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The holes in the sky

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 Chandrasekhar

Black holes are where God divided by zero.
Steven Wright

Herstmonceux, Sussex, Autumn 1971

There was something terribly wrong about the blue star. It 
seemed to be orbiting a body that was not there. Two astron-
omers sat at a desk in an octagonal turret room of a fifteenth- 
century English castle and surveyed their puzzling observations.

It was the autumn of 1971, and Paul Murdin and Louise 
Webster had been sharing an office at the Royal Greenwich 
Observatory (RGO) at Herstmonceux Castle ever since the 
summer, when Murdin had returned from a seven-year stint 
in America. It was a large room, entered through a wooden 
door so low that Webster had to duck. When the castle had 
been built, the room had possessed only vertical slits, but a 
larger window had been added later. Through it, the moat that 
surrounded the picturesque castle could be seen and, beyond 
that, pastures dotted with grazing geese. On the wall beside the 
window, previous occupants of the turret room had recorded 
the date each year when the swifts returned to the castle.
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The observations the two astronomers were poring over were 
of a star called HDE 226868. HDE stood for ‘Henry Draper 
Extension’, a catalogue of stars compiled between 1925 and 1936 
by a small army of female astronomers at Harvard University 
and named after and paid for by the widow of an American 
doctor and amateur astronomer. Murdin had first become 
aware of HDE 226868 while at the University of Rochester in 
New York state, where he had carried out his PhD research and 
held several short-term postdoctoral jobs.

The big problem in astronomy, Murdin had realised while 
a student, was identifying something worth studying. As 
British humorist Douglas Adams remarked, ‘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.’1 There are about 
two trillion galaxies, and many of those contain hundreds of 
billions of stars. Finding an interesting object is tantamount 
to finding an interesting grain of sand among all the ordinary 
grains on all the beaches of the world.

What was needed, Murdin realised, was some observational 
signature that might flag the fact that something unusual 
was going on. Together with the other graduate students at 
Rochester, he had often debated what might constitute such 
a sign; the emission of radio waves was one possibility, but 
Murdin had a nose for an interesting idea and zeroed in on the 
emission of X-rays as the newest and most promising sign.

X-rays are a high-energy type of light given out by matter 
when it is heated to hundreds of thousands, or even millions, 
of degrees. The Earth’s atmosphere screens out X-rays from 
space, which is unfortunate for astronomers, though not for 
life on Earth. However, in the late 1950s and early 1960s, the 
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Italian–American physicist Riccardo Giacconi built the first 
crude X-ray telescope, which he and his colleagues launched on 
‘sounding rockets’ that climbed above most of the atmosphere, 
before falling back to Earth. Their brief glimpses of the X-ray 
universe revealed a number of cosmic sources, and among them 
was Cygnus X-1, discovered in 1962, one of the brightest objects 
in the sky.

Unfortunately, early X-ray telescopes were so crude that they 
could rarely pin down where a cosmic source was more precisely 
than ‘in a particular constellation’. In the case of Cygnus X-1, 
the constellation was Cygnus, the swan. No one knew what a 
star emitting X-rays would look like, so the idea was to look for 
something unusual. At first, the area of the sky to be searched 
was so large that the task was all but hopeless, but by 1970, 
technical improvements in X-ray telescopes had improved the 
situation. Murdin noticed that the ‘box’ showing the possible 
location of Cygnus X-1 contained one star that was far brighter 
than the rest: HDE 226868. However, there did not seem to be 
anything strange about it.

By the time Murdin returned to England – to yet another 
short-term post, this time at the RGO at Herstmonceux in East 
Sussex – NASA had launched the first satellite carrying an astro-
nomical telescope that was sensitive to X-rays. ‘Uhuru’ located a 
host of celestial X-ray sources, and Murdin obtained a preprint 
of its catalogue. The box pinning down Cygnus X-1’s location 
had shrunk considerably and was now only about a third of 
the apparent diameter of the full Moon. And crucially, it still 
contained HDE 226868. ‘The star was still waving a flag saying, 
“Look at me! I’m actually quite interesting!”’ says Murdin.

