, getting the mirror right is fundamental. Yet, somehow, Hubble’s mirror had been ground to the wrong shape. It was the most elementary mistake possible and it was scarcely believable that it could have been made. Yet, Hubble had been launched with the telescopic equivalent of a squint. Astronomers were in despair. And angry. About 10,000 people were involved in fabricating the Hubble Space Telescope – the biggest team ever assembled to create a single scientific instrument – and a management and review structure had been put in place to organise the work of so many people. But it had utterly failed. “The error was directly traceable to a couple of people involved in making the mirror who did not follow the testing protocol, and their manager who failed to follow procedure that would have caught the mistake,” says Dressler.

It was one of the most embarrassing and expensive mistakes in scientific history and a national humiliation for the US. The public mood was captured by a cartoon in a magazine. It presented a panel of pictures purportedly taken by Hubble: an image of the Moon distorted into the shape of a potato, next to an image of Saturn with its rings squidged into the shape of a banana, next to a grossly distorted image of angry American taxpayers waving their fists at the sky. Edwin Hubble was the most important astronomer of the twentieth century – a man who not only discovered the vast scale the universe in which we were lost but that its basic building blocks – the galaxies – are flying apart from each other like pieces of shrapnel in the aftermath of a titanic explosion: the Big Bang. Now Hubble’s name was associated with an international laughingstock.

There were grave doubts that the Hubble Space Telescope could be fixed. In the early days of the project, some had hoped that the telescope might be brought back down to Earth if it ever needed repairing. But they very quickly realised that it was not feasible for a 13-metre-long, 11-tonne behemoth. In addition, NASA had not even considered missions to service the telescope. The appalling truth was that the space agency was completely unprepared for the disaster that had befallen it.

It was nearly a fatal blow to the telescope. But, by a piece of remarkable luck, its squint, or “spherical aberration”, was fixable if Hubble’s instruments were provided with the equivalent of correcting spectacles. “In 1993, NASA told astronomers it was willing to mount what it described as the most ambitious, and potentially dangerous, space mission ever – and that includes Apollo,” says Dressler.

The Hubble repair mission was the most demanding Space Shuttle mission ever conceived. At US$800 million, it would cost more than half the telescope’s original $1.5 billion price tag. And NASA rated its chance of success at a mere 50:50. To prepare, astronauts practised their mission in the weightless conditions of a NASA swimming pool in Houston, Texas. Restoring Hubble’s eyesight required pulling out the instruments and replacing them with new ones. In principle, each instrument could be slid out since they were installed on rails. However, nobody was sure that this would be possible in space since nobody had envisioned mending the telescope in orbit.

On 2 December 1993, the Space Shuttle blasted off from Cape Canaveral on the Atlantic Coast of Florida. Two pairs of astronauts worked on the telescope in alternating shifts and carried out a total of five space walks. Over eleven gruelling days, they painstakingly removed the old instruments and inserted the new ones with their specialised correcting lenses. And, incredibly, the mission succeeded. In January 1994, the first images were beamed down from Hubble to Mission Control. They were the sharpest pictures ever obtained of the universe and everyone who saw them, from astronomers to journalists to members of the public, were blown away.

Hubble, despite its inauspicious start, would turn out to be the most important telescope since the one used by Galileo in Padua in 1610 to discover mountains on the Moon, the phases of Venus and the moons of Jupiter.c Its achievements would include pinning down the expansion rate, and so the age, of the universe; obtaining the “Hubble Deep Field” image of 3,000 galaxies, literally at the dawn of time; and revealing the “Pillars of Creation”, a stellar nursery where stars are being born, still wreathed in their placental gas and dust. But, arguably, Hubble’s greatest achievement would be its transformation of our view of the importance of black holes.

*

With the Hubble Space Telescope finally able to see the universe clearly, the Nuker team was finally in business. In 1994, the team began a systematic survey of the centres of galaxies, searching for the tell-tale signature of stars speeding around a central supermassive black hole.

A lot of very clever scheduling was needed to observe any celestial object for any length of time because Hubble, at an altitude of 547 kilometres, was hurtling around the Earth at 28,000 kilometres per hour. Whereas an earthbound telescope can observe for up to a dozen hours during the night, Hubble’s orbit plunged it into daylight every forty-five minutes. The scheduling of observations was carried out by Hubble’s technicians, who also operated the telescope as it was deemed far too complicated to be operated by mere astronomers. Their job was simply to request objects to look at during their allotted time, then wait patiently to be sent the images at a later time. Hubble had no Star Trek-like control room, decked out with computer monitors from which astronomers directed Hubble to look at particular objects in the sky and to which images were beamed down in real time. Modern astronomy is not as romantic as people might imagine.

Obtaining a spectrum and an image of a single galaxy took about thirty Hubble circuits of the Earth. “Given that the telescope orbited the Earth about 6,000 times a year, that meant that looking at a single galaxy took up about 0.5 per cent of annual observing time of Hubble!” says Filippenko. “Ten galaxies amounted to 5 per cent of Hubble’s time, at which point other astronomers would be crying bloody murder!”

The Nuker team obtained an amount of time on Hubble that allowed it to target only a few galaxies. This work had to be supplemented by observations with telescopes such as the 5-metre Palomar telescope, 10-metre Keck in Hawaii and 3.6-metre Canada France Hawaii Telescope. The observing slots on ground-based instruments were longer than on Hubble and there was less competition for them.

From their Hubble images, the Nuker team extracted “light profiles”, which revealed how the brightness of the stars varied with distance from the heart of each galaxy. The specific type of light intensity at the centre suggested that there was a central supermassive black hole but it was not enough in itself to prove the case. But spectra taken with Hubble and ground-based telescopes yielded the velocity of the stars. Armed with all this information, it was up to the Nuker theorists, Doug Richstone and Scott Tremaine, to determine how much gravitating mass must exist within the central few light years of a galaxy to explain both the light profile and stellar velocities. Over a period of seven years, the Nukers would observe about a dozen nearby galaxies in unprecedented detail with Hubble, with the complementary ground-based observations bringing the total up to around a hundred.

Initially, Hubble was equipped only with a “Faint Object Spectrograph” with a single hole which admitted the light from the telescope. From the Doppler broadening of a spectral line, it was possible to deduce the “velocity dispersion”, or range of speeds, of gas and stars in the nucleus of a galaxy. But later on, Hubble was equipped with the “Space Telescope Imaging Spectrograph”, with a long slit rather than a single hole. For the nearest galaxies, this enabled the measurement of the velocity of the gas and stars on either side of their centres. It was then possible to construct a “rotation curve”, revealing how velocity increased with proximity to the centre of the nucleus. If it rose very sharply – so-called Keplerian behaviour – it confirmed that the very centre contained a single dominant mass.

By the time the Nuker team had observed five or six galaxies, the truth was becoming apparent. By the time it had observed a few dozen, it was beyond any reasonable doubt. The stars close to the centre of each nucleus were orbiting so fast that they could not possibly be prevented from flying off, like children on a sped-up roundabout, unless they were in the grip of the gravity of a huge concentration of invisible matter.

It had been thought that supermassive black holes were rare anomalies that powered only the 1 per cent of unruly, active galaxies. But the Nuker team demonstrated that this was not the case. In fact, there was a bottomless pit in space-time in the heart of every galaxy. “Supermassive black holes turn out to be a dime a dozen,” says Filippenko. They are a ubiquitous feature of the nuclei of all galaxies. It was what Dressler had suspected from his Palomar observations of nearby galaxies in 1983, but his pair of galaxies was too small a sample to stand up such an extraordinary claim. “On the other hand, if you find a two-headed snake in your backyard, you might plausibly conclude two-headed snakes are common,” says Filippenko.

*

The idea that every galaxy must contain a supermassive black hole had in fact been predicted in 1969 by British astronomer Donald Lynden-Bell. Five years earlier – one year after Maarten Schmidt discovered the high red shifts of quasars – the American astrophysicist Ed Salpeter and Soviet cosmologist Yakov Zeldovich had independently proposed that giant black holes might be the “central engines” powering these phenomenally luminous objects. Nobody, however, had taken much notice of the proposal. Lynden-Bell moved the subject on by arguing that the fact quasars appeared common in the early universe but non-existent today must mean that dead quasars in the form of “collapsed bodies” – black holes – are common in galactic nuclei.6 Maarten Schmidt came to exactly the same conclusion three years later.7

According to Lynden-Bell, supermassive black holes shine only when they are fed by the in-swirling accretion disk of superheated gas and ripped-apart stars. When this food supply runs out, they switch off and become dormant. The reason only about 1 per cent of galaxies are active galaxies, maintained Lynden-Bell, is not that only 1 per cent of galaxies contain supermassive black holes but that their supermassive black holes are active for only 1 per cent of the lives of galaxies. Most galaxies contain dead quasars. Their glory days, when they blazed brighter than trillions of suns, are long over. Having run out of rations on which to gorge, 99 per cent are now slumbering. “Black holes, it turns out, are incredibly boring,” says Heino Falcke of Radboud University in Nijmegen, Netherlands. “Most don’t particularly call attention to themselves. They are the ‘silent majority’ because they behave like most people: only a select few really come out of their shells, become eccentric superstars, lead an exciting life, and have everybody looking at them.”8

The Nuker team, by the late 1990s, had deduced the masses of the supermassive black holes in scores of nearby galaxies. They ranged from tens of millions to tens of billions of times the mass of the Sun. But the ubiquity of supermassive black holes in the universe was only one of the discoveries the Nuker members had been discussing while being filmed by a BBC documentary team around a restaurant table in Rochester, New York, in June 2000. The others are slightly more arcane. Nevertheless, they are the discoveries that evoked the response: How can this possibly be true?

*

A common practice among astronomers is to look for correlations between the disparate phenomena they observe in the hope that these reveal deep connections that will provide insights and understanding. The two obvious things with which to compare the mass of a supermassive black hole are the total mass of its parent galaxy and the mass of its central spherical bee-swarm of stars, which astronomers know as its stellar “bulge”. The Nuker team first compared the masses of supermassive black holes with the masses of their parent galaxies. They were not surprised to find no correlation. Next, the team compared the masses of the black holes and their stellar bulges. And it was gob-smacked. Unexpectedly, there was a correlation. The bigger the stellar bulge, the bigger the black hole. In every galaxy, the supermassive black hole weighed about 0.5 per cent of the mass of its stellar bulge.

Dressler had found a hint of such a relation in 1983. But he had looked of course at only two galaxies, whereas the Nuker team’s sample was far bigger and it found that the correlation existed for dozens of galaxies. And the same relation was discovered by two other astronomers: David Merritt of Rutgers University in New Brunswick, New Jersey, and Laura Ferrarese of the University of California in Los Angeles.9

The fact that the mass of a galaxy’s supermassive black hole is related to the mass of its bulge was not only unexpected, it appeared impossible. It suggests that the black hole “knows” about the mass of the stars, or that the stars “know” about the mass of the black hole. But the mass of the supermassive black hole is a mere 200th that of the stars of a galactic core, which means that its gravitational tug of the black hole on those stars is so small as to be almost non-existent.

Although a giant black hole in popular imagination is a monster sucking in everything around it until its parent galaxy disappears like water swirling down a plug hole, this is pure fantasy. As two bodies get further apart, the force of gravity between them weakens very rapidly. Consequently, only stars within about ten to a hundred light years of the centre of a galaxy dance to the tune of its supermassive black hole, whereas a stellar bulge like the one in the Milky Way may be 10,000 to 20,000 light years across. “Why should the galaxy of stars care about the black hole?” says Filippenko. “Whether it is there or not should not make the slightest difference.”

If a supermassive black hole has only a tiny mass compared to its parent galaxy, its spatial dimension is even more minuscule. Compared with its galaxy it is like a bacterium next to the city of Los Angeles. A bacterium would not be expected to influence the street plan of LA. Yet either a supermassive black hole influences its galaxy, or a galaxy influences the supermassive black hole. Contrary to all expectations, there is an intimate connection between them that means they have grown in lockstep.

But, if a supermassive black hole cannot be influencing its galaxy now, then that leaves only one possibility: it must have influenced it in the past. “The two must form together, or under a common influence,” says Dressler. “The correlation is an essential clue to how galaxies are born.” For decades, theorists have been trying to understand how galaxies form. After the Nuker team’s result, it was clear that the recipe was missing a key ingredient: supermassive black holes. Galaxies and supermassive black holes are two sides of the same coin. You cannot have one without the other.

The key to understanding the link between supermassive black holes and galaxies is that, as far as Einstein’s monsters are concerned, size does not matter: what matters is energy. And the energy a supermassive black hole can unleash in its formation is not small. In fact, it is stupendously huge. Nobody knows for sure how a supermassive black hole is born. The initial seed may be a dense cloud of gas that shrinks under its own gravity to form a black hole directly. Or it may be a dense cluster of stars that does something similar. Once formed, the gravity of the black hole grows as it drags in ever more surrounding material. Crucially, however, no matter how a supermassive black hole of billions of times the mass of the Sun is born, the process unleashes, unavoidably, an enormous amount of gravitational energy.d

Gravitational energy is the energy a mass has by virtue of its position in the gravitational field of another mass. The gravitational energy of a tile on the roof of a house, for example, is the energy that it possesses because of its elevated position in the gravitational field of the Earth. If you walk past the house and the tile falls and smashes at your feet, the gravitational energy the tile has on the ground is less than it had on the roof because it is lower in the Earth’s gravitational field. According to the “law of conservation of energy”, energy cannot be created or destroyed, only converted from one form to another. In this case, gravitational energy has been transformed into the energy of motion of the falling roof tile. (When it smashes on the ground, that energy is further morphed into sound energy and the energy of motion of shrapnel of the fragments.)

In the birth of a supermassive black hole, the gravitational energy liberated is equivalent to a mind-bogglingly huge number of plummeting roof slates since millions or even billions of solar masses fall together under the force of gravity. In fact, the total energy liberated is thousands of times that required to blow all the stars and gas clean out of the galaxy. It follows that, if even a small amount of this “binding energy” is injected into the gas surrounding the black hole, it will have a profound effect on star formation. This is because it will stir up the gas and heat it until it becomes too hot for gravity to squeeze it into stars. By such means, a supermassive black hole can, in principle, leave an indelible imprint on the stars of its parent galaxy.

Here, then, is how the black hole grows in perfect unison with its galaxy. Matter is sucked into the black hole. It swirls down through an accretion disk, friction heating it to billions of degrees and creating a quasar. If the black hole sucks in matter too fast, however, the accretion disk becomes so luminous that two things happen. First, the pressure of the radiation streaming outwards impedes the gas flowing in towards the black hole, reducing its rate of growth. And, secondly, the radiation heats the gas of the bulge, causing it to resist the force of gravity trying to shrink the gas into stars. Thus both the growth rate of the black hole and the rate of star formation go down. If, on the other hand, the black hole sucks in matter too slowly, the accretion disk becomes less luminous so there is less radiation streaming outwards. Since the gas in the bulge is now cooler, star formation can speed up. At the same time, cool gas can again fall into the hole, causing it to grow.

By means of such a “feedback” between the supermassive black hole and its surrounding gas, the mass of the black hole and mass in stars of bulge increase in step. “But exactly how this mechanism worked to make the supermassive black holes in all galaxies precisely 0.5 per cent of the mass of their galactic bulges is still a mystery,” says Filippenko.

The evidence of a connection between supermassive black holes and their galaxies is not simply that the masses of the two are related by a universal percentage. The Nuker team found another, on the face of it even more surprising, correlation. It concerns a quantity that is easy to measure for the bulge of a galaxy: the spread of velocities of the stars in the bulge of the galaxy. This “velocity dispersion”, also known as “sigma”, can be deduced directly from the smearing out of spectral lines by the Doppler effect. To the surprise of the Nuker team, sigma was closely related to the mass of the supermassive black hole. The bigger the black hole, the bigger the sigma. In other words, the bigger the black hole, the greater the turbulence of the gas clouds in the bulge from which the stars formed. Once again, astronomers puzzled over how a supermassive black hole, which is so small, both in mass and dimensions, could leave its imprint on its surrounding galaxy. Why should the gas in the bulge care a jot about the mass of the black hole?

To answer this question, it is necessary to realise that if a black hole is fed too much, its accretion disk gets so hot that the radiation streaming outwards blows the gas completely out of the galaxy. How easy or hard this is depends on the mass of the bulge since it is the gravity of that mass that pulls back on the gas, hindering it from being expelled. If the bulge mass is high, the black hole will be able to feed at a higher rate before it blows away its fodder than if the bulge mass is low. It turns out that sigma, the velocity dispersion, is simply a measure of the strength of the gravity of the bulge since the stronger that gravity the speedier the gas clouds it can hold on to.

The surprising correlations found by the Nuker team show that a supermassive black hole is a fundamental part of what a galaxy is. Far from being the destructive phenomenon of popular imagination, voraciously sucking in matter and flaring up intermittently as a cosmic blowtorch, a supermassive black hole plays an essential role in the birth and evolution of a galaxy. Through its huge outflow of energy, it transfers its energy into the surrounding galactic environment, gradually clearing the central regions from gas and throttling back star formation. If this did not happen, galaxies would use up all their gaseous raw material soon after their birth in a huge burst of formation and there would be none left to form stars later on. Although this does indeed happen in giant elliptical galaxies whose stars were all born more than 10 billion years ago and are dead and dying, it does not happen in spiral galaxies like our Milky Way. We owe our very existence to the black hole feedbacks that ensured that star formation continued at a sedate rate after the birth of our galaxy and that there was gas left over to birth the Sun.

No one understands the details of these feedbacks, which may be complex over time, alternately throttling back and speeding up both the supermassive black hole activity and star formation. And they are not only negative, throttling back black hole activity and star formation when black holes get too energetic. It is also possible for the jets to compress gas and trigger star formation. But somehow these complex feedbacks create the simple correlations observed.

The discovery that essentially every galaxy contains a supermassive black hole prompts an obvious question: what about our own galaxy? It was a question that occurred to Dressler in 1983 when he found a hint of a supermassive black hole in Andromeda. “What was most significant was that Andromeda is the closest big galaxy to us,” he says. “If Andromeda has a big black hole, perhaps they all do, including our Milky Way.”

*

Strong radio emission from the centre of the Milky Way had been noticed both by Karl Jansky in the 1930s and Grote Reber in the 1940s. And, in February 1974, a powerful localised source was identified by Bruce Balick and Robert Brown using the 35-kilometre radio-linked interferometer at the National Radio Astronomy Observatory in Green Bank, Maryland.10 Eight years later, Brown christened the source Sagittarius A*, using the “*” to signify that it was a very special source.

At the centre of our galaxy, the stars are so crowded together that they are separated by light weeks rather than the light years of those in the Sun’s neighbourhood. About 6,000 stars are visible to the naked eye on Earth. However, the night sky of a planet circling a star in the heart of the Milky Way would be turned into perpetual day by the light of millions upon millions of blazing suns. “All roads lead to Trantor,” wrote American science-fiction writer Isaac Asimov, imagining a planet at the galactic centre, “and that is where all stars end.”11

Where the stars end, we now know lurks Sagittarius-A* – like a black widow spider in the middle of the Galactic web. “A huge black hole eating up the galaxy,” wrote American science-fiction writer, Clifford D. Simak. “The end of everything.” But Simak would be right only if all matter was heading directly towards the black hole and had no component of motion around it. “Fortunately, most things near the supermassive black hole are just going to go around it,” says Andrea Ghez of the University of California, Los Angeles. “They don’t actually get sucked in. In the 1990s, Ghez led a team that picked up and ran with an idea of Charles Townes of the University of California, Berkeley. Townes, the pioneer of the “maser”, the microwave version of the laser, realised that Sagittarius A* is close enough that, with luck and ingenuity, it might be possible not only to see stars there but also deduce from their motion that they are orbiting a supermassive black hole. “The centre of our galaxy was the best place to look because it’s the closest center of a galaxy that we’ll ever have to study,” says Ghez.12 Ghez’s team was not alone. Another, in Germany, led by Reinhard Genzel of the Max Planck Institute for Extraterrestrial Physics in Garching and the University of California at Berkeley, had had exactly the same thought.