There things might have stayed had it not been for a piece 
of good fortune: Murdin sharing an office with Webster. An 
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Australian just a tad older than Murdin, who was not yet thirty, 
Webster was working with Richard Woolley, director of the 
RGO, on a project to study how the stars move through space 
in our galaxy, the Milky Way.2

Murdin did not think the blue star HDE 226868 itself was 
the source of the mysterious X-rays – he and Webster had stud-
ied the star’s light and it was too ordinary.3 However, it was sus-
pected that X-rays might be generated by matter from one star 
swirling down onto a compact, superdense companion, rather 
like water swirling down a plughole. Internal friction in such 
an ‘accretion disc’ would make the matter so hot that it glowed 
with X-rays. The question in Murdin’s mind was therefore: Did 
HDE 226868 have a companion that might be the source of 
the X-rays?

If the blue star varied its speed over time – approaching the 
Earth before later receding from it – it would be a sure sign 
that it was circling another star. Murdin did not even have to 
do any work to find out whether the star’s speed was changing, 
since his office mate and her team were already measuring the 
speeds of stars; he simply wrote the celestial co-ordinates of 
HDE 226868 on a filing card and handed it to Webster.

Webster was using the giant hundred-inch Isaac Newton 
Telescope, which was ridiculously situated at Herstmonceux, 
a location plagued by cloud, mist and rain (in 1979, at a cost 
greater than that required to construct it in the first place, 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. Whereas the world’s 
best observatories, which were often at high-altitude, dry sites, 
where the ‘seeing’ was excellent, concentrated on the faintest 
and most distant objects in the universe, at Herstmonceux 
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there was no choice but to focus on brighter objects, which 
could be picked out even in a murky sky. HDE 226868 was a 
good candidate.

Webster was using a super-sensitive ‘spectrometer’ to obtain 
the spectra of the stars. A star’s spectrum is a record of 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 us and lower when it is moving away from 
us. This phenomenon, a direct analogue of a police siren sound-
ing shriller as it approaches and deeper as recedes, is known as 
the ‘Doppler effect’.

Fortunately, nature has given each type of atom a set of char-
acteristic frequencies at which it gives out light, which acts like 
a fingerprint. 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 then see whether it is shifted from the 
frequency it would have in a laboratory back on Earth.

Webster and her team took six spectra of HDE 226868; dis-
appointingly, only one of the six showed any sign of motion. It 
was not promising, and Murdin was beginning to lose interest 
in the blue star. But since he was not the person doing the leg-
work, and there was a lone spectrum that offered some sort of 
promise, he decided to leave the filing card where it was and the 
blue star stayed in Webster’s observing programme.

Webster duly took another set of spectra, but when they 
came back, Murdin was astonished to see that they revealed 
motion. It was immediately obvious that HDE 226868 was in 
orbit around another star. When Murdin did the calculations, 
cranking the handle of what would today be regarded as a pre-
historic mechanical calculating machine, he found it was circ-
ling once every 5.6 days.
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The orbit deduced by Murdin showed why Webster’s first 
spectra had shown so 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 at a time in the orbit of HDE 226868 
when it was travelling across the line of sight and so barely 
moving towards or away from us.

With hindsight, Murdin could see that the sole spectrum 
in the first set that provided a positive result was an erroneous 
one, caused by some instrumental problem that would never 
be tracked down. But it was another piece of good luck for 
Murdin; if it had not been for the sixth spectrum and its anom-
alous indication of motion, he would not have left the filing 
card with Webster and would not have discovered the compan-
ion of HDE 226868.

As Murdin and Webster sat with the latest data on their 
desk, their focus was on the mass of the unseen companion star. 
Having now obtained multiple spectra of HDE 226868, the 
two astronomers knew it was an extremely young, extremely 
hot and extremely luminous star, pumping out about 400,000 
times as much light as the Sun. In 1971, the average mass 
of such a ‘type-O 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 determine the mass of the compan-
ion. Actually, that was not entirely true – 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 possible to say only that the companion was bigger than 
a certain ‘minimum mass’.

Murdin and Webster divided up the calculating work 
between them. Murdin went off to consult reference books in 
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the library fifty metres down the corridor, double- and triple- 
checking that he was using the correct formula for deducing 
the unknown mass. It was a complicated expression and he 
wanted to make sure he had remembered it correctly.

The meeting between the two astronomers had lasted only 
an hour, but they were certain of their conclusion. The com-
panion was at least four times as massive as the Sun and prob-
ably six times as big.4

At the time, the only compact stellar objects that were 
known were ‘white dwarfs’ and ‘neutron stars’, the latter hav-
ing been discovered four years earlier in the guise of ‘pulsars’ 
by Cambridge graduate student Jocelyn Bell. But theory con-
strained both types of body to weigh less than a couple of solar 
masses, which left only one type of theoretical object as a can-
didate for the invisible star. Webster and Murdin looked at 
each other. She was calm and unflappable, as always, while he 
could hardly contain his excitement. The object they were both 
thinking of was a monstrous nightmare entity, whose existence 
had been predicted more than half a century earlier by a man 
dying in a field hospital bed . . .

The Eastern Front, Winter 1916

The sound of the guns woke him. Karl Schwarzschild could 
feel the dull pounding deep in his bones as he screwed his eyes 
closed against the winter sunshine streaming through the thin 
curtains. For a moment his mood was black. With the pain and 
discomfort he had been suffering, it had been hard to get to 
sleep, but he could not permit himself to succumb to self-pity; 
that way lay oblivion. He must cling at all costs to the good 
things. He glanced across to where his calculations lay on his 
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bedside cabinet, terrified for a split second that they had been 
nothing but a dream. But no – thank goodness – the scientific 
paper he had written was exactly where he had left it in the 
early hours of the morning. Everything was true. With a pen 
and paper, he had revealed something extraordinary about the 
universe: that somewhere out in space there might exist celes-
tial bodies so monstrous they were the stuff of nightmares.

The morning routine was exhausting and time-consuming. 
Nurses in starched white uniforms entered his isolation room. 
Kindly and gently, they mopped at the ugly weeping blisters 
that now covered most of his body and sat him in a chair while 
they changed his bloody sheets, before leaving him with a tray 
of soft bread and warm milk (though he would have preferred 
a beer).5 As he chewed at the soggy bread – the only foodstuff 
that did not further inflame his blistered mouth – he listened to 
the thud of the guns and pondered the chain of events that had 
brought him to this hospital on the Eastern Front.

When war was declared in August 1914, there had been no 
need for Schwarzschild to volunteer. Not only was he a man 
of forty but, as director of the Berlin Observatory, he held 
one of the most prestigious jobs in German science. But anti- 
Semitism was on the rise, and he was a Jew. It was not some-
thing he advertised. In fact, in his will, which he had penned 
on the eve of joining up, he strongly advised his wife not to 
tell his children he was Jewish until they were at least four-
teen or fifteen.6 But though he lived a secular life and did not 
attend synagogue, he nevertheless felt very strongly that it was 
necessary to stand up and be counted; if Jews were to push 
back the tide of anti-Semitism, they must demonstrate beyond 
any doubt that they were patriotic Germans. That was why, as 
ominous events unfolded across Europe during the summer of 
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1914, he had resolved that if it came to it, he would put his life 
on the line to defend the Fatherland. In his eighteen months 
in the Kaiser’s army, Schwarzschild had run a weather station 
in Belgium, calculated shell trajectories with an artillery bat-
tery in France and, finally, been posted to the Eastern Front. It 
was there he developed the mouth ulcers. At first he thought 
they were the result of exhaustion. The winter of 1915 had been 
cold, and it was stressful being apart from his wife and family. 
But the ulcers had worsened, and within a month, blood-filled 
blisters had erupted all over his body, forming large areas of 
painful, raw-looking sores that eventually formed scabs. The 
blisters seemed to come and go in waves, flaring up and dying 
down unpredictably.