It is impossible to detect visible light from stars in the centre of our galaxy because the Milky Way is a flattened disk like an old-style CD, though about 100,000 light years across, and the space in the disk is so choked with interstellar dust that visible light can barely penetrate 10 per cent of the way from the Galactic centre to the Earth. The only way to see the heart of the Milky Way is with longer wavelength electromagnetic waves that can spear clean through the dust: radio waves and infrared light. Ghez and Genzel, working independently but aware of each other’s work, both chose infrared, which, with shorter wavelengths than radio waves, enables a telescope to see finer detail.

Seeing individual stars in the centre of the galaxy – 26,700 light years away – requires the sharpest possible vision. However, turbulence of the atmosphere renders even the biggest modern telescopes only somewhat better than the one used by Galileo in Padua in 1610. They may collect more light, allowing us to see fainter and more distant objects, but their vision is nearly as blurry. To sharpen the images of their telescopes, Ghez and Genzel’s teams initially used a technique called “speckle imaging”. The turbulence in the atmosphere causes the image of a star to flit back and forth hundreds of times a second. All these jittery images melded together constitute the smeared-out image that a telescope actually observes. Speckle imaging involves taking thousands of images over a period of several minutes. Between them, all images contain the information needed to reconstruct an undistorted image of a star. When this is extracted by clever manipulation on a computer, the result is an image twenty or more times sharper than normal.

A decade into their work, both Ghez and Genzel switched to a newer technique for obtaining ultrasharp images of stars. “Adaptive optics” involves firing a laser up through the atmosphere to create an artificial star. The jitter of the light reflected back down to the ground is then used to deform a thin telescope mirror hundreds or even thousands of times a second in exactly the manner needed to compensate for the atmospheric turbulence. Although hugely more expensive to implement – the mirror must be constantly flexed by tiny computer-controlled “actuators” – adaptive optics provides significantly better results than speckle imaging.

Genzel’s group used the 3.6-metre New Technology Telescope at La Silla Observatory in Chile but, a few years later, moved to the vastly superior Very Large Telescope on Cerro Paranal in the Atacama Desert of Northern Chile, with its four 8.2-metre mirrors. Ghez’s team used the giant 10-metre Keck telescope on Mauna Kea in Hawaii and, starting in 2000, zoomed in closer to the heart of the Milky Way than ever before. Using speckle imaging, and later adaptive optics, her team identified an extraordinarily dense cluster of stars in the very heart of Sagittarius A*. It was spotted by Genzel’s team too. The “S-cluster” is thought to contain a million stars with a stellar density around 10 million times that of the solar neighbourhood. Some of its members were within only two light weeks of the Galactic centre.13

Ghez and Genzel obtained a detailed image of the cluster and began tracking the motion of the S-stars year by year. Many were flying through space at huge velocities of 1,000 kilometres per second or more. Closest to the centre of the Milky Way there appeared to be a super-luminous star roughly fourteen times as massive as the Sun. S2 was tracing out a highly elongated orbit which caused it to swoop by a central mass once every fifteen years. Crucially, this was short enough for Ghez and Genzel to observe a complete circuit. In 2018, S2 passed within 20 billion kilometres of the central mass – equivalent to 120 times the separation of the Earth and the Sun. As it swung around the central mass, it was hurtling through space at 5,000 kilometres per second, or almost 2 per cent of the speed of light. The up-and-down oscillation of a light wave acts exactly like the tick of a clock. And the ticks became more sluggish. Such a slowing down of time in strong gravity was predicted by Einstein. It indicated that S2 was experiencing the powerful gravitational field of an enormous black hole.

And the effect of Einstein’s theory of gravity was revealed not only by the light from S2 but also by the shape of its orbit. By 2008, it had been observed for one complete orbit and, by 2020, for two. Observations revealed that S2’s orbit is not a repeating ellipse but an ellipse that gradually changes its orientation in space.14 In our solar system, such “precession” is exhibited by the orbit of Mercury, the closest planet to the Sun. As Newton showed, an elliptical path is followed only by a body that experiences a force of gravity that weakens with the inverse-square of distance from a central mass. But, as Einstein recognised in 1915, the gravity close to a central body is stronger than Newton would have predicted because it arises not only from the body’s mass but from the energy in the gravitational field itself, which has an equivalent mass. As a result, the orbit of a body traces out an ellipse which changes its orientation in space and creates a rosette-like pattern.

The most extreme S-star so far discovered takes twelve years to orbit Sagittarius A*. S4714, at its closest approach – 1.88 billion kilometres, or a mere thirteen times the distance between the Earth and the Sun – will be travelling at 8 per cent of the speed of light. At such a speed – the fastest ever observed for a star – it would be possible to travel from the Earth to the Moon in just sixteen seconds.

S4714 is hard to spot even with the world’s biggest infrared telescopes because it is so faint. But its discovery raises hopes of finding even fainter S-stars that orbit even closer to the supermassive black hole. “If we are lucky, we might capture stars close enough that they actually feel the rotation of the black hole,” says Andreas Eckart from Cologne University. “That would be a completely different level of testing relativity.”15

From the speed of S2 and the other S-stars, Ghez and Genzel deduced that within two light weeks of the heart of the galaxy, there is a mass of about 4.2 million times that of the Sun. A cluster of stars with this kind of mass could not fit into so tiny a volume and it is hard to imagine anything else mundane doing the job either. As Sherlock Holmes said: “When you have eliminated the impossible, whatever is left, however improbable, is the truth.” The improbable truth is that Sagittarius A* is a supermassive black hole. “Proof of the black hole is a tremendous amount of mass inside a very small volume,” says Ghez. “There’s 4 million times the mass of our Sun within a region that’s comparable to the size of our solar system.”

Sagittarius A* is thousands of times less massive than the behemoths in some of the most violent active galaxies and only a millionth the total mass of the Milky Way. But despite being a cosmic tiddler, it holds the distinction of being the closest supermassive black hole to Earth. The evidence for its existence is therefore the strongest evidence for the existence of any supermassive black hole in any galaxy. For their decades-long pursuit of the monster in the dark heart of the Milky Way and for their super-accurate determination of its mass, Ghez and Genzel were awarded the 2020 Nobel Prize in Physics.

Ghez and Genzel, and the Nuker team, totally revolutionised our view of black holes. Nevertheless, all that had been observed was the long-range gravitational effect of a compact object that was far too small to actually see. And, while nobody had actually seen a black hole, there remained the possibility that such monstrous bodies did not exist. Maybe black holes never form and the ultimate result of gravitational collapse is some other exotic species of super-dense object, hitherto unknown to science? That remained a legitimate argument. Until 14 September 2015 – the day we heard the birth cry of a black hole.

a This chapter is based partly on interviews with Alexei Filippenko and Alan Dressler.

b Elliptical galaxies are giant spherical bee-swarms of stars. They account for about 20 per cent of nearby galaxies. Spiral galaxies account for about 60 per cent and irregular galaxies, which are shapeless, the remaining 20 per cent.

c Some would argue that the 100-inch Hooker Telescope on Mount Wilson is the most important telescope in history because, among other things, it created our modern picture of the cosmos, revealing not only the immense scale of the universe but that the universe is expanding.

d Gravitational energy is unleashed – turned into other forms of energy – whenever a mass falls through a gravitational field. For instance, if a slate falls off a roof, it gains energy of motion and, when it hits the ground, that energy is turned into sound energy and the energy of motion of its flying shrapnel fragments. Eventually, it ends up as heat-energy, the ultimate slag heap of the universe. When a mass shrinks under its own gravity, something similar happens. Think of it as countless slates falling towards the centre. The gravitational energy is transformed into other forms of energy such a heat-energy.
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BIRTH CRY OF A BLACK HOLE

How the discovery of gravitational waves – undulations in the fabric of space-time – from the merger of black holes provided definitive proof that black holes exist.


 

 

 

“Somewhere in the universe two black holes collide – as heavy as stars, as small as cities.”

Janna Levin1

“Ladies and gentlemen, we did it! We have detected gravitational waves!”

David Reitze


HANOVER, GERMANY, 11.55 A.M., 
14 SEPTEMBER 2015

A “ping” announced the arrival of an email alert.a Marco Drago was engrossed in writing a scientific paper so he did not switch screens immediately. Every day at around midday an alert came in, and it was always routine. There was no reason to suspect anything different this time.2

For Drago, Monday 14 September 2015 had begun as an ordinary day. Just before 9 a.m. on a sunny autumnal morning, he left his flat in Nordstadt, a quiet district of Hanover not far from the city centre, and walked the ten minutes to the Max Planck Institute for Gravitational Research. The establishment, known by everyone as the Albert Einstein Institute, employed about 200 people and consisted of a pair of modern rectangular buildings separated by a road which was bridged by a glass corridor.3

Reaching his office on the first floor, Drago hung up his coat and sat down at his laptop to check the emails that had arrived overnight. The thirty-three-year-old had arrived in Germany a year earlier from the University of Trento near Verona. His postdoctoral role involved working on LIGO-Virgo, an experiment to detect hypothetical ripples in the very fabric of space-time that were predicted by Albert Einstein ninety-nine years earlier.

In November 1915, Einstein had presented his theory of gravity in a series of four lectures in Berlin.4 While Isaac Newton imagined the force of gravity as an invisible tether connecting the Earth to the Sun and keeping the planet trapped in orbit, Einstein showed that a mass like the Sun actually creates a “valley” in the surrounding space-time and the Earth rolls around the upper slopes of that valley like a roulette ball in a roulette wheel. The revolutionary picture revealed not only that space-time is a “thing” that can be warped by the presence of energy – most commonly, mass-energy – but that, crucially, it can also be jiggled. This would cause “gravitational waves”, predicted by Einstein in 1916, to spread outwards like ripples on a pond.

The hope was that gravitational waves from cataclysmic events out in space would reveal themselves by alternately stretching and compressing giant “rulers” made of laser light. In the US, the Laser Interferometric Gravitational-wave Observatory, or LIGO, comprised a four-kilometre ruler at Hanford in Washington State and another at Livingston in Louisiana. In Italy, a similar instrument, Virgo, consisted of a three-kilometre ruler near Pisa. Automatic algorithms monitored the outputs of the giant gravitational wave detectors, searching for the tell-tale signals of gravitational waves arriving at Earth. Each time a candidate was found, it triggered an email alert. Drago’s job was to monitor the output of one of the algorithms.

Saving what he had written over the past three hours, Drago flipped to his email inbox and clicked on the alert. The Virgo detector had not yet begun operating so there were only two attachments. One was from Livingston and the other from Hanford. He clicked on them and displayed them on a split screen, one above the other.

And got the shock of his life.

At 5.51 a.m. Eastern Standard Time, a shudder had gone through the Livingston ruler, and seven milliseconds – less than a hundredth of a second afterwards – later an identical shudder had gone through the Hanford ruler. The signals appeared as wiggly lines, proceeding from left to right, their up-and-down excursions mirroring the alternate stretching and squeezing of the giant rulers. For about a tenth of a second, the wiggles quickened, becoming ever more frenzied, until they reached a crescendo and abruptly died away. Drago recognised the pattern. It was the unmistakable signature of the gravitational waves from a pair of merging black holes. But it couldn’t be. Drago shook his head. It simply couldn’t.

The LIGO project was conceived in the 1970s and had begun in earnest in the 1980s. But only now, in 2016, was it approaching the necessary sensitivity to detect gravitational waves. Its most recent incarnation was “Advanced LIGO”, which was still undergoing tests. The engineering run was not even scheduled to finish until 18 September. A scientific run was still four days away. What was the chance of turning on Advanced LIGO and, before it had even started observing the universe, discovering what they had been striving for the best part of three decades?

Next to zero, thought Drago.

And, if making a detection the instant LIGO was turned on was not ridiculous enough, the signal was too big, too powerful, too perfect. The force of gravity is incredibly feeble – 10,000 billion billion billion billion times weaker than the electric force that glues together the atoms in our bodies – so gravitational waves should be incredibly weak.b “You think Earth’s gravity is really something when you’re climbing the stairs,” says LIGO scientist Rai Weiss. “But, as far as physics goes, it is a pipsqueak, infinitesimal, a tiny little effect.” Another way of saying this is that space-time is incredibly stiff – a billion billion billion times stiffer than steel. While it is easy to vibrate a skin of a drum, it is incredibly hard to vibrate the drum skin of space-time. Waving your hand in the air creates ripples that spread outwards through the fabric of space-time but they are infinitesimally tiny. Only the most violent “accelerations” of mass imaginable such as the catastrophic merger of black holes generate gravitational waves powerful enough to be detected by the technology of the twenty-first century.

The spiralling together and coalescence of two black holes is extremely rare in the cosmos. Therefore, if gravitational waves arrive on Earth from such an event, they will almost certainly have come from tremendously far away. The large volume of space through which they spread will have diluted them to minuscule ripples, barely able to stretch and squeeze the four-kilometre rulers of LIGO by a hundred-millionth the width of a single atom (1/10,000th the width of a proton). For this reason, the LIGO-Virgo physicists expected that the first signal they picked up would be so tiny as to hardly poke its head above the background jitter caused by the buffeting of the giant rulers by their environment. But the signal on Drago’s computer was anything but lost in the “noise”. It pretty much jumped out of the screen at him. No, the signal had to be a false alarm. There was no way it could possibly be real. Drago was sure of it.

In search of a second opinion, he went along the corridor to the office of a Swedish postdoctoral colleague. Andrew Lundgren pulled up the email alert on his computer and clicked on the links. On seeing the pair of identical waveforms from Hanford and Livingston, he concurred immediately with Drago. They were far too powerful to be real. And it was too much to believe they had been detected before Advanced LIGO had even begun collecting scientific data.

If the signal was not real, the obvious source was a “scheduled injection”. In order to test the response of the instrument, occasionally the LIGO-Virgo engineers introduced a fake signal into the system. It was their practice if they did this, however, to flag it up. Drago and Lundgren read the email alert again. No. There was no mention of a scheduled injection. The next thing to check was whether there were any problems with LIGO. It was 3.30 a.m. at Hanford when Drago phoned, and nobody answered. But he had better luck at Livingston, where it was two hours later. William Parker, the technician on duty in the control room, confirmed there had been no scheduled injection and, furthermore, informed Drago that the instrument was working perfectly.

If there was no fault with LIGO and there had been no scheduled injection, the other obvious possibility was a “blind injection”. This was a fake signal introduced into the system to train the physicists of the collaboration to tell the difference between a spurious artefact and a genuine gravitational wave. Blind injections were the responsibility of a small team. Sworn to secrecy, it would confess to creating a signal only if it was caught out or if a scientific paper claiming a detection was on the verge of publication in a journal. The team would then intervene to avoid embarrassment. Such a paper had in fact been submitted to Physical Review Letters after a blind injection on 16 September 2010. Only at the eleventh hour, when the signal was revealed to be a fake, had the paper been pulled.

Drago and Lundgren were convinced that the signal had to be a blind injection. As there was nothing more they could do, Drago emailed the LIGO-Virgo collaboration: “Hi all, Very interesting event in the last hour. Someone can confirm this is not a hardware injection?”

BATON ROUGE, LOUISIANA, 7 A.M., 
14 SEPTEMBER 2015

A blind injection was also the immediate thought of Gabriela González, spokesperson for the LIGO-Virgo collaboration. Woken by sun coming through her bedroom window in Baton Rouge, she had immediately reached for her laptop. It was her habit, before getting up for breakfast, to catch up on the latest stories on newspaper websites and read emails that had come in overnight. LIGO-Virgo involved about 1,000 people, and time differences among their countries meant that the electronic chatter was nonstop. González did not need to get up in a hurry as she was scheduled to stay at home for a series of teleconference meetings.

Among the emails, González noticed an automated alert from LIGO-Virgo. Yawning, she clicked on it, opened its attachments and, like Drago on the far side of the Atlantic two hours before, got the surprise of her life. There, on the screen, was the unmistakable signature of a passing gravitational wave.

González was fifty and had not been sure gravitational waves would be detected in her lifetime. It stood to reason that she did not think they would be detected in the first scientific run of Advanced LIGO. And she absolutely did not believe they would be detected in the instrument’s test run. No. It was ridiculous. The signal had come far too soon. Not only that but it was a lot stronger than expected. For exactly the same reasons as Drago and Lundgren, she concluded that it must be spurious.

When her husband woke, she passed him her laptop. Bleary-eyed, he looked at the signal and dismissed it immediately as some kind of artefact. Jorge Pullin, like his wife, was a physicist from Argentina. Famously, Einstein had said “Gravity cannot be blamed for people falling in love.”c González and Pullin had proved the great man wrong. It was their shared interest in gravity – specifically, the predictions of Einstein’s theory – that had brought them together. Their love had not been without its challenges. When González was at MIT and Pullin at Pennsylvania State University, almost every weekend they drove for five hours to meet up at the campervan they had parked in a campground at the halfway point.

González’s first thought, like Drago’s, was that the signal was a scheduled injection. But a quick phone call to the sites at Livingston and Hanford confirmed, as it had for the Italian, that there had been no such event. Mike Lady, a physicist she got hold of at Hanford, was convinced it must a blind injection. González was sure he was right. And she was in a unique position to check out the possibility. In 2011, she had been appointed spokesperson of the LIGO-Virgo collaboration and in 2013 her post had been extended for a further two years. Her plan was to step down at the end of 2015. However, the end of the year was still several months away, so she was still in her job. Crucially, as spokesperson for the collaboration, González was one of the very few people privy to the identities of the members of the blind injection team. It took an hour of texts and phone calls to track down a team member. And, when she did, she received a heart-stopping piece of news: There had been no blind injection.

LIVINGSTON, LOUISIANA, 
15 SEPTEMBER 2015

Two days is a long time in science, Gabriela González mused as she drove out of Baton Rouge towards Livingston. It was Tuesday. But, only on Sunday, the American film director, Les Guthman, had been at Livingston making a documentary about LIGO. “What is the chance of making a discovery soon?” he asked her.

“Very unlikely,” she replied. “We are not expecting a detection for several years.” It was not pessimism, simply realism. Estimates of how frequently black holes merge varied wildly. While some theorists claimed that the cosmic pile-ups would be too rare to ever catch, others maintained they would be so common that LIGO should have detected them already.

Arriving at the LIGO site, just outside the small town of Livingston, González selected a parking space and retrieved a large cardboard box from the passenger seat. Inside, iced with the word “Congratulations!” was the biggest cake she had been able to find that morning in Baton Rouge. She had purchased it because, in her heart of hearts, she was sure they had indeed detected gravitational waves.

As the collaboration’s spokesperson, however, it was beholden on her to be ultra-cautious. It was important to stay calm and level-headed. It was vital to take whatever time was necessary to be certain of the detection. Only the previous year, physicists working on the BICEP2 experiment in Antarctica had claimed, sensationally, that they had seem the imprint of gravitational waves on the “cosmic background radiation”, the “afterglow” of the Big Bang fireball. Sadly, the reality was more mundane. The experiment had actually picked up fluctuations in light caused by curtains of glowing dust hanging across the space inside our own Milky Way. The BICEP2 team withdrew its claim. The thought of LIGO-Virgo having to make a similarly embarrassing climbdown in the full glare of the media spotlight made González’s blood run cold.