When he had arrived at the field hospital, the doctors were 
completely puzzled. It was several days before they diagnosed 
pemphigus vulgaris. Nobody knew what triggered the rare con-
dition in which the body attacks its own skin, but it was known 
to be more common among Jews, particularly Ashkenazis from 
Eastern Europe.7 He was told that there was no known cure.

As a scientist, Schwarzschild wanted to know everything. 
The doctors, perhaps to spare him, were evasive, but it was 
patently obvious to him that his condition was potentially life- 
threatening. The skin, after all, is the body’s largest organ. It is 
through the skin that we sweat, and if it is compromised, the 
body has no means of avoiding over-heating. Not only that but 
the skin provides a barrier against infection; if it is breached, 
the body is left open to attack by every alien microorganism.

The paper he had just finished was the second he had begun 
while with his artillery battery at the Eastern Front. He began 
to check through the calculations. Had he made a mistake? Did 
his results hold up? He had no one to share his thoughts with. 
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These past weeks he had known what it felt like for Newton, 
‘voyaging through strange seas of thought, alone’.8 So fresh was 
the new theory of gravity he was using that he knew he was 
one of the first people, if not the very first, to understand and 
master it. Apart, of course, from its genius creator.

o    o    o

Albert Einstein had crossed paths with Schwarzschild on only a 
handful of occasions, and they had exchanged little more than 
pleasantries. The reason was that the Berlin Observatory was 
in Potsdam, just outside the city, while Einstein’s workplace, 
the Kaiser Wilhelm Institute for Physics, was in the suburb of 
Dahlem, nearer the centre. Despite this minimal contact, how-
ever, Schwarzschild had followed Einstein’s decade-long strug-
gle to find a theory of gravity that was compatible with his 
special theory of relativity with ‘burning interest’.9

The special theory of relativity contradicts Newton’s theory 
of gravity in several ways. Whereas Einstein recognised that 
nothing can travel faster than light – the cosmic speed limit 
– Newton assumed that the gravity of a body like the Sun is 
felt everywhere instantaneously, which is equivalent to saying 
that gravitational influence propagates at infinite speed. And 
whereas Einstein recognised that all forms of energy are sources 
of gravity because all forms of energy have an effective mass, 
Newton assumed that mass alone is a source of gravity.*

The fact that light energy has an effective mass has an observ-
able consequence, which Einstein realised before he achieved 
his goal of finding a theory of gravity that was compatible with 

* Or, strictly speaking, mass-energy.
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relativity. The path of starlight that passes close to the Sun on 
its journey to the Earth should be bent by solar gravity, and 
when the First World War broke out in 1914, Schwarzschild’s 
colleague Erwin Freundlich had been in the Crimea with two 
companions, planning to observe light bending during the total 
solar eclipse of 21 August.10 Unfortunately, they were thrown 
into prison by the Russians as enemy aliens and had limped 
back to Berlin in late September, in one of the first prisoner 
exchanges of the war.

Einstein’s struggle to find the elusive theory of gravity culmi-
nated in his presentation of the ‘general theory of relativity’ in 
four papers to the Prussian Academy of Sciences in November 
1915. It painted a picture of a new and unexpected world.

According to Newton, a ‘force’ of gravity exists between the 
Sun and the Earth, much like an invisible tether that connects 
the two bodies and keeps the Earth perpetually trapped in orbit 
around the Sun. Einstein showed this is wrong; what a mass 
like the Sun actually does is create a valley in the space–time 
around it.11 The Earth then traverses the upper slopes of this 
valley like a ball in a roulette wheel. Though no one would use 
such words for another half a century, what the general theory 
of relativity says in essence is: ‘Matter tells space–time how to 
warp, and warped space–time tells matter how to move.’12

Warped space–time, according to Einstein, is gravity. 
However, since space–time is a four-dimensional thing and 
we are three-dimensional beings, we are utterly unaware of the 
hills and valleys of space–time. To explain the motion of a body 
like the Earth around the Sun, we have, therefore, invented a 
‘force’ called gravity.

Copies of Einstein’s papers on his new theory reached 
Schwarzschild on the Eastern Front within days of their 
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presentation in Berlin. He had instantly fallen in love with 
the general theory of relativity.13 Its beauty and daring took 
his breath away. But more importantly, it took him to another 
place, far away from the death, destruction and the pounding 
of the guns. Incredibly, he found time between his calculations 
of artillery trajectories to absorb the complex mathematics and 
think deeply about the consequences of the theory.

Einstein had used his theory to explain the baffling motion 
of the planet closest to the Sun. Mercury, like all the planets, 
is tugged by the gravity not only of the Sun but also of the 
other planets in the solar system. They cause its elliptical orbit 
to gradually change its orientation in space, or ‘precess’. But 
even when this effect is taken into account, there remains an 
unexplained bit left over: the ‘anomalous precession of the peri-
helion of Mercury’.

Einstein realised that Mercury’s proximity to the biggest 
mass in the solar system meant that it was orbiting in the most 
warped space–time of any planet and that its path through 
space would therefore be affected by this. He used his theory of 
gravity to predict the path and found that it was exactly what 
was observed by astronomers. It was a triumph. His theory per-
fectly explained the anomalous motion of Mercury.

However, Einstein’s calculations were scrappy and inelegant. 
The problem was that the machinery of his theory of gravity 
was complex. It used the mathematics of curved space–time, 
which had been developed in the nineteenth century by a 
number of mathematicians, most notably Carl Friedrich Gauss 
and Bernhard Riemann. Whereas one equation is sufficient to 
describe gravity in Newton’s theory, Einstein’s requires a total of 
ten.14 Consequently, finding the shape of the space–time for a 
given distribution of matter – known technically as a ‘solution’ 
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of Einstein’s equations of the gravitational ‘field’ – is hard. 
Einstein himself had believed it impossible, so, in explaining the 
anomalous motion of Mercury, he had resorted to an approxi-
mate expression for the curved space–time around the Sun.

Schwarzschild was familiar with ‘Riemannian geometry’: the 
mathematics of curved space. While the guns boomed around 
him, he wondered whether he could do better than Einstein. 
Could he find an exact formula for the curvature of space 
around a localised mass like the Sun?

He started by making some basic assumptions. First, that 
the Sun – or indeed any star – is perfectly spherical. Secondly, 
that the curvature of the space–time around it does not change 
with time. And thirdly, that the curvature of space–time does 
not depend on direction, but only on the ‘radial’ distance from 
the Sun. Remarkably, these insights allowed Schwarzschild to 
hugely simplify Einstein’s equations, reducing them from ten 
to just one. He then employed a little mathematical wizardry, 
and – miracle of miracles – discovered that the lone equation 
had a unique solution.

Schwarzschild had achieved the impossible: he had out- 
Einsteined Einstein. Rather than an approximate expression for 
the curvature of space–time surrounding the Sun, he had found a 
precise description, which was the first exact solution of Einstein’s 
theory of gravity ever found. In years to come, in recognition of 
the difficulty of finding a solution to Einstein’s equations, phys-
icists would refer to such solutions by the names of their discov-
erers. His would be immortalised as the Schwarzschild solution, 
or, more precisely, the ‘Schwarzschild metric’.

Using his exact solution, Schwarzschild quickly confirmed 
Einstein’s claim that his theory explained the anomalous 
motion of Mercury. ‘It is quite a wonderful thing that from 
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such an abstract idea the explanation of the Mercury anomaly 
emerges so inevitably,’ he observed.15

Schwarzschild then wrote up his calculations as a paper, and 
on 22 December 1915, wrote a covering letter to Einstein. It 
concluded, ‘As you see, the war treated me kindly enough, in 
spite of the heavy gunfire, to allow me to get away from it all 
and take this walk in the land of your ideas.’16 As yet, he had 
not realised the seriousness of the blisters which had begun to 
form in his mouth and would soon see him invalided out of the 
army to a field hospital.

o    o    o

It was a surprise to receive a letter from the Eastern Front. 
Einstein was aware – because it was such an extraordinary thing 
– that the director of the Berlin Observatory, despite being forty 
years old, had volunteered for the Kaiser’s army at the outbreak 
of war, but what could he be writing to him about?