She locked her car and looked around furtively. The “detection plan” agreed by her and her colleagues less than a month before required the discovery of gravitational waves to be kept a secret until it was beyond any reasonable doubt. However, the Livingston site was often visited by local schoolchildren, journalists and other scientists. If she ran into any of them, it could be a problem. Fortunately, nobody appeared to be around. Relieved that she would not have to pretend the cake was for a team member’s birthday, she headed towards the LIGO control building.

*

Despite González’s celebratory cake, the collaboration was a very long way from verifying that the signal of 14 September 2015 was truly the death cry of two black holes and the birth cry of a single merged black hole. Since advanced LIGO was yet to take any real data, nobody knew anything about the electronic tics that might be confused for the signal they were looking for. To learn about such “background noise”, it was decided to “freeze the configuration” of the electronic systems and take some real data. But after a week, nothing appeared that looked even remotely like the signal of 14 September.

Although in essence each LIGO site boasted a four-kilometre ruler made of laser light, in reality it possessed two identical rulers, arranged in the shape of an “L”. A half-silvered mirror split a laser beam in two, sending half down the evacuated tube of one arm of the “L” and half down the other. A mirror suspended at the end of each arm reflected the light back the way it had come. The half-silvered mirror then recombined the two halves and the brightness of the light was measured. The key thing was that, when a passing gravitational wave stretched one arm relative to the other, the two light waves would not exactly match. If the peaks of one wave train, for instance, coincided with the troughs of the other, they would cancel each other out, or “destructively interfere”, creating a dark spot. Even if the two light waves were out of step only slightly, their interference would still create an obvious change in brightness.

Using such an “interferometer”, it was possible to discern changes in the length of one arm relative to the other of only a fraction of the “wavelength” of the light – the distance over which the wave goes through an up-and-down cycle. For visible light this amounted to a fraction of a thousandth of a millimetre. Though impressive, a gravitational wave was expected to alternately stretch and squeeze the four-kilometre arms by no more than a hundred-millionth the diameter of an atom. Since 10 million atoms laid end to end would be needed just to span the full stop at the end of this sentence, achieving such a tremendous feat required incredible ingenuity from the LIGO engineers.d

The weeks and months after 14 September 2015 were hard for everyone on the LIGO-Virgo team. They had a long checklist of equipment and software to examine to confirm that nothing had malfunctioned. There were no shortcuts. “Our first priority was making sure we weren’t fooling ourselves,” says Keith Riles of the University of Michigan and a member of the LIGO Detection Committee.

An obvious possibility was that something Earth-based had mimicked a cosmic signal. It was the Lilliputian movement of LIGO’s mirrors, each weighing 42 kilograms and suspended by glass fibres twice the thickness of a human hair that would reveal a passing gravitational wave. It meant that the instrument was effectively the world’s best seismometer. The mirrors had even been knocked out of kilter by an earthquake in China. Of course, if LIGO had detected a small earthquake, the earthquake waves would have to have arrived at Hanford and Livingston at pretty much the same time, which was unlikely. Nevertheless, the possibility could be ruled out only by consulting seismic records across the world.

In addition to earthquakes, there were plenty of other sources of spurious vibrations. Doors at Livingston and Hanford might have been slammed simultaneously. Cyclists could have ridden by two sites at the same time. Or cars may have hit bumps on nearby roads in perfect unison. The only way to rule out such possibilities was to consult logs, play back microphone recordings and watch hour upon hour of CCTV videos. It was painstaking work. But in the end the team concluded that the chance of some kind of random noise – perhaps in the electronics or the environment – generating two simultaneous and identical signals was less than once every 200,000 years.

The LIGO-Virgo team even had to consider a lightning strike in the West African country of Burkina Faso. The largest lightning bolt ever recorded had occurred, by a bizarre coincidence, at almost exactly the same time as the LIGO signal.5 “In the end, however, we convinced ourselves that it could not be the source of what we picked up,” says González.

One further possibility gave the team members sleepless nights. “Might the signal be malicious?” says González. “Could it be a software hoax?” In order to perpetrate such a hoax it would be necessary to hack the computers at each LIGO site and inject two identical signals. The gravitational signal from the merger of two black holes was known because of a breakthrough made by South African-Canadian physicist Frans Pretorius in 2005. Although “solutions” to Einstein’s equations of gravity are notoriously difficult to obtain, Pretorius defied the odds and found a “numerical solution” for two black holes in orbit about each other.6 If hackers had indeed injected a signal like Pretorius’s, they would of course have to leave no trace of their presence. The idea was hard to disprove because it depended only on the ingenuity of the hackers. “It took us several weeks to investigate the scenario,” says González. “But in the end, we concluded that, though malice was impossible to rule out, a team of hoaxers would require enormous expertise.”

“Mission Impossible would be easier,” says Drago.

The work on confirming the 14 September detection was of a genuine gravitational wave went on through October and November. But, on 26 December, something happened that changed everything: LIGO detected a second gravitational signal. In fact, the second candidate was actually the third. Only twenty-nine days after the first detection, on 12 October, LIGO had picked up another signal that appeared to come from a black hole merger. However, it was weak and considered too marginal a candidate to be believed with any confidence. The 26 December detection was stronger and made all the difference. “Two, and possibly three, similar signals had to be more than random chance,” says González. “Our confidence in the original signal was hugely boosted.”e

As 2015 turned into 2016, the signal detected on 14 September received a name: GW150914. It did not exactly slip off the tongue. But it was the template for the naming of all successive gravitational wave detections.

A priority had always been keeping news of the signal secret until it was confirmed. As early as 16 September, two days after Drago became the first person in history to see the fingerprint of a gravitational wave, González and her four colleagues emailed the members of the LIGO-Virgo Collaboration: “We want to remind everyone that we need to maintain strict confidentiality.” No one was more careful than González. When at the Louisiana State University in Baton Rouge, she made a point of closing her office door. “Colleagues could not fail to notice!” she says. “But, fortunately, nobody pressured me. Most physicists were great. They gave us LIGO scientists the breathing space they needed to check everything.”

Nevertheless, with around 1,000 people from sixteen countries in the collaboration it was hard to keep things under wraps. Inevitably, people mentioned the detection to outsiders they should not have spoken to. “If we found out, it was a serious matter and we reprimanded them,” says González. “But undoubtedly there were instances when we did not find out.” One of the problems was that some people beyond the collaboration had to be notified. For instance, it was necessary to ask astronomers at major observatories around the world whether they had spotted anything unusual in the sky on or around 14 September. A precise location would have required a detection at three sites not two, and Virgo was not yet operational, so astronomers were directed to a relatively narrow band of the heavens.

The most annoying leak occurred within only a few days of the initial detection. Its source was a physicist at the University of Arizona State University in Tempe. On 25 September, Lawrence Krauss tweeted: “Rumor of a gravitational wave detection at LIGO detector. Amazing if true. Will post details if it survives.”7

“We were all utterly dismayed,” says González. Immediately, she got phone calls from reporters on science journals such as Nature and Science. “We told them all: ‘We take months to analyse and understand foreground and background in our data, so we cannot say anything at this point.’” But Krauss had not finished. On 11 January 2016, he tweeted: “My earlier rumor about LIGO has been confirmed by independent sources. Stay tuned! Gravitational waves may have been discovered!! Exciting.”8 “He was the only one to let the cat out of the bag,” says González. “It felt very much like he was making a grab for the publicity and the glory. It was deeply annoying.”

By early 2016, rumours were fuelling excitement in the wider world. It reached a crescendo on 8 February when the LIGO-Virgo collaboration announced that it would hold a press conference on Thursday 11 February. It was to coincide with the publication of the paper that would announce the discovery in the journal Physical Review Letters.9

NATIONAL PRESS CLUB, WASHINGTON DC, 10.30 A.M., 11 FEBRUARY 2016

González was very nervous. They were all nervous. Earlier, when the panel members had practised what they would say, it had not gone well. They forgot things. They stumbled over their speeches. They got their slides in the wrong order.

Sitting on stage, in front of the assembled press, González was flanked by Kip Thorne on one side, and Rai Weiss and David Reitze on the other. At the lectern stood France Córdova, Paris-born astrophysicist and director of the National Science Foundation. A similar panel of scientists was sitting in front of a similar crowd of journalists in Pisa, Italy.

Over the decades the project had grown, but Weiss and Thorne were widely considered to be the founding fathers of LIGO. Thorne was a theorist from Caltech and Weiss an experimentalist from MIT. González had worked with him at MIT. A third pioneer, the Scottish experimental genius Ronald Drever, was, sadly, in a care home near Glasgow suffering from dementia.

For González it was a significant day not just because of the physics. It was also the Second International Day of Women and Girls in Science. “We were announcing the arguably most significant astronomical discovery since Galileo turned his telescope on the heavens,” she says. “And two out of the five panel members were women. That was very pleasing to me.”

Despite the nervousness and dire rehearsals, the press conference went smoothly. After a brief introduction by Córdova and a video about the project, Reitze, deputy director of LIGO, stood up and walked to the lectern. He paused for effect. Behind him a giant TV screen was showing a simulated picture of two black holes in the process of kissing and coalescing. “Ladies and gentlemen,” he said. “We have detected gravitational waves! We did it!”

Weiss was next. “Many of us on the project were thinking if we ever saw a gravitational wave, it’d be an itsy bitsy little tiny thing; we’d never see it,” he said. “But this thing was so big that you didn’t have to do much to see it. I keep telling people I’d love to be able to see Einstein’s face right now!” Einstein, after predicting gravitational waves, had unpredicted them but then re-embraced the idea towards the end of his life. “If you ask me whether there are gravitational waves or not, I must answer that I do not know,” he said. “But it is a highly interesting problem.”

*

In Hanover, Drago watched the Washington DC press conference on TV. The director of the Albert Einstein Institute had organised a press conference with a handful of local journalists and dignitaries. Drago picked a chair at random until another postdoc saw him and offered his seat in the front row. “I had not the slightest inkling of what would unfold,” he says. Nevertheless, he found it utterly electrifying, despite knowing precisely what was going to be announced. “I think I will remember all my life the moment David Reitze paused then simply said: ‘We did it!’.”

After the press conference, Drago did some media interviews and there was a lively party, during which he received so many texts and social media messages that it took him until late into the evening to answer them all. When he finally had time, he mused on the extraordinary piece of luck that, on 14 September 2015, had put him in the right place at the right time. “I could so easily have gone to lunch,” he says. “Then someone else, not me, would have been the first person in history to see the signature of gravitational waves.”

The credit for the discovery of gravitational waves, of course, went to the whole collaboration rather than an individual. “When Christopher Columbus arrived in the Americas, there was one person who first spotted land,” says Drago. “But it took a lot of people – the crew of an entire ship, in the case of Columbus – to get to that point. As it was with the discovery of the Americas, so it was with the discovery of gravitational waves.”

*

The detection plan had allocated three months for verification of a signal before its announcement. In the event, it had taken four. It had been a very intense time. “It was so stressful being the spokesperson for that first detection and making sure we did not make mistakes,” says González. “There were so many things to consider that I sometimes couldn’t sleep thinking that there was something we had forgotten.” After the Washington DC press conference, everything caught up with her. “I was exhausted,” she says. “I’ve never felt so burnt-out.”

Drago had thought the public might not be fussed by their achievement. But he could not have been more wrong. The discovery of gravitational waves, almost exactly 100 years after they had been predicted by Einstein, was a huge international story. And the public was right to be excited. Imagine if you had been deaf since birth, then, suddenly, you could hear. That was what it was like. Throughout history, we have been able to “see” the universe – with our eyes and, latterly, with our telescopes. Now, for the first time, we could “hear” the universe. We had gained an entirely new sense. Gravitational waves are the “voice of space”. The media often overhype scientific discoveries. But, arguably, the detection of gravitational waves on 14 September 2015 was the most significant development in astronomy since Galileo turned his new-fangled telescope on the heavens in 1610.

In a galaxy far, far away, at a time when the most complex organism on Earth was a bacterium, two monster black holes had been locked in a death spiral. They whirled around each other one last time. They kissed and coalesced. And, in that moment, they launched a tsunami of tortured space-time that surged outwards at the speed of light.

When an H-bomb explodes, about a kilogram of mass-energy is converted into other forms of energy, principally the heat of the fireball. But, in the merger of the two black holes, three times the mass of the Sun vanished to reappear an instant later in the form of gravitational waves. For a brief instant, the power in that burst was fifty times greater than that radiated by all the stars in the universe combined. In other words, had the event created visible light rather than convulsions of space-time, it would have shone fifty times brighter than the entire universe. It was the single most powerful event ever witnessed by human beings.

The gravitational waves from the black hole merger spread outwards like concentric ripples on a pond. They buffeted a million galaxies. They jiggled a million million million stars. They lapped at the outer shores of the Milky Way. And, finally, after their immense 1.3-billion-year journey, they ran into something that had been patiently waiting for them: the four-kilometre rulers of the Laser Interferometric Gravitational-wave Observatory.

LIGO not only proved the existence of gravitational waves, predicted by Einstein, it did it with lasers, predicted by Einstein, and in the process proved the existence of black holes, predicted by Einstein’s theory of gravity. Black holes, by their very nature, are black and tiny, so previously evidence of their existence had been indirect: commonly, the observation of a star whirling at unfeasibly high speed around an invisible celestial companion. It was by such means that in 1971, Paul Murdin and Louise Webster spotted the first black hole candidate, Cygnus X-1.10 However, the gravitational waves detected on 14 September 2015 matched exactly the signature predicted by Einstein’s theory of gravity for a pair of coalescing black holes. “No black hole binary system had been known before – people thought they existed, but they had not seen them because they’re black and they don’t emit light,” says González. “By discovering that black holes actually merge, we discovered that black holes actually exist.”

The black holes that merged are believed to be the relics of two extremely massive stars. Quite possibly, they had been orbiting each other for billions of years before their merger, all the while radiating gravitational waves, sapping them of orbital energy and causing them to gradually spiral together. “In their final seconds, the black holes coursed through thousands of revolutions about their eventual point of contact, churning up space and time until they crashed and merged into one bigger black hole, an event more powerful than any since the origin of the universe,” says Janna Levin.

Only during the final ten or so orbits, each lasting a mere hundredth of a second, were the convulsions of space-time powerful enough to be detectable on Earth. The fact that Advanced LIGO bagged its quarry so soon after being turned on can only mean that black hole mergers are common. And, indeed, this has proved to be the case. Since the first one to be observed, more than 100 others have been detected. A curious property of the signal of 14 September 2015, however, was its size. It still holds the record for the biggest discovered. “There is no explanation for that apart from pure chance!” says González.

By the time black holes merge, they have long ago vacuumed all surrounding matter so there is nothing left to heat up and glow with ordinary light. It means that such mergers signal their presence solely by a powerful burst of gravitational waves. This was confirmed when astronomers, tipped off about the 14 September 2015 signal, searched in vain for an “electromagnetic” counterpart in the band of sky highlighted by the LIGO scientists. “Black holes collide in complete darkness,” says Levin. “None of the energy exploding from the collision comes out as light. No telescope will ever see the event.”

*

But what is true of black holes is not true of their relativistic cousins: neutron stars. Spawned by supernovae, like black holes, they arise when the core of a star is not massive enough for gravity to crush it all the way down to a black hole. Typically, a neutron star is about the size of Mount Everest and so dense that a sugar-cube-sized volume of its material would weigh as much as the entire human race. But the crucial difference between a neutron star and a black hole is that, rather than being a mere bottomless pit in space-time, it is an object made of actual stuff. So, whereas a black hole merger produces nothing but gravitational waves, a neutron star merger also generates a fireball of blisteringly hot matter.

The first neutron-star merger was detected on 17 August 2017. The pulse of gravitational waves was much weaker and longer in duration than from the coalescence of a pair of black holes. By this time, Virgo had joined the two LIGO instruments so, using the arrival times of the signal at the three detectors, it was possible to do better than narrow down the location of the source to a wide band of the sky. It was possible to pinpoint a pretty exact spot. And in the days after 17 August 2017, about seventy ground-based and space-based telescopes, sensitive to different types of light, detected radiation from a blisteringly hot fireball that accompanied the merger. Most significant of all was an intense flash of high-energy light known as gamma rays, which solved several cosmic mysteries in one fell swoop.

In the late 1960s, the Americans suspected the Soviet Union might carry out clandestine nuclear bomb tests and they launched satellites that, from orbit, could detect the tell-tale gamma rays from nuclear fireballs. Shockingly, they picked a flash of gamma rays about once a day. But, a nuclear war was averted because the detectors had a directional capability and determined that the gamma rays were coming not from the ground but from deep space. The discovery was classified and only in the 1980s did it become known to astronomers. And only in the 1990s did it become clear that such “gamma ray bursters” were immensely far away across the universe. It was theorised that the most common type might arise from the fireball created in the merger of a pair of neutron stars. And this was confirmed by the gamma ray burst from the gravitational wave source detected on 17 August 2017.

The gamma rays revealed something else. Such high-energy light is emitted by the core, or nucleus, of an atom, at a range of discrete energies that provide a unique fingerprint of that atom. And, in the gamma rays from the neutron star merger, astronomers saw the sudden appearance of the fingerprint of gold – an enormous amount of gold. In fact, a mass of gold was forged in the explosion equal to about twenty times the mass of Earth.

Ever since the late 1950s, astronomers have known that all the elements heavier than hydrogen and helium were forged in the nuclear furnaces of stars, which, when they exploded, spewed them into space to be incorporated into further generations of stars.11 But, although nuclear astrophysicists had successfully identified the origin of pretty much all of the ninety-two naturally occurring elements, they did not know the origin of gold. Now, at last, they did. Could there be any more striking connection between the mundane and close to home, and the cosmic and far away? If you have a gold ring or a gold necklace, its atoms were forged long before the Earth was born in the fireball that marked the cataclysmic coalescence of two neutron stars.

Neutron star mergers trump black hole mergers in shining with light as well as gravitational waves. But, actually, there is one situation in which a black hole merger can also generate light: if it happens to occur close to a supermassive black hole in the heart of a galaxy.

On 21 May 2019, LIGO-Virgo detected gravitational waves from a black hole merger. At the time, Caltech’s Zwicky Transient Facility at Palomar Observatory near San Diego was scanning the sky, looking for celestial objects that suddenly brighten or flare up. One flare captured by the robotic survey coincided with the region of the gravitational-wave event. It came from a supermassive black hole in a distant quasar known as J1249+3449.

A team led by Matthew Graham of Caltech saw a connection.12 It claimed that the black holes that merged were lodged in the “accretion disk” swirling around a supermassive black hole. Such disks are expected to be maelstroms of superheated gas and dead stars, including black holes. “These objects swarm like angry bees around the monstrous queen bee at the center,” says team member Saavik Ford of the City University of New York.13 The key is that, when black holes merge, the gravitational waves are not emitted equally in all directions but in a preferred direction. Consequently, they act like a rocket exhaust, firing the merged black hole in the opposite direction. Flying through the gas like a speeding bullet, it compresses and heats it, and, in the process, creates a super-bright flare. The flare should appear a few days to a few weeks after the black hole merger. And this is indeed what Zwicky Transient Facility found. Over the following month, the flare faded into invisibility. A prediction is that the black hole, having been kicked out of the accretion disk, will be pulled back in by the disk’s gravity within a few years. The shock-heated gas will then generate another flash of light.