On reading, he was astonished to find a calculation using 
his own theory. He ran his finger along the lines of algebra, 
nodding emphatically as he did so. He had presented his theory 
of gravity to the Prussian Academy of Sciences little more than 
a month ago, yet Schwarzschild had not only mastered it but 
driven it forward into new territory. Here was the first exact 
solution of his general theory of relativity, something Einstein 
himself had considered impossible.

Immediately, he replied to Schwarzschild, ‘I have read your 
paper with the utmost interest. I had not expected that one 
could formulate the solution to the problem in such a sim-
ple way. I liked very much your mathematical treatment of the 
subject.’17
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Einstein promised to present the work to the Prussian 
Academy on the following Thursday, along with a few words of 
explanation. He was as good as his word and delivered a summary 
of Schwarzschild’s paper on 13 January 1916. But Schwarzschild, 
lying in a hospital bed, had not finished with Einstein’s theory. 
He had examined the case of an idealised star – a spherical mass 
– and found an exact description of the curvature of space–time 
on the outside, but what about the inside? That was the subject 
of his second paper, whose calculations he was now checking, 
and which he was on the verge of sending to Einstein. 

The topic had captivated him for several days, and most 
importantly it had taken away his pain. He was oblivious to 
everything, a man lost in the dream. ‘Professor Schwarzschild!’ 
he remembered them shaking him. ‘We need to change your 
dressing . . . your bedclothes . . . You need to go for a walk . . .’

What he had discovered by perusing his miraculous solution 
was something incredible. If a celestial body were ever to be 
compressed within a certain critical radius, space–time would 
become so grossly warped that it would no longer be a mere 
valley.18 Instead, it would morph into a bottomless pit from 
which nothing, not even a beam of light, could ever climb out. 
The star would become cut off from the universe forever and 
would appear like a hole in space. He had no name for such a 
region of grossly warped space–time, but one day there would 
be almost nobody on Earth who had not heard of the term 
‘black hole’.

The threshold radius was ridiculously small. Just like 
Schwarzschild’s space–time solution itself, it would one day 
bear the name of its discoverer. For the Sun, the ‘Schwarzschild 
radius’ was 1.47 kilometres, and for the Earth it was a mere 
five millimetres. If the Sun and the Earth were squeezed this 
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small, they would wink out of existence, disappearing from 
view forever.

But the Sun is more than a million kilometres across, so 
this would mean compressing its material to an enormous, 
mind-boggling density. Schwarzschild’s first reaction was that 
this was ‘very weird and perhaps just a mathematical curiosity’, 
but he did not dismiss it out of hand.19 ‘History tells us that the 
mathematical solutions are often realised in nature, as if there 
were some kind of pre-established harmony between math-
ematics and physics,’ he wrote. This idea had been quite strongly 
present at the University of Göttingen, where he had worked 
before Berlin, and he confessed to being a ‘believer’. Maybe the 
monster described by his equation might actually exist.

Schwarzschild folded the letter containing his new paper, 
slipped it in an envelope and sealed it. When an orderly came 
by, he gave it to him to post.

o    o    o

Einstein presented Schwarzschild’s black hole solution to the 
Prussian Academy of Sciences on 13 February 1916. In March, 
Schwarzschild, whose condition had worsened, was moved to 
Berlin, and he died on 11 May 1916. He was just forty-two. But 
one thing did not die with him: his solution of Einstein’s equa-
tions for a black hole.

Herstmonceux, Sussex, Winter 1971

After the meeting with Louise Webster, Paul Murdin found it 
impossible to settle: it was the adrenalin coursing through him. 
Webster, as reserved and unperturbable as ever, worked at her 
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desk, immune to distraction, while Murdin paced up and down 
in the turret room, going over the logic of the remarkable con-
clusion they had come to.

The X-rays in Cygnus X-1 came from matter torn off the 
blue supergiant star and heated to incandescence by internal 
friction as it swirled down into a black hole. If the two astron-
omers were right, they had made a truly momentous astronom-
ical discovery. Nevertheless, it was still hard to believe that such 
a wild theoretical prediction could come true. ‘The surprising 
thing is that black holes turn out to be real objects,’ remarked 
Murdin. ‘Incredibly, they actually exist!’

Murdin hoped that finding the first black hole out in space 
would make his name in astronomy and that, even more impor-
tantly, it might lead to a permanent job. With a young family 
to support, that was more than a trivial consideration.

Murdin and Webster wrote a 500-word paper on their dis-
covery, but they had a surprising amount of difficulty in get-
ting permission to send it to Nature for publication. The Royal 
Observatory’s director, Richard Woolley, did not believe in black 
holes, thinking they were some sort of ‘new-age-ish’ magic. ‘In 
one conversation he even asked me why, exactly, I believed that 
Cygnus X-1 contained a “black box”,’ says Murdin.

Part of the reason for Woolley’s foot-dragging was that he had 
been the student of Arthur Eddington, who had not believed in 
black holes, but another reason was that the Royal Greenwich 
Observatory at Herstmonceux had until recently been run by 
the Royal Navy. Public perception was extremely important to 
the navy, and Woolley was fearful that the Observatory might 
make a claim that would open it up to derision and ridicule.

But the observations Murdin and Webster had accumulated 
were nothing if not convincing: all the evidence pointed to 
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HDE 226868 being in orbit around something invisible and 
massive, and the only conceivable object that fit the bill was a 
black hole. Finally, after consulting with other senior members 
of the RGO, Woolley caved in and gave permission to Murdin 
and Webster to submit their paper for publication.

A lot was at stake for Murdin and it was a nail-biting time. 
There was no guarantee that someone else would not come to 
the same conclusion about HDE 226868 and beat him and 
Webster into print. To guard against this, Murdin decided to 
deliver the paper personally to the Nature offices in central 
London, making sure it was stamped with the date. However, 
while driving to Hastings Station to catch the train, he half 
heard a news item on his car radio that seemed to be about 
a very energetic event in the stars. He immediately thought, 
‘Oh no, someone else has got our fantastic result! We’ve been 
scooped!’

All day in London, Murdin was worried sick. It was only 
when he returned to Hastings that evening that he heard the 
news item repeated; to his enormous relief it turned out to be 
about a storm on Mars.

The paper appeared in Nature on 7 January 1972.20 Murdin 
got his permanent job and his family got a bigger house. In 
fact, he was the first person in history to have his mortgage paid 
by a black hole.21

The day the paper was published, Murdin and his wife Lesley 
celebrated by taking their two small boys to a café on Hastings 
seafront and treating them to ‘knickerbocker glories’. As the 
boys, aged three and seven, dug their long spoons into the lay-
ers of ice cream, fruit and syrup, 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,’ says Murdin.22
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It would be hard to imagine a greater contrast between the 
world of the man who had co-discovered black holes and that 
of the magician who had predicted the existence of black holes 
from his hospital bed on the Eastern Front fifty-six years earlier.

o    o    o

By the time Murdin and Webster discovered the first black hole 
in Cygnus X-1, the theory of such objects had moved on from 
Schwarzschild’s exact solution to Einstein’s theory of gravity.23 
Einstein never believed in the possibility of black holes, and 
most others who considered the solution shared his view – 
though not Schwarzschild – that a body from which nothing, 
not even light, can escape is simply too weird for words. When 
a massive star shrinks at the end of its life, they reasoned, some 
as-yet-unknown force must intervene to prevent the formation 
of such a monstrosity. Such a force appeared to be provided by 
a revolutionary new description of the world of atoms and their 
constituents, which was formulated in the 1920s.