Now that LIGO-Virgo has detected not only mergers between black holes and between neutrons stars but also between black holes and neutron stars, it is beginning to make discoveries about black holes. One of the biggest surprises is that many are much bigger than expected. The two involved in the first merger detected, for instance, were twenty-nine and thirty-six times the mass of the Sun, respectively. “Big black holes of that size were not known,” says González. “So, it was all incredible.” Although about twenty x-ray binaries are known in which a black hole usually orbits a regular star, the maximum mass inferred for the black hole never exceeds about twenty times the mass of the Sun. “By contrast, some of the black holes that merge are incredibly heavy,” says González. “The biggest detected so far is about 60 solar masses – so huge it is unlikely to have formed in a supernova.”

Supernova explosions are still believed to be the main route for creating black holes. A very massive star reaches the end of its life and, having exhausted the fuel in its core, can no longer generate the heat necessary to create the outward force to stop gravity crushing it. The core embarks on a catastrophic shrinkage down to form a black hole.

It is the gravitational energy unleashed in runaway collapse that powers a supernova. Ironically, implosion drives explosion. But only a relatively small amount of matter ends up sucked down into a black hole. The bulk of the matter of the star – perhaps as much as 90 per cent – is blown off into space. This would mean that a black hole of sixty solar masses must have been spawned by a star of about 600 times the mass of the Sun. Stars this massive are pretty much non-existent. Therefore, the biggest black holes detected by LIGO-Virgo are almost certainly not the direct relics of supernova explosions.

In fact, there is another reason why supernovae appear out of the question. A massive star in the range 130 to 250 solar masses becomes so hot in its core that super-energetic photons create pairs of electron-positron pairs. These are not as good as photons providing an outward force to oppose gravity, so the star undergoes a runaway collapse in which the core shrinks and heats up so quickly that it triggers explosive nuclear “fusion” of the star’s oxygen. The energy released in such a “pair-instability catastrophe” is so enormous and so sudden that it blows the star apart completely, leaving no remnant, not even a black hole. The prediction, therefore, is that we should see no black hole masses in the range of about 50 to 120 solar masses. Contrary to expectations, however, we do.

Some of the black holes found by LIGO-Virgo are clearly in the forbidden mass gap. In fact, on 21 May 2019, the collaboration detected the most distant, most powerful and most baffling collision between two black holes. One had a mass of eighty-five times, and the other of sixty-six times, the mass of the Sun.14 The staggeringly powerful event created a behemoth of almost 142 solar masses. A total of nine solar masses vanished, converted into gravitational waves, causing the merger to briefly pump out about 150 times the power of all the stars in the universe combined. GW190521 was the most powerful event ever witnessed by human beings, surpassing even the first black hole merger of 14 September 2015.

The existence of black holes in the forbidden mass gap implies that the biggest black holes are made by a non-supernova route. The most likely possibility is that they have reached their size by undergoing earlier mergers. “We are seeing second-generation mergers,” says González. Evidence for this idea comes from the way black holes spin, something that can be deduced from the merger signal. In a normal binary star system, where the two stars are born together, so-called tidal forces ensure that over time the spins align. In other words, the stars not only end up rotating with their equators in the same plane but also orbit each other in this plane too. In the case of the mergers of the biggest black holes, however, it seems that their spins are not aligned, implying the black holes are unrelated and were not born together. Evidently, they strayed too close and were ensnared by their mutual gravity. This process requires black holes to be in environments where there are lots of black holes in close proximity so that multiple encounters between black holes are common. Further evidence that multiple mergers have led to the biggest black holes comes from their relatively slow rates of spin. Stars that were born together often transfer matter from one to another, which tends to make the stars, and hence the black holes they spawn, spin fast.

The evidence from LIGO-Virgo seems to support there being at least two routes to creating black holes. Whereas some black holes are the direct relics of supernova explosions, others are the result of mergers of black holes that are themselves the result of earlier mergers.

Gravitational wave astronomy had at last provided the definitive proof that black holes exist, pretty much ruling out the possibility of other exotic compact objects.15 Nevertheless, there was still the possibility that they might not be quite as expected. In 2014, Stephen Hawking claimed that black hole “horizons” – their defining feature – might not be the one-way membranes that we expect, and black holes might leak matter back into the universe.16 There was only one way to rule out Hawking’s idea. Rather than hearing black holes, it was necessary to see them.

a This chapter is based on interviews with Marco Drago and Gabriela González.

b To be precise, the gravitational force between an electron orbiting a proton in an atom of the lightest element, hydrogen, is about 1040 times weaker than the electromagnetic force between the particles.

c Quoted in Albert Einstein, The Human Side: New Glimpses From His Archives by Albert Einstein (Princeton University Press, 1981). Einstein scribbled these words in the margin of a letter he received while in England and on his way from Germany to join the new Institute for Advanced Study in Princeton, New Jersey. The letter writer thought that people at different places on the Earth would sometimes be upright, sometimes standing on their head, and so on, and he asked whether, when they were upside down, they fell in love and did other foolish things.

d Given the scale of the achievement, it was no surprise that the 2017 Nobel Prize in Physics was awarded for the discovery of gravitational waves. The three founding fathers of LIGO were considered to be Weiss, Thorne and the Scottish experimental physicist Ronald Drever. Drever, unfortunately, had Alzheimer’s disease and was in a care home near Glasgow. Sadly, he died only months before the award of the Nobel Prize, and Weiss and Thorne instead shared the prize with Barry Barish.

e Indirect evidence of the existence of gravitational waves was actually discovered in 1975. It came from the binary pulsar, PSR B1913+16, a system in which two super-compact “neutron stars” are spiralling together. Careful observations by Russell Hulse and Joseph Taylor revealed that the stars are losing orbital energy at exactly the rate expected if they are radiating gravitational waves. For their discovery, the two American astronomers won the 1993 Nobel Prize for Physics.
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THE GATES OF HELL

How an Earth-sized telescope obtained the first-ever image of a supermassive black hole and in the process saw to the end of space and time.


 

 

 

“The history of astronomy is a history of receding horizons.”

Edwin Hubble1

“We have seen the gates of Hell at the end of space and time.”

Heino Falcke2
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Feryal Özel stood by a whiteboard, brandishing a green marker pen.a On the board, she had drawn a large grid, with a row of empty boxes for each of the eight radio telescopes. As technical and weather information was relayed to her by people glued to computer monitors, or hanging on phones, she filled in each box methodically with a “yes”, “no” or “maybe”.

Mission Control for the “Event Horizon Telescope” had been set up in a large, light and bright room on the first floor of the Harvard Center for Astrophysics on Garden Street. It belonged to the “Black Hole Initiative”, an interdisciplinary research centre that spanned astronomy, physics and philosophy, and claimed to be the first institute in the world to focus solely on black holes. Every day a decision had to be made on whether or not to observe with the globe-spanning array of radio dishes. Yesterday, disappointingly, was a no-go. Now everyone’s fingers were crossed for Day 2 of the eleven-day observing window.

The team had convened at Mission Control at 2 p.m. It included scientists from Haystack Radio Observatory; a physics student from the University of Arizona; Sheperd Doeleman, director of the Event Horizon Telescope; and Özel’s husband, project scientist Dimitrios Psaltis. Although Özel and Psaltis held posts at the University of Arizona in Tucson, both, fortuitously, happened to be in Cambridge while on sabbatical at Harvard. It was Özel’s idea to draw the giant table on the whiteboard, which she called a “decision matrix”. She was a very visual person. She liked to have a collective focus. And she thought it would be a good idea for everyone to fill in the matrix together.

The decision matrix had a row for each telescope and a column for each “concern”. The concerns included factors such as wind speed, humidity and technical problems with the telescopes, their receivers and “masers”. As people relayed information from each telescope, Özel filled in the appropriate boxes. “South Pole Telescope. Weather good – no go for pointing. Sub-Millimetre Array, Hawaii – technically ready. Weather forecast – high winds but unlikely to cause a problem…”

It was now 4 p.m. and time to make the critical decision. Weighing up all the relevant information was not easy. There were lots of “thresholds” for observing. Was a certain subset of the telescopes capable of providing enough information for an image? If both the Large Millimetre Telescope in Mexico and the James Clerk Maxwell Telescope in Hawaii were not available, for instance, was it still worth observing?

All the boxes on Özel’s decision matrix were now filled in. It was clear that a larger proportion of them than the previous day contained “yes” or “maybe”. The weather at the majority of sites was remarkably good. There was a show of hands. There was total agreement. The message went out to the eight sites. “Go, everyone! This is not a test!”

All across the world, in perfect synchrony, eight radio dishes swivelled towards the same cosmic source and locked onto it. Quietly and without any fuss, an Earth-sized telescope began tracking its first supermassive black hole…3

*

The Event Horizon Telescope had been several decades in the making. By 2005, several groups of astronomers were thinking about the possibility of acquiring an image of a supermassive black hole and wondering what it would take to achieve such a goal. There was a group at the Massachusetts Institute of Technology (MIT) led by Doeleman, a group in Germany headed by Anton Zensus, a group in the Netherlands led by Heino Falcke; a group in Taiwan directed by Paul Ho; and, at the University of Arizona, there were Psaltis and Özel.

Özel was born in Istanbul, Turkey. But, aged seventeen, she had arrived with two suitcases in New York to enrol at Columbia University. Never having been a kid who was interested in looking at the stars, which, she says “was not easy in Istanbul!”, her passion was finding out what the universe is made of. “What is its fabric? What are its fundamental particles? What holds them together?” Unfortunately, in the 1990s, particle physics was severely lacking in new experimental data. “But it was the golden age of astrophysics,” says Özel. She therefore switched from studying the micro-universe to the macro-universe. Her research focused on nature’s most extreme celestial objects, where matter is at its densest or at its hottest, where magnetic and gravitational fields are at their most powerful. “And of all the bodies in the universe, the most extreme are black holes,” she says.

The problem with imaging stellar-mass black holes is that even the closest ones in the Milky Way are far too small to be discerned. And supermassive black holes, although they are millions or even billions of times bigger, are generally in faraway galaxies, so they also appear too small to be imaged. Fortunately, there are two exceptions: two supermassive black holes that are both big and nearby. One is Sagittarius A*, the 4.2-million-solar-mass black hole, 26,700 light years away in the heart of our Milky Way. The other is the 6.5-billion-solar-mass black hole in the centre of the nearby galaxy M87. At 56 million light years from Earth, M87’s supermassive black hole is 2,000 times further away than Sagittarius A*. But, being 1,500 times more massive, it appears only slightly smaller in the sky than Sagittarius A*.

A key question was: what wavelength of light is best to observe these black holes? Answering this required balancing competing demands. On the one hand, it was necessary to observe at the shortest possible wavelength because the shorter the wavelength used by a telescope the finer the detail it can see.b On the other hand, it was necessary to observe at the longest possible wavelength because interstellar space contains a lot of free electrons, which scatter electromagnetic radiation. The effect is to grossly smear out the centre of the Milky Way. It means that looking through the haze of electrons between us and the galactic centre is like peering through the frosted glass of a bathroom window. Only at short-wavelength radio waves of a millimetre or so does the electron haze become transparent enough to see all the way to Sagittarius A*.

But the electron haze of interstellar space is only one hurdle that must be overcome in viewing the centre of the Milky Way. Another arises because the 4.2-million-solar-mass supermassive black hole in Sagittarius A* is accreting lots of matter, which is scrambling to get to the event horizon. “A huge amount of gas is trying to get into an impossibly small volume, so you can imagine the chaos that ensues,” says Doeleman.4

“It heats up as it is stirred violently by magnetic fields and falls into the black hole,” says Özel. In fact, the gas in this superheated accretion disk reaches about 100 billion degrees. At such an extraordinary temperature, atoms slam into each other so violently that their electrons are ejected. And, unfortunately, the electrons in this electrically charged gas, or “plasma”, scatter light. It’s the interstellar medium problem all over again. “Plasma that hot is opaque to its own radiation at longer wavelengths,” says Doeleman. “So, if you try to observe that very, very hot gas at long wavelengths, you will see only the outer boundary of the accreting gas. To see all the way through to the event horizon, you have to go to shorter wavelengths.”

The upshot is that in order to observe Sagittarius A*, you have to be able to see through not only the interstellar medium but also the hot gas of the accretion disk. And determining the best wavelength to do this requires understanding the environment in the vicinity of a supermassive black hole. This is Özel’s forte. Back in 2000, she and her colleagues had carried out computer simulations of matter swirling down onto it through an accretion disk. “The best wavelength to observe Sagittarius A* turns out to be where the disk is bright but not so super-bright that it overwhelms everything else,” says Özel. “Luckily, there is a ‘sweet spot’ where there is enough light to detect the disk but not so much that it blocks you from seeing the black hole.”

Taking all these factors into consideration, Özel concluded that the best wavelength to observe Sagittarius A* – where the accretion disk was pretty transparent – was 1.3 millimetres. “By a piece of good fortune, the atmosphere transmits at just the right place,” says Event Horizon Telescope team member Ziri Younsi of University College London.5 This is indeed very lucky because water vapour in the air strongly absorbs short-wavelength radio waves in the millimetre range, preventing them from penetrating to telescopes on the ground. Only a handful of transparent “windows” exist where water vapour does not absorb as strongly. One of them is around 1.3 millimetres.

Although it is crucial to observe at a wavelength where it is possible to see right through the accretion disk to the black hole, there is another rather obvious consideration in obtaining an image. It must be possible to discern fine enough detail. As mentioned, the shorter the wavelength, the more detail a telescope can see. However, wavelength of light is one of two factors that influence the sharpness of its vision. The other is the size of the telescope: the larger its diameter, the finer the detail it can see.

Resolving enough detail to see Sagittarius A* is an enormous challenge. Its event horizon, at about 23.5 million kilometres across, would fit easily inside the orbit of Mercury, the closest planet to the Sun. At a distance of 26,700 light years, it appears only fifty micro-arcseconds across, where an arcsecond is 1/3600th of a degree. “We need a telescope with an angular resolution of just a few tens of micro-arcseconds,” says Özel. “That’s equivalent to seeing a doughnut on the Moon.”

It was obvious to everyone that obtaining even a crude image at a wavelength of 1.3 millimetres would require a telescope the size of the Earth. Obviously, building a telescope 12,700 kilometres across was out of the question. Fortunately, there was another option: a tried-and-tested technique that enables the simulation of an Earth-sized radio telescope. It is called Very Long Baseline Interferometry.

VLBI harnesses radio telescopes scattered across the globe to “synthesise” one giant telescope. It is not a particularly good telescope. Imagine an optical telescope whose light-collecting mirror has been blacked out except for a handful of scattered dots of reflecting silver. This is exactly the way it is for a VLBI array. The technique makes it possible to an Earth-sized telescope, but it is a severely motheaten dish!

Things, however, are not quite as bad as they might at first appear. The reason is that the Earth rotates on its axis. Consequently, the dishes of a VLBI array are constantly on the move as they track the same celestial source. Therefore, from its point of view, they fill out more of an Earth-sized dish than might naïvely be expected. The improvement is only from a severely motheaten telescope to a slightly-less-severely motheaten telescope. But radio astronomers are grateful for anything they can get.

To understand how a VLBI array works, it helps to first understand how a filled-in radio telescope works. Radio waves from a source in the sky rain down on every point on the surface of the dish. From there, they are reflected to a focus above the dish. A metal “feed-horn” takes these free-space waves and turns them into guided electric waves which are funnelled along a copper wire to the “receiver” that does the detecting. But the details are not important. The essential thing is the following.

For some pairs of radio waves arriving at the focus, the peaks of one wave coincide with the troughs of the other, and they cancel each other out; for other pairs of waves, the peaks of one wave coincide with the peaks of the other, and they reinforce each other; and for still other pairs of waves, something in-between happens. The key point is that with a filled-in dish, waves combine at the focus from every point on the dish surface automatically. But this is not the case with the scattered dishes of a VLBI array. Far from it. Instead, at each individual dish, it is necessary to record the intensity of the wave, moment by moment, on hard drives. The drives from each dish must then be flown to a central supercomputer, or “correlator”, to be lined up precisely in time, played back together and combined.

VLBI is an incredibly complex and time-consuming technique – all to achieve what could be achieved with a filled-in dish with essentially no effort whatsoever. The big payoff, however, is that it enables radio astronomers to zoom right into the very heart of distant astronomical sources.

Because the amount of detail a telescope can see depends on its size, each pair of dishes in a VLBI array is sensitive to a particular size scale in a celestial source that depends on their separation or “baseline”. If, from the point of view of the source, the telescopes are close together, they will be sensitive to large features; if they are far apart, they will be sensitive to fine features. The details picked out in the source by any pair of dishes will always be those projected onto the same orientation as the baseline. Crucially, a VLBI array of radio dishes consists not just of one baseline but of a multitude of different baselines, each connecting different pairs of dishes. And, as the Earth turns, from the point of view of the source, the baselines change their projected lengths and orientations, thus picking out a large range of source features with different sizes and orientations. All of these are used to generate an image.

The Event Horizon Telescope grew organically for many years. Research groups across the world worked on different aspects of the theory and practice of imaging a supermassive black hole. Eventually, it crystallised into a well-focused and well-funded project. In 2009, it gained its name. It came about after a workshop organised by Doeleman at the annual meeting of the American Astronomical Society in Long Beach, California. “It had become ever clearer to me how indispensable good marketing is for an undertaking such as ours,” says Heino Falcke from Radboud University Nijmegen, the Netherlands, another member of the collaboration. “But we didn’t even have a memorable name for the project.” During a coffee break with Doeleman and Dan Marrone, Falcke came up with the name Event Horizon Array. The other two thought it was good but not quite right. “After a lively discussion, we agreed on Event Horizon Telescope. EHT for short,” says Falcke. “A name, a symbol, a brand was born.”

Besides a catchy name, it was important to assemble a collaboration to turn the ideas into real observations and analyses. In November 2012, Psaltis and Marrone brought together a broad scientific team in Tucson to discuss the science and organisation of the EHT for the first time. The details, such as the official agreement, the management structure and a project leadership were later hammered out in a second collaboration meeting at the Perimeter Institute in Waterloo, Ontario, in 2014. An agreement was finally reached towards midnight on the final day. However, it took another fifty teleconferences before the EHT became a provisional collaboration and another year before all the paperwork was signed. In the summer of 2016, Doeleman was appointed founding director, Psaltis project scientist, and Remo Tilanus from Radboud University project manager.

From the beginning, a lot of the work on the project was carried out in parallel. There was theoretical analysis, which was Özel’s speciality. Then institutions that owned and ran telescopes had to be persuaded to join the project. Very expensive and specialised equipment had to be developed. It then had to be installed and tested at the sites, each of which was in an extreme location, from remote mountaintops to the South Pole. The specialised equipment included receivers sensitive to radio waves at 1.3 millimetres and “hydrogen masers”, which provided the clock signals.c These were so precise that they would lose only a single second every 30,000 years. The maser “clicks” were recorded alongside the celestial radio signals. They were critically important for synchronising observations from the different dishes when they were eventually played back together at the correlators.

Doeleman’s skill was building and fixing equipment with limited resources in remote locations. He had developed it during thirteen months at McMurdo Station at the South Pole, where he had gone, aged nineteen, after graduating from college in 1986. When he returned to the US and pursued a PhD, Doeleman visited Haystack Observatory in Massachusetts to see if there was a project he could work on. There, his MIT supervisor, Alan Rogers, told him about VLBI. Already, Rogers and his colleagues were thinking about how to pierce the hot gas around supermassive black holes. “He said things like, ‘We’re going to go to these remote locations, we’re going to install this instrumentation, we’re going to make these observations’,” says Doeleman. “It sounded a lot like Antarctica. I was hooked.”

It was the Event Horizon Telescope’s instruments that drove the project forward. But, surprisingly, Doeleman and his colleagues did not create new kinds of radio receivers. “We linked our wagon to Moore’s Law,” he says. In 1965, Gordon Moore, head of the American chip manufacturer Intel, had noted that the number of transistors on a chip, and therefore computing power, doubles roughly every two years. “Moore’s law” has permitted an explosion in the amount of information that can be processed, technically known as “bandwidth”. “Our lives have been completely changed by the fact that we can have a Zoom conversation that requires bandwidth that we couldn’t have dreamed of twenty years ago,” says Doeleman.d “The Event Horizon Telescope took advantage of that burst of capability, of high-speed commodity electronics and computers, and harnessed it in the service of fundamental physics.”

Bandwidth was important because detecting a source as tiny as Sagittarius A* required the longest possible baselines, which were the ones sensitive to the smallest features. But the smallest features would of course be emitting only a small amount of the total energy of the source. Detecting such a weak signal required increasing the bandwidth of the receivers – the span of wavelengths they picked up – so as to soak up more energy from the source.

Conventional VLBI recorded the radio signals from dishes with floor-to-ceiling racks filled with analogue electronics. But Doeleman talked to researchers at the University of California at Berkeley who were developing chips that could be easily reconfigured to do the same thing. In about eighteen months, the Berkeley team designed a new generation of instrumentation that could record ten times the bandwidth of conventional VLBI in a volume about ten times smaller. “The digital revolution played into the EHT’s hands in a big way,” says Falcke.

Conventional VLBI used reel-to-reel tape recorders, which required vacuum tension to speed the tape through recording heads at thousands of feet per minute. “A single tape was 3 miles long – 18,000 feet,” says Doeleman. “And if you weren’t careful, it would take your fingers off.” The EHT team decided to abandon tape recorders and graduate to using hard-disk drives. And here the team decided not to do anything fancy. “We said, we’re only going to design and build with things that we know will be carried along by industry so we don’t have to worry about upgrades – industry will do that for us,” says Doeleman. “So, the cost came down by a factor of 10, the capacity went up by a factor of 10, and most importantly, the time spent doing science – the design time – went down by a factor of 10. So, all of these effects magnified the impact of this new instrumentation. It proved to be the key.”

Very little development of the EHT was possible, however, without first persuading funding agencies to cough up a great deal of money. And winning them over required demonstrating that interferometry at 1.3 millimetres would actually work between pairs and trios of radio dishes. “Until we made the first detections of the compact structure in Sagittarius A*, everything we did was academic,” he says.

When two dishes look at the same point-like radio source in the sky, because of the time delay between the arrival of radio waves at the dishes, the two waves will generally not be in the same part of their up-and-down cycle. In the jargon, there is a difference in “phase”. But, as the Earth turns, and the baseline changes, the waves will go in and out of phase, reinforcing each other, then cancelling each other out, over and over. Astronomers refer to this cyclical pattern of brightening and dimming as interference “fringes”. And it is the appearance of such fringes, when the two signals are played back together and combined on a correlator, that provides the definitive proof that an interferometer is working.e

The first attempt to image Sagittarius A* at a wavelength of 1.3 millimetres with VLBI was made in 1998. The German astronomer Thomas Krichbaum and his colleagues succeeded in detecting fringes, providing tantalising evidence for the existence of structure at the size of the horizon. Özel showed, in a paper in 2000, that the observations matched her predictions from theoretical models of the black hole environment. However, such an important observation needed to be confirmed and improved with a larger array.

The next test was carried out by Doeleman and his colleagues in 2006. They took their new systems, with new detectors, to radio dishes in Arizona and on Mauna Kea in Hawaii. However, their attempt to detect Sagittarius A* on this long baseline failed miserably. “We absolutely crashed and burned,” says Doeleman. It took them a while to recover. “But we dusted ourselves off, we picked ourselves up, and we went back the next year, adding a new site in California,” says Doeleman. “And this time, we succeeded.” In doing so, they discovered that there really was structure in Sagittarius A* on the scale of the expected event horizon. That was a tremendous relief for everyone. Until that time, the team had no idea whether the event horizon would be shrouded from view. “That was the moment in 2007 that launched the Event Horizon Telescope,” says Doeleman. “Funding agencies, all of our other collaborators, everybody, realised at that instant that our project was possible.”

But for the EHT to stand any chance of actually imaging a supermassive black hole, either in the centre of the Milky Way or in the galaxy M87, it would need more than two or three dishes. Geography constrained where such dishes can be sited since only 29 per cent of the Earth’s surface is land. As British science-fiction writer Arthur C. Clarke observed: “How inappropriate to call this planet Earth, when clearly it is Ocean.”6 It was important to have some pairs of dishes far apart, to probe the finest scales, and some close together, to detect coarser features, and also for the baselines to be in a variety of different orientations, to probe features in different orientations. By 2017, a total of eight telescopes had joined the array. Two were in Chile, two in Hawaii, one each in Spain, Mexico, Arizona and the South Pole. They had been fitted with receivers, masers and hard drives. “Some of the drives failed because they were not able to function at high altitude,” says Özel. “It was a learning experience for all of us.”

Out of all the telescopes, two played a special role. The most central in the array was the Large Millimeter Telescope in Mexico, which provided key information for the images because it created many baselines in many orientations. The most sensitive, on the other hand, was the Atacama Large Millimetre/submillimetre Array (ALMA). At an altitude of 5,000 metres on the Chajnantor plateau of Northern Chile, ALMA is a cluster of sixty-six dishes – fifty-four of which are 12 metres in diameter and twelve that are 7 metres across. Working in concert, they act like a single dish with a huge 75-metre diameter. The long baselines between the dishes enables the array to discern much finer detail than any single dish. However, the crucial thing for the EHT was ALMA’s large total collecting area, which enabled it to detect even very faint sources of millimetre-waves. “You wind up getting a huge increase in sensitivity by adding a very, very large dish to your array,” says Doeleman. “ALMA was going to increase the sensitivity of the Event Horizon Telescope by a factor of 10.”

“In Spanish, ALMA means ‘soul’,” says Younsi. “And it is. ALMA is the soul of the Event Horizon Telescope.”

By 2017, more than 300 people were working on the EHT. But it was not the number of people but the number of telescopes that was most important. The critical threshold was eight. “2017 was the first time we had enough telescopes to potentially image the black holes,” says Özel. “If they looked the way they did in our computer models!”

The best time to observe, it was decided, was spring. It was the season when Sagittarius A* and M87 could be seen by the dishes of the array for the longest total time before the sources dropped below the horizon. In addition to the two supermassive black holes, a few relatively nearby quasars would also be visible. These were important because their steady brightness and simple structures made them good “imaging standards” with which to compare, or “calibrate”, the brightness of the radio waves picked up at the various dishes. And, being nearby in the sky to Sagittarius A* and M87, their radio waves followed similar paths down through the atmosphere, making it possible for astronomers to later subtract the effect of the radio static generated by the atmosphere.

There was also the crucial matter of the weather. The conditions had to be perfect at eight different locations around the globe at the same time. Most importantly, levels of water vapour in the air, which absorbs radio waves at 1.3 millimetres, needed to be low. Expecting dry air above all of the dishes at the same time was a bit like asking for a miracle. Nevertheless, according to historical records, spring was the best time to hope for one. The exact span of dates for the observing window was set by ALMA, the crucial element of the array. It was available for eleven days, starting on 4 April 2017.
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They were coming to the end of the observing window. Out of eleven possible nights, the Event Horizon Telescope had observed on five – three of them all of the way through. The weather was better than they could have ever hoped. The word miracle had even been mentioned more than once.

At Mission Control, everyone had been working shifts. For Özel and Psaltis, the cosmic had alternated with the mundane: the pursuit of monstrous black holes with the picking up of children from school and the cooking of family meals. The regular touching base with the everyday world at least calmed racing brains and made sleep possible.

Now, all across the world, at the high-altitude sites, the oxygen-deprived astronomers were reaching their physical and mental limits. Forced to pay attention to a lot of detail for long periods of time, they had been under immense and sustained stress. On three consecutive nights – 5, 6 and 7 April – the EHT had observed for sixteen hours at a time. On the fourth night, there was bad weather. But, even if the weather had been good, there was no way those manning the telescopes could have kept observing. They were simply too exhausted.

At Mission Control too, they were living on their nerves as they continually monitored the data coming in from the eight telescopes and fixed problems as they occurred. In advance of the observing run, “Readiness reviews” had been compiled for each of the telescopes to anticipate all conceivable problems and think about how to overcome them if they arose. For instance, the Large Millimetre Telescope, 4,850 metres up on the Sierra Negra, the fifth highest peak in Mexico, was known to be in an area where drug gangs operated. On one occasion, a group of astronomers driving to the observatory had been stopped and held at gunpoint. Another time a car collided with a donkey. Thankfully, during the eleven-day observing window, there had not been one armed hold-up or an unfortunate donkey.

A computer program had been installed at each telescope. It scheduled blocks of observations: ten minutes on this source, followed by thirty minutes on that source, and so on. Now the program had executed all but one of its scans. The message went out to the eight sites to begin the very last one.

When the observing run came to an end, it was imperceptible. The sky continued to turn but the dishes did not. The heartbeat of the EHT stopped and the spell was broken. At the high-altitude sites, men and women tumbled out into the cold mountain air, rubbing their eyes and stretching their aching limbs. At Mission Control, people, too tired to talk much, merely collected their things and went home to bed. This day had been decades in the making and everyone had done everything they could. Özel, for one, was content that they had got the data they wanted.

*

The biggest worry was that the experiment had not worked. “You know only when you get the data back to the central correlation facilities,” says Doeleman. “Until then, there is this tension, this worry that something has been overlooked.”

Unfortunately, getting the data from all the telescopes to the correlators would take a while. Although it was relatively easy to retrieve the 120 hard drives from most of the sites, Antarctica was locked in the deep-freeze of mid-winter. The hard drives from McMurdo Station could not be flown out until November when the sun once again rose above the horizon. After five nail-biting months, crates containing 960 hard drives, weighing more than half a tonne, were flown to the two correlators: at Haystack in Massachusetts and at the Max Planck Institute for Radio Astronomy in Bonn. Haystack was responsible for processing the “frozen photons” for one half of the frequency range and Bonn for the other half.f

The data on each hard drive amounted to six or seven terabytes, where one terabyte is equal to 1,000 gigabytes. Put another way, each drive was the equivalent of between 1 and 2 billion photos. Each night more than one petabyte had been recorded, where one petabyte is equal to a million gigabytes. It was the most data per night obtained by any physics experiment in the history of science. Together, the five nights of observation created three and a half petabytes, equivalent to about 5,000 years of mp3 recording.

The reason for such an incredible amount of data was that it was necessary to record every peak and every trough of every radio wave that arrived at each dish. Fundamentally, a radio telescope detects radio “static” – nothing more than the kind of static you hear if a radio is tuned between stations. And almost all of that static is static from the sky and static from the electronics of the receiver – only a tiny amount is signal from the black hole. Because the static fluctuates on timescales of nanoseconds, the incoming radio waves must also be sampled every few nanoseconds.

At the correlator, however, there was an opportunity to drastically reduce the amount of data. The task of the technicians is to match up each signal and the corresponding signals from the other telescopes across the world. It is not easy. For one thing, differences in the atmosphere above different telescopes mean that time delay between the arrival of the signal at different telescopes is not known exactly. And for another thing, even the super-accurate timing signals from the masers at each telescope drift at a rate that is unknown. It means that, in order to find the elusive fringes, the scientists at the correlators must continually perform a search over a varying time delay and a varying clock drift as they combine the signals from different telescopes. It is a painstaking and slow process – a cross between playing a video game and searching for a needle in a haystack. But when they finally succeed and the fringes pop out of the static, those fringes are simple: an up-and-down sinusoidal wave that can be described by as little as an “amplitude” and a “phase”. In effect, the static from the sky and receiver has been filtered out and this process has reduced the amount of data by a factor of about 100 million or a billion. “You go from 3.5 petabytes of data, where you’re carting hard drives around with forklifts, to the point where you can look at the final image on your cell phone, and it’s only maybe a megabyte of data,” says Doeleman.

“Soon after the data was combined at the correlators, fringes were spotted for all the telescope baselines,” says Özel. “It was an enormous relief for everyone. We knew that the experiment had worked!”

But, in March 2018, even before an image was obtained, the collaboration saw tantalising evidence of what the EHT had picked up. The interference fringes in the M87 data waxed and waned in a very characteristic way. “The pattern is known as a Bessel function,” says Özel. “It’s the signature of an image with a particular shape. The shape of a ring.” It was exactly what everyone had dreamt of seeing. The ring indicated a superhot doughnut of hot gas and the hole in the ring – a gaping absence – a black hole. The hole was 42 micro-arcseconds across – coincidentally, Douglas Adams’s answer to the ultimate question of the meaning of life.7 But, despite seeing such a striking signal, it would take a few more months, until July 2018, to reduce the data. “Obtaining an image is a tremendous feat of computing,” says Özel.

One reason for it taking so long was that the collaboration needed to be certain that the ring “solution” was unique and not an artefact. “We were scared of accidentally seeing a feature in our image that was spurious and the result of the partial coverage of our telescope array,” says Özel. The severely motheaten nature of the EHT array meant there was an awful lot of missing data. “Imagine you are given a 1-million-piece jigsaw with 990,000 pieces missing and you must figure out what the missing pieces are,” says Younsi. “That is the kind of challenge we faced.”

On 23 July 2018, the image experts of the EHT assembled at Harvard’s Center for Astrophysics. In an earlier series of “imaging challenges”, the experts had been tested with artificial data corresponding to various fake images. The fakers would take an image of a black hole. They would sample it with the EHT coverage. They would create fake datasets. And they would corrupt those fake datasets to mimic actual observations.

“They would say, what if we observe this through the turbulent atmosphere of the Earth?” says Doeleman. “What if the telescopes are not pointed always optimally on the source, and the black hole signals comes and goes? And they would create these datasets and they would give them to all the people who were developing algorithms. And there’d be a contest. Who could reproduce the best true image?” The best algorithms had correctly deduced the images, passing all tests with flying colours as long as the images were static and did not evolve during the observations, which was the expectation for the image of the black hole in M87.

Now the fake data was substituted with the real thing and the image experts faced the ultimate challenge. “The computer clusters we had built to do this were faster than anything that had existed before in science,” says Özel. The collaboration was desperate not to get it wrong.

So the image experts were divided into four separate teams, each of which was given the raw data of M87. The teams were locked in hot rooms and forbidden to talk to each other. It took them four days. Each team used a different algorithm to recover an image from the raw data. Finally, they all agreed on a picture.

Everyone came together on 24 July 2018. “I’ll always remember that date,” says Doeleman. “We flashed up on the screen all of the different images from the four teams, and they all showed a ring.”

Things were very different for the tests that involved simulated images that changed with time. This was expected for the black hole in the centre of the Milky Way since it was more than a thousand times smaller than M87 and potentially spun on its axis more than a thousand times faster. In the challenges, the teams generated different images. A decision had to be made: should the collaboration spend considerable time improving the tools needed to image Sagittarius A*? Or should it use the tools it had to image M87? Psaltis, as project scientist, urged everyone to move ahead with the analysis and publication of the image of M87.

Obtaining the image of the black hole was just the beginning of the scientific quest. The collaboration still needed to understand what could be learned from the image, both about the black hole itself, its accretion flow, and about Einstein’s general theory of relativity. During the autumn of 2018, the modelling and analysis groups took over the next phase of the analysis, which culminated in a meeting in December organised by Özel and Psaltis in the isolated location of Biosphere 2 near Tucson. Finally, all the results were in place.

The date chosen for the press conference that would reveal the EHT image was Wednesday 10 April 2019. At simultaneous events in Washington DC, Brussels, Santiago, Shanghai, Taipei, and Tokyo, members of the team prepared to unveil something truly extraordinary: the first-ever image of a black hole. The collaboration had decided that the image would be shown at after exactly seven minutes of introduction at 9.07 a.m. eastern time in the United States. Everything was synchronised down to the second.

But, at the eleventh hour, literally, there was a disaster. “At 11 at night, the night before, on April 9th, I got a frantic call from someone saying the image was available on a web server in Germany,” says Doeleman. “Oh my God. This was horrible.” The PR people at the Max Planck Institute for Radio Astronomy in Bonn had used an old weblink for their new announcement. So, the old address was still floating around out there, and somebody had accidentally typed it in, and seen the full black hole image press release. “It was a journalist, but thankfully, that journalist was someone of great integrity, and they reported it to us first. They said, ‘Are you sure you want this to be public yet? This seems really irregular, and I want to check before I write a story about this.’ And we said, ‘Thank you. Please do not write the story.’”

For Özel, the day of the international press conference was an unforgettable one. “I couldn’t wait a moment longer to share the image with the world,” she says. In Brussels, the image was displayed when the clock reached 3.07 p.m.

“From the depths of the infinite darkness of outer space, from the centre of the galaxy Messier 87, there appears a glowing red ring,” says Falcke. “Everyone watching is pulled under its spell, is given some sense that the image, which was considered impossible to capture, has finally found its way to us on Earth… A mythical creature of cosmic proportions has finally taken on a form and colour that everyone can see.”8

The surprise for the world’s scientists and journalists was the identity of the black hole. “Almost certainly, everyone had been expecting we would unveil a picture of the supermassive black hole in Sagittarius A*,” says Özel. “But in the end M87 cooperated more.” There were several reasons. The supermassive black hole in M87 was truly monstrous: 1,500 times bigger than that in Sagittarius A*. In fact, if the orbit of the outermost planet, Neptune, is taken as the solar system’s boundary, it was four times bigger than that. Being so big, it takes 1,500 times longer to rotate and so change its appearance. It means that, whereas Sagittarius A* fluctuates in brightness over mere minutes, M87 remains steady for days to weeks.

If imaging M87 is like taking a picture of a Labrador sleeping on a lawn, imaging Sagittarius A* is like photographing a hyperactive puppy. In fact, it is worse than this. Although the EHT had an unobstructed view deep into the heart of M87, it did not have this for Sagittarius A*. Because the Sun orbits the centre of the Milky Way in a spiral arm where interstellar dust chokes the star lanes, the view from Earth is severely obstructed. If Sagittarius A* is like a hyperactive puppy, it is a hyperactive puppy out in the rain seen through a frosted glass window!

For all these reasons, the image presented at the press conference on 10 April 2019 was not, as expected, of the 4.2-million-solar-mass black hole in the heart of the Milky Way, but the 6.5-billion-solar-mass black hole in the heart of M87. It was an image, of course, that could never have been seen with the human eye. It was carried to Earth by radio waves, not visible light. For this reason, it could easily have been rendered in rainbow colours with gaudy blues and reds and yellows. This was pretty standard practice for astronomical images taken in light invisible to the eye. However, the collaboration chose a colour scale that represented molten iron. It seemed appropriate for a ring of fire surrounding a black hole. And it was a stroke of genius. The yellow-orange, in marked contrast to the blackness at the centre, brilliantly conveyed the menace of M87’s gargantuan 6.5-billion-solar-mass black hole.

The effect on the public was electric. And the international media went to town, describing the image as the “Eye of Sauron” and, on a banner headline on the front page of the UK’s Metro, “What Brexit looks like from space”. The UK’s Royal Mail would later create a postage stamp depicting it. “The image reached an incredible four billion people – half the world’s population,” says Özel.

“The reaction of the public was far bigger than even for the discovery of gravitational waves,” says Younsi. “It caught us by surprise. People were profoundly affected.” But then, arguably, the first-ever picture of a black hole was one of the greatest images in the history of science. It was an image to rank alongside that of the Earth rising above the grey desolation of the Moon taken by the Apollo 8 astronauts, or the hauntingly beautiful double spiral staircase of DNA.

The picture showed a black void backlit by intense radio waves emitted by matter heated to incandescence as it swirls down through an “accretion disk” onto the supermassive black hole in M87. A remarkable thing about the image was its familiarity. “People tend to think they have seen a black hole before,” says Özel. “But that’s because the artist’s impressions and movie simulations of black holes, based on the predictions of physicists, turn out to be correct. We are victims of our own success!” But this is not to take anything away from the extraordinary achievement of the EHT. “All previous images were pretend,” says Özel. “This is the real thing.”

What everyone wanted to see was the black hole’s event horizon: the imaginary membrane that marks the point of no return for in-falling light and matter. But, actually, nature does not permit us to see this. Instead, we must be satisfied with something else. “The image shows not radiation from the black hole but its absence – its shadow or silhouette,” says writer Surekha Davies.9 And the “shadow” is indeed the technical name of what was imaged by the EHT.

The space-time around a black hole is so grossly distorted that even light emitted from the hidden region on the far side of the black hole can bend all the way around the hole and fly off in our direction. It means that predicting what a luminous accretion disk around a black hole actually looks like to an observer on Earth is a painstaking process. It involves calculating the trajectories of all the light rays from the disk that head in our direction after being bent by the contorted space-time of the black hole. This feat was first carried out by the visionary French physicist Jean-Pierre Luminet in 1979. It was a time before powerful computers with graphics capabilities, so Luminet created an image with paper and pencil, applying more shading where light rays were concentrated and less where they were sparse.10

As fascinating as Luminet’s picture was, even influencing the images of black holes in Hollywood movies like Interstellar, his original work was not applicable to the black holes that were observed by the EHT. Intense astrophysical studies starting in the 1990s revealed that black holes like M87 and Sagittarius A* were not surrounded by dense accretion disks, as imagined by Luminet, but rather by tenuous doughnut-shaped “tori” of in-swirling gas. Because of this, it was not until the 2000s that theorists could create the first realistic images of black holes.

There is a particular distance from the black hole at which the path of light is bent so severely that it eternally circles the hole. For a non-spinning black hole, this “photon orbit” is one and a half times further than the centre of the black hole than the event horizon. “The photon orbit marks the boundary between the region where lensing by the black hole enhances the brightness of light rays reaching our telescopes and the region where light rays are trapped and fall in,” says Özel. “It marks the outer edge of the shadow.”

The grossly warped space-time around a black hole acts like a magnifying lens. It means that the shadow is significantly bigger than the event horizon. In fact, for a non-spinning black hole, the shadow is 2.6 times the size of the event horizon. Nature, it turns out, has been kind to us. For M87, the shadow is about forty micro-arcseconds across – the equivalent to seeing an orange on the Moon. Interestingly, the image of M87’s black hole is brighter towards the bottom. This is believed to be because the accretion disk is rotating and the lower part is coming towards us, boosting the intensity of its light via the Doppler effect.

The sharp photon ring that marks the inner edge of the doughnut of light around the hole and simultaneously the outer edge of the shadow is perhaps the most remarkable thing about the image. It marks the point at which light plunges, like water over a waterfall, into the black hole. Once it disappears, it is never again seen in our universe. Instead, it dives down towards the singularity, where space and time dissolve into something more fundamental and where known physics breaks down and is no longer a guide.

Pause for a moment to consider what the scientists of the EHT achieved. We humans tend to beat ourselves up for things like global warming and the damage our species has done to the environment. But, sometimes, we should pat ourselves on our backs and consider what we have accomplished. We are a puny species of ape that came down from the trees onto an African plain only a few million years ago. We have a three-pound brain made mostly of jelly and water. Yet we have seen to the very edge of space and time.

Of course, in seeing to the edge of space and time, and the black hole event horizon, we are also confronted with the limits of what science can tell us about our universe. For many, this is a sobering realisation. But not for Roy Kerr. “Do we think that we are gods and should be able to see the whole universe for ever?” he says. “When an object falls into a black hole, it fades away in a finite time from our consciousness. It dims and the information coming from it to us stops quite quickly.”

*

Obtaining an image of Sagittarius A* would take two years longer than finding an image of the supermassive black hole in M87. It was a difficult time for the collaboration because, in the spring of 2020, the world was struck by the Covid pandemic, driven by the SARS-CoV-2 virus.

“We had been meeting each other face to face once a year,” says Younsi. “Suddenly, we were unable to get together.” Everyone expected that an image of Sagittarius A* would be hard to obtain.

“We were definitely bracing for the worst,” admits Özel. For a start, Sagittarius A* was known to erupt in brightness when material drifted too close to the black hole and was sucked into its accretion disk. One such outburst had in fact lasted a few hours on 11 April 2017. “It is not helpful if your subject is moving when you are taking its picture!” says Özel. “Fortunately, the outburst was not on the only day when we were observing Sagittarius A*.”

The collaboration spent years understanding the effect of movement in Sagittarius A* and the effect of looking through the disk of our galaxy, where dust distorts an image by scattering the radio waves on their journey to Earth. The image teams generated millions of possible images. And, because Sagittarius A* was more complex than M87, there was more variety among those possible images – and more debate in settling on just one.

The image of the black hole at the centre of our galaxy was finally revealed to the world on 12 May 2022. Özel was on stage at the National Press Club in Washington DC. She shared the stage with her colleagues, Michael Johnson, Vincent Fish and Katie Bouman. They had rehearsed the day before. “There was a trade-off between communicating as much science as possible and making our presentations accessible,” says Özel. “I love sharing stuff and I am used to public speaking. But this was a totally new scale!”

One of the most remarkable things was that the black hole in Sagittarius A*, despite being 1,500 times smaller than the one in M87, looked very similar. There were only small differences due to the presence of brighter and darker spots around the two rings, but these could be artefacts. “We’re not sure which spots are real and telling us about the black hole,” says Younsi.

Knowing the exact mass of Sagittarius A* better than it had been known for M87, the collaboration were able to do an even better test of Einstein’s theory of gravity. The black hole was exactly as Einstein’s theory of gravity predicted it to be. “The brightness at the centre of the image is about a tenth that of the ring of brightness,” says Younsi. Furthermore, the ring size is about fifty-two micro-arcseconds. “This is consistent with what Einstein’s theory of gravity predicts for this black hole.”

“We have not seen a departure from Einstein’s theory yet,” agrees Özel.

A big puzzle is why the black hole at the heart of the Milky Way is so dim. If the accretion flow into supermassive black hole Sagittarius A* were replaced by the one powering 3C 273, it would be 40 billion times brighter. Although 3C 273 is sucking in about a few times the mass of the Sun every year, our local supermassive black hole is accreting matter at a mere billionth of a solar mass a year.

In fact, it is a puzzle how the overwhelming majority of supermassive black holes remain so dormant. Certainly, there is far less gas around to feed them than there was in the early universe because it got swallowed up in the making of stars. But this effect does not explain their inactivity. Even in the absence of inflow of gas from the general interstellar medium, some gas is shed by the closest stars to the supermassive black hole, and, occasionally, such stars come so close that they are ripped apart by “tidal” forces. Yet dormant black holes appear to be accreting matter at rates orders of magnitude lower than would be expected from their disks. “One of the big mysteries about the black hole at the center of the galaxy is, ‘Why don’t we see emission from matter falling onto the black hole, or, rather, the black hole eating up its surroundings?’” says Ghez.

Supermassive black holes like the 4.2-million-solar-mass one in Sagittarius A* may be impressive. But, actually, they are not in control of their own fate. “In our imagination, black holes might be giant but compared to an entire galaxy they’re just little chicks,” says Falcke. “And like chicks in the nest, black holes must wait for food, must wait for their mother galaxy to feed them with dust and stars. If this doesn’t happen, they waste away, go dark and quiet, and stop growing – just like Sagittarius A*.”

*

The EHT, after its triumphs, continues to grow. “Now, we have thirteen telescopes and the ability to observe at more wavelengths,” says Younsi. But with the expansion comes new problems that must be overcome. “We now need between 10 and 15 petabytes of data, which is at the limit of what we can do,” he says.

The technology of Mission Control has also improved. “After 2017, we learnt a lot and changed things,” says Özel. “Now we automatically get weather information, technical readiness information, and so on,” says Özel. “And, instead of a whiteboard and a marker pen, we now have monitors that are super-fancy and user-friendly!”

If the data handling problems can be overcome, the future looks bright for the EHT. “With all great discoveries, you want to ask, what’s next?” says Doeleman. “And in this case, what’s next is going to take us from still images of black holes to movies of black holes.” That promises to open whole new areas of inquiry. To understand how galaxies evolve over cosmic time, it is necessary to understand the fundamental processes by which black holes redistribute matter and energy on galactic scales. How do they launch their tremendous jets? When in the course of a galaxy’s lifetime does a jet start to emerge to potentially disrupt star formation in that galaxy, changing the nature of the galaxy itself? “We hope to come with a full, built out, next generation array by 2030,” says Doeleman. “After that, the next step would be to go into space”, says Doeleman, “because once you’ve built an Earth-sized virtual telescope, there’s nowhere to go but beyond the Earth.”

This would yield a much more precise test of Einstein’s theory of gravity. But, to do that, it would be necessary to go to much larger baselines. “You could go to the Moon,” says Doeleman. “You could go to the second Lagrange Point, which is 1.5 million kilometres from Earth. And when you do that, not only can you study the rings around M87 or Sagittarius A*, but also start to resolve black holes that are at very large distances from the Earth.”

“And that is probably the ultimate goal, being able to build an interferometer that’s much, much larger than the dimensions of our planet,” says Doeleman. “Because the angular resolution would be so fantastic, it would be possible to resolve the rings around supermassive black holes that existed far back at the dawn of the universe.”

a This chapter is based on an interview with Feryal Özel.

b Waves bend around obstacles, or suffer “diffraction”, as can be seen by water waves on a lake bending around a boat. Such obstacles include the disk of a telescope. The light waves, having bent around it, interfere with each other. The effect is to smear out even a point-like image of a star. The characteristic size of such a smeared-out image is 1.22 x λ/D (where λ is the wavelength of light and D is the diameter of the telescope). This “diffraction limit” is therefore the angular size of the finest detail a telescope can discern.

c A hydrogen maser exploits the “spin” of an electron in hydrogen atoms to provide a precise and stable frequency reference. A hydrogen atom has a higher energy if both the proton in its nucleus and its lone electron are spinning in the same direction, and a lower energy if they spin in opposite directions. Only photons (radio waves) with frequency of precisely 1,420,405,751.768 Hertz have the right energy to flip the electron spin.

d Historically, the greater the bandwidth of electromagnetic waves travelling down a wire such as a phone cable, the greater the information that can be transmitted.

e Interference fringes are the pattern of alternating light and dark bands that form when two trains of light waves with the same wavelength overlap. Where the peaks of one coincide with the peaks of the other, they constructively interfere, boosting the light intensity; and where the peaks of one coincide with the troughs of the other, they destructively interfere, cancelling out the light.

f Frequency is defined as the number of up-and-down cycles of a wave each second. The wavelength is the speed of light divided by the frequency.
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A CRACK IN EVERYTHING

How black holes are the key to understanding fundamental physics.


 

 

 

“The black hole teaches us that space can be crumpled like a piece of paper into an infinitesimal dot, that time can be extinguished like a blown-out flame, and that the laws of physics that we regard as ‘sacred,’ as immutable, are anything but.”

John Wheeler1

“Consideration of particle emission from black holes would seem to suggest that God not only plays dice, but also sometimes throws them where they cannot be seen.”

Stephen Hawking2


 

 

 

Although black holes can largely be classified as either stellar-mass or supermassive, they actually come in two, even more fundamental categories. On the one hand, there are theoretical black holes: abstract entities whose mathematical properties are investigated by physicists with pen and paper and computers. And, on the other, there are astrophysical black holes: the real objects that nature has chosen to implement in the universe. At present, there is very little overlap between the two kinds of black hole. Nevertheless, both have profound implications for our universe: theoretical black holes because they provide physicists with clues to the ultimate nature of space and time, and the elusive “theory of everything” believed to underpin the universe; and astrophysical black holes because they promise to explain why the universe looks the way it does, and why we find ourselves living here on Earth.

Before 1967, theoretical black holes were the subject of very little research. Then the field exploded. The reason is straightforward. Although Karl Schwarzschild discovered in 1916 that Einstein’s theory of gravity permits the existence of a bottomless pit in space-time from which nothing, not even light, can climb out, the term “black hole” entered the language only in 1967. As mentioned, the man credited with introducing it was John Wheeler, the American physicist who, among other things, was the academic supervisor of the Nobel Prize winner Richard Feynman. Wheeler was at pains to point out, however, that he was not the originator of the phrase black hole, which had been used sporadically by others for several years.a In fact, the label first appeared in print in an article titled “‘Black holes’ in space” written by the journalist Ann Ewing in 1964.3,4.

In science, a name that creates a vivid picture in people’s minds and focuses attention on a phenomenon is crucial. The term black hole is so vivid that it has not only galvanised theoretical and observational research but it has even entered everyday lexicon. Its permeation into the everyday is remarkable. “Life is like a black hole,” says Japanese science-fiction writer Hiroshi Yamamoto. “You don’t know what lies ahead. You can’t ever turn back. All you can do is move forward.”5 American ethnobotanist Terence McKenna says: “Death is the black hole of biology. It’s an event horizon, and once you go over that event horizon, no information can be passed back out of the hole.”6 And, according to the philosopher and writer Kedar Joshi: “God is a philosophical black hole – the point where reason breaks down.”7

The biggest irony of the term black hole is that in reality such objects appear neither black nor principally as holes down which matter pours like water down a drain. After all, they include some of the most phenomenally luminous objects in the universe. And, far from being characterised by in-flow, their most striking feature is often out-flow, most dramatically in the tremendous high-speed jets of matter which lance outwards from the poles of supermassive black holes and by which they project their power over cosmic distances.

But back to theoretical black holes. Their importance lies in the fact that they are the place in physics where three of the most important theories collide: Einstein’s theory of gravity, quantum theory and thermodynamics, the branch of physics which deals with heat and how it is transformed into mechanical motion. The reason for the clash is that the three theories make contradictory predictions of the same phenomena. Such contradictions, however, far from being a source of gloom and depression for physicists, are considered a potential goldmine. For not only do they reveal that at least one of the theories, and possibly all of them, are in error, but they also challenge physicists to find a deeper, more fundamental theory – the fabled “theory of everything” – from which each of them springs.

Most strikingly, Einstein’s theory of gravity – the general theory of relativity – predicts that at the heart of a black hole there exists a place where all physical quantities skyrocket to infinity. In 1965, Roger Penrose showed that such a singularity is unavoidable in the gravitational collapse of a massive star at the end of its life. Einstein’s theory of gravity, which breaks down here, therefore contains within it the seed of its own destruction. This may have been why Einstein was so reluctant to believe that the black hole solution to his equations of the gravitational field, received from second lieutenant Karl Schwarzschild at the Front in 1916, could ever be implemented in nature.

Given that the singularity predicted by Einstein’s theory is not a real, physical thing, the question is: what is the true endpoint of runaway gravitational collapse? The answer is: nobody knows. But, despite not knowing what nature actually implements in place of a singularity, it is nevertheless possible to speculate on what is needed to obtain an answer. Einstein’s theory of gravity is a theory of large things: stars and galaxies and the universe as a whole. Quantum theory is a theory of things that are isolated from their surroundings, which in practice usually means small things such as atoms and their constituents. In the runaway collapse of a massive star to form a black hole, something big ends up squeezed very small, conceivably smaller than an atom. It is clear therefore that an understanding of what happens at the endpoint of gravitational collapse requires meshing together the theory of the very large with the theory of the very small.

Physicists often call such a framework a “quantum theory of gravity”. However, there appear to be a number of insurmountable problems in obtaining it. For a start, Einstein’s theory of gravity and quantum theory appear to be fundamentally incompatible. Whereas the general relativity is a theory of certainty – it is possible to use it to predict the path of the Moon with 100 per cent certainty – quantum theory is a theory of uncertainty – it is possible only to know the chance, or probability, that an atom will follow one path between points A and B; the probability that it will follow a second path; and so on.

To be more specific about the incompatibility, there is a feature of quantum theory known as the Heisenberg uncertainty principle that tells us that quantities such as the location and motion, which can always be determined for a large-scale body like a football flying through the air, cannot be determined simultaneously for a sub-microscopic object like an atom.b There is a trade-off. The better our knowledge of one quantity, the worse our knowledge of the other. The trouble is that, in general relativity, the motion of a mass affects the very shape of space-time, which is gravity. Consequently, the Heisenberg uncertainty principle implies that, in a quantum theory of gravity, it is not possible to determine even the space and time in which a massive particle exists and through which it moves.

Most likely, these fundamental problems in uniting Einstein’s theory of gravity and quantum theory into a single seamless garment indicate that both general relativity and quantum theory are wrong, and that both spring from a deeper theory. Given that general relativity is a theory of space and time, the likelihood is therefore that space and time are not fundamental but “emerge” from something more basic. Discovering what that something is is one of the most formidable challenges in science because space and time are not only fundamental to our scientific worldview but also fundamental to the everyday language we use to describe the world.

But, although we do not know how to mesh quantum theory with Einstein’s theory of gravity, remarkably, the hand of quantum theory is apparent at the event horizon of a black hole. This is surprising because, unlike the singularity, the event horizon is not necessarily an extreme location where Einstein’s theory of gravity would be expected to fail. It is certainly true, in the case of a stellar-mass black hole, that a person falling in feet-first would be pulled apart by the stronger gravity on their feet than their head in a process colloquially known as “spaghettification”. However, in the case of the biggest supermassive black holes, they would pass through the event horizon without any ill-effect.c

In 1974, Stephen Hawking stunned the world of science with his discovery that quantum effects play a role at the event horizon. The key is the “quantum vacuum”.

According to the Heisenberg uncertainty principle, it is not possible to know simultaneously how much energy exists in a small region of space and the amount of time the energy has been there. There is a trade-off between these two things in the same way that there is a trade-off between location and motion. The greater the uncertainty in the energy, the smaller the uncertainty in time, and vice versa. In practice, this permits a violation of the law of conservation of energy, which dictates that energy can neither be created nor destroyed, merely morphed from one form to another. Because of the Heisenberg uncertainty principle, energy can pop into existence literally out of nothing and the laws of conservation of energy will turn a blind eye just as long as the energy lingers for a short enough interval of time. It is rather like a teenager borrowing her dad’s car overnight but getting it back in the garage the next morning before her dad gets up and realises it has gone. In practice, the borrowed energy manifests itself as particle–antiparticle pairs such as electrons and positrons, which pop into existence, persist for an interval of time so short it makes the blink of an eye seem like an eternity, before “annihilating” each other and vanishing. Because of such “quantum fluctuations”, the quantum vacuum is far from empty. Instead, it is a roiling sea of energy.d

Hawking’s genius was to realise that, just outside the event horizon of a black hole, the convulsions of the quantum vacuum have an unexpected consequence. Specifically, one member of a newly created particle–antiparticle pair can fall into the black hole. With no partner left with which to annihilate, the remaining member of the pair is granted a potentially eternal existence. According to Hawking, such a process is happening perpetually in every tiny volume of space around the event horizon. The result is a continual sleet of particle radiation that streams away from the black hole in all directions. Black holes are not black. Instead, they glow with “Hawking radiation”.8

Nothing, of course, can ever come out of a black hole. That, after all, is the defining feature of such objects. But Hawking radiation does not come out of a black hole. It is never inside. Instead, it is conjured into existence from the vacuum just outside the event horizon.

A body that emits radiation is, by definition, hot and characterised by a temperature. The amazing thing, therefore, is that a black hole, despite being fabricated from nothing other than space and time, is hot. Hawking deduced a formula for the temperature of a black hole. It is one of only two equations inscribed on flagstones on the floor of London’s Westminster Abbey. The other is Paul Dirac’s formula describing an electron travelling at close to the speed of light that predicts the existence of a previously unsuspected world of “antimatter”.

The energy to create Hawking radiation must come from somewhere. The only possible source of that energy is the gravitational field of the black hole itself. Gradually, therefore, the field weakens, causing a black hole to shrink until it finally disappears in a blinding flash of high-energy radiation. For big black holes, Hawking radiation is fantastically weak. “Although almost every theoretical physicist agrees with my prediction that a black hole should glow like a hot body,” said Hawking, “it would be very difficult to verify experimentally because the temperature of a macroscopic black hole is so low.” The feebleness of Hawking radiation for big black holes means it would take far longer than the current age of the universe for both supermassive and stellar-mass black holes to “evaporate”.

But, although Hawking radiation is insignificant for big black holes, it would not be so for very small ones. The existence of such objects was proposed in 1966 by the Russian physicists Yakov Zeldovich and Igor Novikov. They speculated that “primordial black holes”, spanning a large range of masses and including ones far smaller than stars, could have been created in the energetic and turbulent conditions of the Big Bang. The universe may therefore contain not only supermassive black holes and stellar-mass black holes but also mini black holes. If primordial black holes existed, they would be expected to evaporate in an intense burst of Hawking radiation. “It’s a pity that nobody has found an exploding black hole,” said Hawking. “If they had, I would have won a Nobel Prize.”9

But, although the consequences of black hole evaporation appear non-existent for astrophysical black holes, the consequences for theoretical black holes, and therefore fundamental physics, are profound. Think of a stellar-mass black hole. The star whose gravitational collapse led to the formation of the black hole in the first place was composed of countless atoms. To specify the precise states of all of them would require a vast quantity of information. However, when a black hole evaporates and vanishes from the universe, all the information is washed away, like tears in the rain. One of the cornerstones of physics is that information can neither be created nor destroyed. The disappearance of a black hole therefore creates a big headache for physicists. Where does all the information go?10 So baffling is this “black hole information paradox” that, for many years, Hawking himself actually entertained the idea that black holes did indeed violate one of the most cherished principles of physics. “I used to think information was destroyed in a black hole,” he said. “It was my biggest blunder, or at least biggest blunder in science.”11

Many possible explanations of the black hole information paradox have been proposed. Two years before the discovery of Hawking radiation, a clue was uncovered by an Israeli physicist. Jacob Bekenstein found that the “surface area” of a black hole’s event horizon is related to the entropy of the black hole.12

Entropy is a measure of disorder. According to the second law of thermodynamics, formulated by the German physicist Ludwig Boltzmann in the late nineteenth century, entropy always increases – or, at least, never decreases. But, more significantly, entropy is intimately connected with information. Actually, it is a measure of our ignorance, or lack of information.e Put in precise physics terms, it is a gauge of the system’s microscopic disorder, defined as the “number of microstates that correspond to a particular macrostate”. In the case of a brick, for instance, it is the number of different ways the atoms in the brick can be arranged and still leave the brick looking like a brick. The fact that the horizon of a black hole has an entropy can mean only that, astonishingly, it has some kind of microscopic structure that can be rearranged like the atoms in a brick.

In 1993, Dutch Nobel Prize winner Gerard t’Hooft of the University of Utrecht proposed that the horizon of a black hole, far from being smooth and featureless, as general relativity predicts, is on the microscopic scale rough and irregular. “A black hole really is an object with very rich structure, just like Earth has a rich structure of mountains, valleys, oceans, and so forth,” says Kip Thorne of the California Institute of Technology. And it is in the lumps and bumps of this Lilliputian landscape, claims t’Hooft, that the information describing the star that spawned the black hole is stored.

A key concept required to understand this is the smallest possible interval of space: 1.6 × 10-35 metres. According to the Heisenberg Uncertainty Principle, any distance tinier than this “Planck length” would be associated with so much energy popping spontaneously into existence that it would immediately collapse to form a black hole. According to t’Hooft, every Planck-square of a black hole’s event horizon – that is, every region with an area about 10-70 square metres – contains the equivalent of a binary “0” or a “1” of information. This makes the horizon of a black hole like a hyperdense version of an old-style DVD.

This idea that a black hole’s event horizon encodes the missing information that described the precursor star was taken up by Leonard Susskind of Stanford University. He showed that it might happen within the framework of “string theory”. According to string theory, the sub-microscopic building blocks of matter are not, as physicists have long suspected, point-like particles but instead one-dimensional strings of mass-energy. One possible string corresponds to a “graviton”, the hypothetical carrier of the gravitational force, making string theory the only framework that unites quantum theory with a theory of gravity. However, this success is won at a great cost. String theory can mimic the four fundamental forces only if the strings vibrate in ten-dimensional space-time, which requires the existence of six extra space dimensions, which are postulated to be too small for us to have seen. If string theory is correct, maintained Susskind, the microscopic undulations of a black hole horizon could be a squirming mass of vibrating strings. In fact, using such a picture in 1997, Andrew Strominger of the University of California at Santa Barbara and Cumrun Vafa of Harvard University predicted the exact magnitude of the black hole entropy that had been calculated by Bekenstein.13

If the horizon of a black hole does indeed have a microscopic structure, created by strings or in some other way, it provides a possible resolution of the information paradox. Since Hawking radiation is born in the vacuum just a hair’s breadth above a horizon, it stands to reason that it is influenced by the microscopic undulations of that membrane. They will “modulate” the radiation in much the same way that pop music modulates the “carrier wave” of a radio station. In this way the information that described the precursor star is carried out into the universe, imprinted indelibly on the Hawking radiation. No information is lost. And one of the most sacrosanct laws of physics is left intact.

This proposal for averting the black hole information paradox remains speculative. But, if correct, it implies something extraordinary: the information to completely describe a star – a 3D body – is perfectly preserved on the event horizon of a black hole – a 2D surface. This makes the horizon similar to the holographic image on a credit card. It might be nothing more than a weird curiosity if it applied only to esoteric objects such as black holes. But t’Hooft and Susskind suggest that the holographic idea might have implications not just for black holes but for the whole universe.

Like a black hole, the universe is bounded by a horizon from beyond which nothing can reach us. The cosmic “light horizon” is not the actual edge of the universe – which in all likelihood goes on forever – but instead the edge of the “observable universe”. Within the bubble of space bounded by the horizon are all the stars and galaxies – about 2 trillion of them – whose light has had time to reach us since the birth of the universe 13.82 billion years ago. Outside the horizon are all the stars and galaxies whose light has not yet reached us. It is still on its way.

Just as the information that describes a 3D star is inscribed on the 2D horizon of a black hole, t’Hooft and Susskind reasoned that the information that describes the 3D universe might be written as a 2D hologram on the horizon of the universe. The idea is open to a range of interpretations. One is that, surprisingly, the universe can be completely specified using one fewer dimension than anyone imagined. Another, more extreme, interpretation is that our 3D universe is literally a projection of a 2D hologram residing on the horizon, in which case, you and I and everyone else is actually a hologram.

Much excitement was generated in 1998 when the Argentinean-American physicist Juan Maldacena of Princeton’s Institute for Advanced Study found that the effects of Einstein’s theory of gravity in the interior of a universe are mathematically equivalent to quantum field theory on its boundary. Nobody had suspected that the two, apparently incompatible, frameworks could be different facets of the same theory. Unfortunately, Maldacena discovered his result held for a type of universe that is not like ours. Whereas an Anti-deSitter (AdS) universe is bounded, our universe is unbounded and possibly infinite. Nevertheless, Maldacena’s result has proved fruitful in providing many new insights in theoretical physics. And theorists continue to hope that there exists a similar holographic correspondence for our universe.

Meanwhile, black holes continue to stimulate theoretical research at the far frontier of physics. “Of all the entities I have encountered in my life in physics, none approaches the black hole in fascination,” wrote American physicist John Wheeler. “And none, I think, is a more important constituent of this universe we call home. The black hole epitomises the revolution wrought by general relativity. It pushes to an extreme – and therefore tests to the limit – the features of general relativity (the dynamics of curved space-time) that set it apart from special relativity (the physics of static, ‘flat’ space-time) and the earlier mechanics of Newton. Space-time curvature. Geometry as part of physics. Gravitational radiation. All of these things become, with black holes, not tiny corrections to older physics, but the essence of newer physics.”14

Bekenstein did not only discover that a black hole’s event horizon has an entropy but also that that entropy is enormous. In fact, a black hole can encode the most information in the smallest possible volume. In 2023, this led Georgi “Gia” Dvali of Ludwig Maximilian University in Munich, Germany, and Zaza Osmanov of the Kharadze Georgian National Astrophysical Observatory in Abastumani, Georgia, to suggest that an advanced extraterrestrial civilisation requiring the densest possible medium for the storage and manipulation of data would inevitably use black holes for its computing. The most efficient black holes for this, according to Dvali and Osmanov, would be microscopic primordial black holes of the type proposed by Zeldovich and Novikov. Alternatively, advanced extraterrestrials could fabricate such black holes by compressing matter in high-energy particle collisions.

Crucially, Dvali and Osmanov point out that the use of mini-black holes for computing would create a tell-tale sign that could potentially be spotted from Earth.15 First, actually creating mini-black holes would generate neutrinos, subatomic particles that are hardly ever stopped by matter and so would escape and travel vast distances across space. Secondly, once created, the mini-black holes would inevitably shine with extremely intense Hawking radiation – the smaller the black hole, it turns out, the stronger the Hawking radiation. Because such radiation is “democratic”, consisting of all possible subatomic particles, it would inevitably include extremely-hard-to-stop neutrinos. According to Dvali and Osmanov, such neutrinos possess a characteristic signature that would make their black hole origin unmistakable. Furthermore, they would potentially be detectable on Earth by the IceCube Neutrino Observatory which is currently operating at the Amundsen–Scott South Pole Station in Antarctica.

If extraterrestrials are indeed engaged in black hole computing, it might explain why, despite searching the skies for decades, astronomers have seen no signs of them. A tacit assumption of the Search for Extraterrestrial Intelligence, or SETI, has been that the indications of a super-advanced ET should be glaringly obvious. “The most attractive habitats for synthetic sentience might be the vicinities of exceptional sources of energy – for example black holes, or even the neighbourhoods of large stars, which routinely boil off the energy of ten thousand suns,” says Seth Shostak, senior astronomer at the SETI Institute in Mountain View, California. Extraterrestrials might therefore be expected to engage in astro-engineering projects, perhaps damming the energy of stars and maybe even the most powerful energy sources of all – black holes. The fact that no such projects have been observed might be explained if extraterrestrials instead concentrate their efforts on black hole computing. The universe might be awash with signals of such information processing but we have been tuning in to the wrong channel.

Hawking radiation and the information paradox give us the merest hint of a theory of everything that unifies Einstein’s theory of gravity and quantum theory. And such a theory has implications way beyond the esoteric world of black holes. The reason is that, once upon a time, in the Big Bang, the universe was smaller than an atom. Only by unifying general relativity and quantum theory, or uncovering the deeper theory that underpins both, can we hope to answer the most fundamental questions about the origin of our universe. What is the universe? What are space and time? Where did they come from? What happened before the Big Bang?

“My main interest is the problem of the singularity,” says Neil Turok of the University of Edinburgh. “If we can’t understand what happened at the singularity we came out of, then we don’t seem to have any understanding of the laws of particle physics.”

So much for theoretical black holes and their significance for fundamental physics, what about the significance of astrophysical black holes – in particular, supermassive black holes? Their story is intimately connected with the story of galaxies. In fact, it is fair to say that supermassive black holes are the key to unlocking the secrets of galaxies, and galaxies are the key to unlocking the secrets of supermassive black holes.

But, in trying to understand the nature of the connection between supermassive black holes and galaxies, astronomers face formidable problems. Their telescopes have yet to afford them a view of all the stages in the complex and symbiotic relationship. Not even the most powerful instruments have drilled down far enough through look-back time to spot the first groups of stars and the first black holes to form after the Big Bang. It may be that NASA’s James Webb Space Telescope, launched on Christmas Day 2021, will succeed in this task. However, the giant 6.5-metre instrument does not have the capability to see individual stars at the beginning of time. Everything, therefore, depends on whether the first groups of stars were big enough, and so bright enough, to be picked up by James Webb’s infrared detectors.

To have any hope of understanding the relationship between supermassive black holes and galaxies, it is necessary to understand how they came into existence at a time when the universe was very young and very different from the one we see around us today. This, in turn, requires an understanding of the birth of the universe itself. And here, at least, some things are known with reasonable levels of confidence.

The universe began in a hot, dense phase. The evidence of this is all around us. A whopping 99.9 per cent of the photons coursing through the universe today are not from stars or galaxies but are the “afterglow” of the Big Bang fireball. The fact that the universe started out as such a hot fireball is not hard to deduce. For a start, the galaxies – the basic cosmic building blocks – are flying apart from each other like pieces of cosmic shrapnel in the aftermath of a titanic explosion. By imagining the expansion running backwards like a movie in reverse, we come to a time – 13.82 billion years ago – when everything in creation was squeezed into the tiniest of volumes. This was the moment of the universe’s birth: the Big Bang.

When something is squeezed into a small volume, it gets hot. The Big Bang was therefore a hot big bang. But the heat of the fireball had nowhere to go because it was bottled up in the universe, which, by definition, is all there is. Consequently, it is still around today. Greatly cooled by the expansion of the universe over the past 13.82 billion years, it appears not as light visible to the human eye but as much lower-energy light known as millimetre waves. This “cosmic background radiation”, despite being unnoticed until 1965, is by far the most striking feature of the universe. If we had eyes that could see millimetre waves rather than visible light, we would see the whole of empty space glowing a brilliant white.16 It would be like being inside a giant lightbulb.

The Big Bang fireball expanded rapidly. And, as it did so, it cooled and faded, until it was no longer shining with visible light. The universe was plunged into a Cosmic Dark Age. It continued to grow, doubling in size, doubling again, over and over. All in complete and utter darkness. But, in the midst of the blackness something was stirring. Matter was on the move. Animated by gravity, it swirled and streamed and congealed into clots. The clots began to fragment and the fragments contracted and heated up. The interminable Cosmic Dark Age persisted but only for a while longer. Suddenly, all over the universe, the first stars switched on like lights on a Christmas tree. This was the epoch, perhaps a 100 million years after the Big Bang, that no telescope has yet seen – the missing jigsaw piece in the story of our universe.

This picture, however, is lacking something very important. Subtle variations of the temperature of the cosmic background radiation around the sky tell us that, when it broke free of matter, about 380,000 years after the Big Bang, the densest regions of the universe were denser than average by only a few parts in 100,000. Such over-dense regions, on account of their marginally stronger gravity, dragged in matter faster than other regions and, in a process akin to the rich growing ever richer, they became ever denser and more massive. However – and this is the crucial point – this growth process is far too slow to have created galaxies as big as the Milky Way in as short a time as 13.82 billion years.

In order to explain how the universe went from being smooth to being lumpy in only 13.82 billion years, astronomers have been forced to postulate the existence of “dark matter”, stuff which gives out no light, or too little to be discernible, and outweighs the ordinary matter of the stars and galaxies by a factor of about six. It was the extra gravity of this invisible substance, say astronomers, that sufficiently sped up galaxy formation to create the universe we see around us today. Although the identity of dark matter remains one of the outstanding mysteries of astrophysics, its gravitational tug is also apparent in individual galaxies, where stars orbit the centres so fast that, by rights, they ought to be flung outward.

Dark matter turns out to have been vital in the cooling fireball of the Big Bang because it was the first material to shrink under gravity to form clumps. At a time when ordinary matter was so hot it resisted being compressed, dark matter congregated into clumps. Once formed, such “mini-halos” pulled in ordinary matter with their strong gravity. According to this theory of cosmic structure formation, known as cold dark matter, or CDM, mini-halos then merged with each other to make ever bigger halos and eventually the big galaxies we see around us today. Given that these mergers of galaxies and their central black holes were chaotic, it is a mystery how the neat “correlations” between the mass of supermassive black holes and their parent galaxies is maintained. Clearly, there is much for us yet to understand.

The ordinary gas in the mini-halos, like the dusting of snow on the hidden bulk of a mountain, may have been enough to make only a few thousand stars. Nobody knows the exact number. Nevertheless, astronomers think they know what the first stars were like. Since the gas that emerged from the Big Bang was hotter than interstellar gas today, it pushed back hard against the gravity trying to compress it. Consequently, only very large masses had gravity strong enough to overcome the outward pressure. The first suns are therefore believed to have been monsters, possibly in the range of 60 to 300 times the mass of the Sun. Christened Population III stars, theorists think that they could have formed as early as 50 to 200 million years after the birth of the universe.f

A very massive star is also very hot because all the mass being squeezed down on its core by gravity heats its interior. And a very hot star burns its fuel very quickly. “The flame that burns twice as bright burns half as long,” wrote Lao Tzu. But, though the observation of the Chinese philosopher may be true of human beings, it grossly underestimates the effect of burning brightly on the lifetime of a massive star. The most massive Population III stars, rather than taking 10 billion years to use up their fuel, as will the Sun, would have exhausted their fuel in only a few million years. Consequently, very soon after the birth of the first stars, the universe was rocked by a rash of titanic explosions. The remnants of many of these mega-supernovae would have been mega-black holes – with masses of tens, maybe hundreds of times, that of the Sun. Crucially, such relics could have been the “seeds” of the supermassive black holes in the hearts of today’s galaxies.

The first black holes were probably born in dense star clusters where there were many opportunities for them to collide with each other and fuse. Being so massive, the products of such mergers would have naturally sunk to the centre of their parent galaxies by a process known as “dynamical friction”.17 The crowded conditions there, with frequent collisions and mergers, could have easily led to the creation of one monolithic black hole, possibly weighing thousands of times the mass of the Sun.

Finding proof of the existence of such “intermediate-mass black holes” – generally defined as being in the 100- to 100,000-solar-mass range – is not easy since the black holes in the cores of today’s galaxies grew to supermassive size long ago. Nevertheless, astronomers have found a handful of candidates that bear the hallmarks of such a black hole. In 2019, for instance, a team led by Jong-Hak Woo of Seoul National University in South Korea reported the discovery of an intermediate black hole of 10,000 solar masses in the dwarf galaxy NGC 4395.18 And, in 2023, a team led by Eduardo Vitral of the Space Telescope Science Institute in Baltimore used the eagle eye of NASA’s Hubble Space Telescope to look deep into the heart of the closest “globular cluster”.g The motion of the stars in Messier 4, 6,000 light years away, indicates the presence of an intermediate mass black hole of 800 times that of the Sun.19

The first galaxies were born in a crowded universe because cosmic expansion had not had a chance to drive them far apart. There were therefore frequent collisions and mergers between galaxies. And, when galaxies joined together, they were not the only things that fused. So too did their central black holes. Finding such proof of the merger of giant black holes in the cores of galaxies is not easy. Nevertheless, the nucleus of the active galaxy OJ 287 appears to contain two black holes – one with an enormous mass of about 18 billion solar masses and a much smaller one of a mere 150 million solar masses.20 The two black holes are orbiting each other every twelve years. They are spiralling together and are expected to merge in about 10,000 years. Another quasar that appears to have two supermassive black holes in its core is PKS 2131-021. In 2022, Sandra O’Neill, a student at the California Institute of Technology, found evidence of fluctuations in its brightness spanning forty-five years. PKS 2131-021 is a type of quasar known as a “blazar” in which the relativistic jet points almost straight at the Earth. The brightening and fading of the jet are what would be expected if the black hole is circling a companion once every two years, causing the jet to suffer a periodic doppler boost in intensity.21 The two black holes, each of which is hundreds of millions of times as massive as the Sun, are separated by about seventy times the distance between the Sun and the outermost planet, Neptune. The best estimate is that, like the black holes in OJ 287, they will touch and coalesce in about 10,000 years.

Galactic mergers enabled black holes to grow in two ways: by coalescing, and by funnelling large quantities of fresh gas into the cores of merged galaxies for the black holes there to gorge on. But herein lies a problem. Astronomers have observed galaxies whose black holes have grown to a billion solar masses by 700 million years after the Big Bang, which is only 5 per cent of the current age of the universe. It appears virtually impossible that a combination of mergers and accretion could build such enormous supermassive black holes in so short a time.

Such black holes, it should be stressed, were extremely rare. The overwhelming majority of supermassive black holes at that time were nowhere near as big. The billion-solar-mass supermassive black holes were most likely exceptional outliers that had won the winning ticket in the black-hole-growth lottery, forming in the densest parts of the universe, undergoing many more galaxy mergers than average, ending up in unusually large galaxies whose strong gravity could hold onto the matter needed to feed their ravenous appetites, and so on. But, even if such monster black holes were ultra-rare, their existence so early in cosmic history still requires an explanation.

Two things are needed for a black hole to grow: a big initial seed and a high rate of accreting matter. A combination of both was almost certainly necessary for a black hole to grow to a billion solar masses so quickly.

Accretion, however, has an Achilles’ heel. At high rates, the accretion disk of a supermassive black hole becomes so stupendously hot that radiation flooding outwards blows away the very in-falling matter feeding the black hole. This sets a maximum rate at which a supermassive black hole can eat. Accretion below this “Eddington limit”, working in concert with galaxy mergers, appears incapable of building a billion-solar-mass supermassive black hole from the seed of a Population III star black hole in a mere 700 million years. But all is not lost. Theorists calculate the Eddington limit by assuming that matter falls in towards a black hole equally from all directions. But this is unlikely to be true because matter falls onto black holes from a disk of in-swirling matter. It is possible, therefore, that supermassive black holes can accrete matter at super-Eddington rates.

What about the possibility of supermassive black holes getting big because they sprang from bigger initial seeds? Maybe the seeds were not the collapsed relics of Population III stars. Perhaps instead they were giant black holes that formed from the direct gravitational collapse of giant clouds that never spawned stars.22 And there are other possibilities. One has emerged from computer simulations carried out by a team led by Muhammad Latif of the United Arab Emirates University in 2022. They show dark matter across the early universe coming together under gravity to create a web-like structure. The first quasars form at rare junctions of cold, dense gas.23 According to Latif and his colleagues, turbulence in such gas clouds would have prevented normal stars from forming. If the masses were big enough, however, gravity could have crushed matter enough to create stars with extraordinarily high masses in the range of 30,000 to 40,000 the mass of the Sun. When such super-stars exploded, their cores would have imploded to make monster black holes. If this scenario is correct, the first supermassive black holes were a natural consequence of the formation of structure in a cold dark matter-dominated universe: children of the cosmic web.

Yet another possibility is that seeds of supermassive black holes were even more exotic. Nobody knows the identity of the dark matter but one popular idea is that it is composed of hitherto undiscovered subatomic particles. If so, it is likely they would come in the form of particles and antiparticles just as the subatomic building blocks of normal matter do. These might become concentrated in the centre of dense clouds of gas, where they would meet and annihilate. The heat unavoidably generated could oppose gravity in much the same way that the heat generated by nuclear fusion reactions opposes gravity in normal stars.24 When the fuel of these dark matter-powered “dark stars” ran out, they would collapse catastrophically into mega-black holes.

Yet another possibility is that seeds of supermassive black holes are primordial black holes. Having been born extremely early in the history of the universe, they would have had a lot more time to grow big. As a bonus, they might also be a component of the universe’s mysterious dark matter.25

The truth is that the origin of supermassive black holes and how they got so big so quickly remain outstanding puzzles of astrophysics. Assembling a billion-solar-mass black hole from a Population III star in 700 million years may just about be possible, with a lot of favourable circumstances. Or it may require a more exotic seed such as a dark star or a primordial black hole. Nobody yet knows.

What is known is that the formation of supermassive black holes had a profound effect on their parent galaxies, injecting large quantities of energy into their surroundings and heavily influencing star formation.26 When galaxies collided, supermassive black holes were fed lots of new gas, causing them to flare up, and, for hundreds of thousands, possibly millions, of years, galaxies of stars were outshone by their supermassive black holes. The peak of such quasar activity, when a myriad cosmic blow torches burned across the universe, was 10 billion or more years ago. Today, we are living in the dull aftermath of the dazzling age of the quasars.

In the future, supermassive black holes will continue to grow, as long as they have access to plentiful gas and ripped-apart stars. Currently, the biggest known black hole is the quasar TON 618, weighing in at 66 billion times the mass of the Sun, more than 15,000 times heavier than the Milky Way’s supermassive black hole.27 Nobody knows whether there is a limit. “We are seeing black holes that are approaching 100 billion solar masses,” says Roy Kerr. “What will this number be in another trillion years?”

a In his book Geons, Black Holes, and Quantum Foam, Wheeler writes: “In the fall of 1967, [I was invited] to a conference... on pulsars... In my talk, I argued that we should consider the possibility that the center of a pulsar is a gravitationally completely collapsed object. I remarked that one couldn’t keep saying ‘gravitationally completely collapsed object’ over and over. One needed a shorter descriptive phrase. ‘How about black hole?’ asked someone in the audience. I had been searching for the right term for months, mulling it over in bed, in the bathtub, in my car, whenever I had quiet moments. Suddenly this name seemed exactly right. When I gave a more formal Sigma Xi-Phi Beta Kappa lecture... on December 29, 1967, I used the term, and then included it in the written version of the lecture published in the spring of 1968. (As it turned out, a pulsar is powered by ‘merely’ a neutron star, not a black hole.)”

b The Heisenberg uncertainty principle is a consequence of atoms and their constituents behaving like waves. Picture a wave that undulates with a constant wavelength. Such a “sine wave” extends forever, which means its precise location is 100 per cent uncertain. Now think of the momentum carried by the wave. Intuitively, it is related to its wavelength, with a very wiggly wave – that is, one of short-wavelength – carrying a lot of momentum, and a sluggish wave – one of long-wavelength – carrying little momentum. Because the sine wave is a wave of only a single wavelength, it has a precise momentum. In short, we can know the momentum of a wave but only at the cost of not knowing its location. Now, it is always possible to create a wave that is more localised than a sine wave. Simply add another sine wave, with a different wavelength. And another. And another... These can be arranged so the sine waves cancel out everywhere except in a localised region. The more waves that are superposed, the more localised the wave can be made. But, since the wave is now composed of a number of sine waves, each with its own characteristic wavelength – and, crucially, its own characteristic momentum – the wave’s overall momentum is now uncertain. So, the cost of knowing the location of a wave more precisely is knowing its momentum less precisely. The upshot of all of this is that there is a fundamental trade-off between our knowing the location of an atom and knowing its momentum.

c For an astronaut falling feet-first towards a black hole, the inward tug of gravity on their feet would be greater than on their head. Such a difference in gravity, or “tidal” force, could rip a person apart. However, the force is inversely proportional to the mass of a black hole. Thus it is large for black holes of small mass such as stellar-mass black holes, and small for black holes of large mass such as supermassive black holes.

d This turbulent sea of energy buffets the outer electrons in atoms and this can be observed as the “Lamb shift” of their energies for which Willis Lamb was awarded the Nobel Prize in 1955.

e When a piston is moving, you know where the energy of motion is – with the whole piston, not surprisingly! But when the energy is in steam, you do not know which molecules have the energy of motion. So entropy and our ignorance – lack of information – are intimately connected.

f During the Second World War, the German-American astronomer Walter Baade discovered something important about stars while observing from under the blacked-out skies over Los Angeles with the world’s biggest telescope, the 2.5-metre Hooker Telescope on Mount Wilson. Our Milky Way contains two distinct populations of stars. In the “spiral arms”, where the Sun orbits, are hot blue stars with a relatively high concentration of heavy elements; and in the centre of the Galaxy, cool red stars with a low concentration. As would later be shown, the blue “Population I” stars are young, and the red “Population II” stars are old, their heavy element concentrations revealing that heavier elements have become more common as the galaxy has aged, as would be expected if heavy elements are built up over time inside stars.

g Globular clusters are tightly packed spherical collections of stars and are thought to be some of the oldest objects in the universe. Containing anything from 100,000 to 10 million stars, they are found in the halos of most galaxies, with the numbers generally increasing with the size of the galaxy. Our Milky Way has about 160 whereas the giant elliptical galaxy, M87, has more than 10,000.
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MASTERS OF THE UNIVERSE

How black holes are the key to understanding why the universe is the way it is.


 

 

 

“Of all the places in all the galaxies in all the universe, we had to go and find ourselves in this one.”

Caleb Scharf1

“Black holes can kill us, and in a variety of interesting and gruesome ways. But, all in all, we may owe our very existence to them.”

Philip Plait2


 

 

 

The road to our current understanding of the key role played by black holes in the universe has been long and winding. In 1916, the possibility of the existence of such objects was predicted by Karl Schwarzschild. But black holes were considered too ridiculous to actually exist in the real universe. In the catastrophic shrinkage of a massive star at the end of its life, surely, some as-yet-undiscovered force would intervene to prevent the formation of a singularity? In the 1920s, the new-fangled quantum theory appeared to provide just such a force: the ferocious aversion of electrons to being squeezed together into a small volume. But then, a nineteen-year-old Indian scientist, travelling on a ship between Bombay and England in 1930, discovered that the prohibition of electrons from travelling faster than light, imposed by Einstein’s special theory of relativity, meant there was a threshold to how hard they could push back. If a star has a mass greater than the “Chandrasekhar limit”, gravity cannot be stopped from crushing it down to a black hole, a conclusion that survived even the discovery of the neutron in 1932.

However, the black hole “solution” of Einstein’s theory of gravity applied only to a nonrotating body. Yet every heavenly body – from the Earth to the Sun – is spinning. It was always possible that the outward centrifugal force due to rotation might halt the catastrophic shrinkage of a dying star before the formation of a black hole. But then, in 1963, the New Zealand mathematician Roy Kerr stunned everyone by finding an exact description of the space-time corresponding to a spinning black hole within Einstein’s theory. And less than a decade later, in 1971, the first black hole was discovered by Paul Murdin and Louise Webster: Cygnus X-1.

But, even after a handful of black hole candidates were found in the Milky Way, it was still possible to believe that black holes were rare anomalies and of only peripheral importance in the universe. This idea was dealt a serious blow by the realisation that the phenomenal light output from “quasars”, discovered by Maarten Schmidt in 1963, came from volumes of space not much larger than the solar system. The only possible source of the light – as much as 100 times that of an entire galaxy of stars – was matter heated to incandescence as it swirled down onto a black hole. Not a stellar-mass hole but one with a mass of millions or even billions of times that of the Sun.

Since quasars and their active galaxy kin accounted for only about 1 per cent of galaxies, it was still possible to believe that black holes were of peripheral importance in the universe. That conviction did not survive the discovery by NASA’s Hubble Space Telescope in the 1990s that the heart of essentially every galaxy, including our own Milky Way, contained a supermassive black hole. Black holes are not rare anomalies. They are everywhere.

Nevertheless, supermassive black holes were tiny compared with their parent galaxies. It was still possible to believe that, although they lurked like black widow spiders deep in the heart of every galaxy, they were of no consequence in the overall cosmic scheme of things. Everything changed with the discovery that supermassive black holes influenced the formation of a galaxy’s stars and that a galaxy’s stars influenced the growth of supermassive black holes. In fact, galaxies make no sense without the missing ingredient of supermassive black holes.

The energy unleashed in the birth and evolution of a supermassive black hole is more than enough to blow away a galaxy’s entire supply of gas. If only a tiny fraction is injected into that gas, it would have a hugely significant effect on star formation. Supermassive black holes achieve this with powerful winds that scream outwards from their billion-degree accretion disks and by tremendous relativistic jets of matter that stab outward from their north and south poles.

The details of the interaction between supermassive black holes and their parent galaxies are still unclear. But, certainly, if supermassive black holes are being overfed, their winds and jets can not only drive away the gas which is their food source but also heat up and stir up the gas in the centre of the galaxy so it is harder for gravity to collapse it in order to make stars. Supermassive black holes may be tiny in terms of their dimensions and compared with the mass tied up in a galaxy’s stars. Nevertheless, they have a profound effect on their parent galaxies.

Black holes have finally come in from the cold. Far from being rare anomalies in the universe, they are ubiquitous. Far from being peripheral to the life of the cosmos, they are central to it. They play a crucial but still far from well-understood role in the birth and evolution of galaxies. And that includes our own galaxy – the Milky Way. And herein lies a big puzzle. Why does our galaxy have such a small supermassive black hole – weighing a mere 4.2 million solar masses?

It is not easy to discern the structure of the Milky Way from our location inside it. Interstellar dust prevents visible light from the centre of our galaxy reaching even a fraction of the way out towards the Sun. Fortunately, radio waves and infrared light can penetrate the dust. They reveal that, at the centre of the galaxy’s 100,000-light-year-diameter disk, is a bar-shaped structure about 20,000 light years long composed of stars, which is typical of a “barred spiral galaxy”. From each end of the Milky Way’s bar, spiral arms made of stars snake outwards.3

The bar is in effect a slightly elongated central bulge of stars. Its size indicates that the supermassive black hole in Sagittarius A* should be a lot heavier than its 4.2 million solar masses. Just how undersized is the Milky Way’s supermassive black hole is apparent when it is compared with the one in the heart of the Andromeda galaxy. The nearest big galaxy, though comparable in size to the Milky Way, contains a central supermassive black hole of 230 million solar masses: fifty-four times more massive than Sagittarius A*. Even the nearby Sombrero Galaxy, which is only a third the diameter of the Milky Way, has a supermassive black hole of a billion times the mass of the Sun.

It is entirely possible that the Milky Way’s supermassive black hole is merely at the low end of the mass spectrum of supermassive black holes. Astronomers may not have seen many black holes this small in the centres of galaxies not because they do not exist but because their effect on the orbits of stars is too small to easily discern with Earthbound telescopes. On the other hand, perhaps there is a different explanation for the puny size of the Milky Way’s supermassive black hole.

When two galaxies merge, their black holes spiral together and coalesce to make a bigger black hole, which takes up residence in the core of the merged galaxy. However, this does not always happen. If there is a marked mismatch between the masses of the two black holes and the orientation of their spin axes, the merger generates gravitational waves which, rather than streaming away equally in directions, surge outwards in a preferred direction. In doing so, they act like a rocket exhaust. And, just as a rocket is pushed in the opposite direction to its exhaust – Newtonian action and reaction being equal and opposite – the merged black hole is pushed in the opposite direction to its gravitational waves. The recoil can be so violent that it kicks the black hole clean out of the galactic centre – maybe even out of its galaxy entirely.

This phenomenon was spotted in 2017 by a team led by Marco Chiaberge of the Space Telescope Science Institute in Baltimore.4 The black hole is offset from the centre of its galaxy, 3C 186, by 35,000 light years – a distance greater than that between the Sun and the centre of the Milky Way. It is rocketing through the star lanes at about 2,000 kilometres a second – fast enough to span the distance between the Earth and the Moon in three minutes. The smoking gun is an image from NASA’s Hubble Space Telescope that reveals a faint arc-shaped feature, which appears to be the stellar remnant of another galaxy. At some time in the recent cosmic past, it collided with 3C 186 and donated its supermassive black hole.

There is abundant evidence that our Milky Way is the end-product of at least five galaxy mergers, the most significant of which involved the cannibalisation of a galaxy dubbed “The Kraken” about 11 billion years ago.5 Is it possible that, during one of these cataclysmic events, the Milky Way’s original supermassive black hole, which was much bigger than the current one, was ejected? If so, a new supermassive black hole would have to have grown from scratch. Might that explain why Sagittarius A* is such a tiddler?

Whatever the explanation for the Milky Way’s peculiar pint-sized supermassive black hole, consider the following. In a big galaxy, which in its first billion years or so assembled a big supermassive black hole, the outflows would be so powerful that they would blow away all the gas. In 2022, the James Webb caught a galaxy at the dawn of time doing just this and so transitioning to a quasar.6 Once such a galaxy loses the raw material to form suns, star formation stops abruptly and forever. Today, it would contain nothing but extremely old stars.

This is the case for a giant elliptical galaxy. The colour of such a spherical bee-swarm of stars gives away its history. When stars are born, the hottest among them blaze a searing blue-white. But such stars are profligate and burn through their fuel very quickly. Consequently, a galaxy whose star formation is choked off early in its history ends up containing only old, cool stars, which are red in colour. Such galaxies are known as “red and dead”. And with good reason.

The Milky Way’s small supermassive black hole, which has not had an outburst for millions of years, has never driven outflows powerful enough to blow all the gas away. Consequently, star-forming gas was not expelled from the Milky Way long ago, and star formation, far from being curtailed, has continued at an even-tempered rate throughout the history of our galaxy. Had it not been for the diminutive stature of Sagittarius A*, therefore, there would have been no raw material to spawn the Sun 4.55 billion years ago.

The fact that star formation has been ongoing in the Milky Way also has implications for the manufacture of heavy elements. The first generation of stars to be born in the Milky Way cooked heavy elements in their nuclear furnaces. When some later exploded, they enriched the interstellar medium. When the second generation of stars congealed from such clouds, they therefore started off richer in heavier elements than their forebears. And, when the third generation of stars were born, they were even more enhanced.

Our Sun is believed to be a third-generation star, formed from the nuclear ash of two previous stellar generations. Consequently, it is highly enriched in heavy elements such as carbon and oxygen, iron and silicon. Elements essential to make rocky planets like the Earth. Elements essential for the construction of the molecules of life. And elements essential not only for the existence of human life but also for the creation of human technology.

In the red and dead galaxies, on the other hand, the supermassive black holes have ensured there are insufficient heavy elements to build rocky planets and provide the raw material for biology – at least, biology as we know it. Such galaxies are vast stellar wastelands, more sterile than the emptiest deserts on Earth. In red and dead galaxies, big black holes are the anti-elixir of life.

In view of all of this, could it be that the reason you are reading these words, the reason that you are alive, is that the supermassive black hole at the centre of our galaxy is thousands of times smaller than the biggest black holes in the universe. And isn’t that the ultimate irony? That black holes, once believed to be so ridiculous as to be not even the preserve of science-fiction, turn out not only to be the key to understanding why the universe is the way it is but also the key to understanding why you and I are here at all.
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