‘Quantum theory’ recognises that the fundamental building 
blocks of the world such as atoms, electrons and photons have 
a weird ‘dual’ nature.24 They can behave both as particles – like 
tiny billiard balls – and waves, like ripples on a pond. Because 
such quantum waves are spread out and so need a lot of room, 
the particles with which they are associated are hard to squeeze 
into a small volume. Or, to put it another way, when they are 
compressed, they push back.

It turns out that the smaller the particle, the bigger the 
quantum wave. The smallest familiar particle, with the biggest 
quantum wave, is the electron, so when the matter of a star is 
squeezed into a small volume, the electrons that orbit inside 
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its atoms push back. This electron ‘degeneracy pressure’ is the 
force that intervenes to stop a star shrinking to form a black 
hole. Or so people thought.

In 1930, a nineteen-year-old physics student, travelling by 
sea from India to England, showed that everything is changed 
by Einstein’s special theory of relativity. Subrahmanyan 
Chandrasekhar imagined things from the particle viewpoint. 
Electrons push back when squeezed into a small volume 
because they buzz about ever faster, like a swarm of angry bees. 
However, Einstein’s theory recognises that nothing can travel 
faster than light, so there is a limit to how fast electrons can 
go and how hard they can push back. If a dying star is less 
than about 1.4 times the mass of the Sun, electron degeneracy 
pressure can indeed hold gravity at bay, resulting in a highly 
compact ‘white dwarf ’, but for a star above this ‘Chandrasekhar 
limit’, things are different. Its gravity is strong enough to over-
come the buzzing of its electrons, so nothing can prevent its 
runaway shrinkage to form a black hole.

A twist to the story was added with the discovery of the 
neutron by James Chadwick in 1932. Together with protons, 
neutrons compose an atom’s central ‘nucleus’, around which 
electrons whirl like planets around the Sun. If a star is squeezed 
into a small enough volume, its electrons are squeezed into its 
protons, creating a dense ball of neutrons. The neutrons of such 
a ‘neutron star’, like electrons, have a quantum wave associated 
with them and resist being squeezed. But like electrons, there is 
a limit to how fast they can buzz about and how hard they can 
push back. The effect is more complicated to calculate than for 
electrons because it involves the ‘strong nuclear force’, which 
is hard for theorists to model. But for a star above about three 
times the mass of the Sun, gravity is strong enough to overcome 
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the buzzing of neutrons and nothing can stop the formation of 
a black hole. Black holes are unavoidable. And so too are the 
problems they create for physics.

The main reason black holes have been considered such 
monstrosities is that, when a star undergoes runaway shrinkage 
to form a black hole, it eventually ends up squeezed into an 
infinitesimal point, with its density sky-rocketing to infinity. 
Such a ‘singularity’ signals the breakdown of space and time – 
indeed of physics itself.

‘Black holes are very exotic objects,’ says Andrea Ghez of the 
University of California at Los Angeles. ‘Technically, a black 
hole puts a huge amount of mass inside of zero volume. So our 
understanding of the centre of black holes doesn’t make sense, 
which is a big clue to physicists that we don’t have our physics 
quite right.’25

The American physicist John Wheeler put it more poetically: 
‘The black hole teaches us that space can be crumpled like a 
piece of paper into an infinitesimal dot, that time can be extin-
guished like a blown-out flame, and that the laws of physics 
that we regard as “sacred”, as immutable, are anything but.’26 

No wonder Einstein abhorred the fact that his theory of 
gravity predicted the existence of such monsters – it contains 
within it the seeds of its own destruction. To understand what 
really happens to space and time at the heart of a black hole, 
it will be necessary to find a deeper, singularity-free theory of 
gravity. Einstein’s theory of gravity is expected to be an approxi-
mation of this deeper theory, just as Newton’s theory of gravity 
turned out to be an approximation of Einstein’s.

A black hole’s singularity is, however, surrounded by a 
‘horizon’, an imaginary membrane that marks the point of no 
return for in-falling light and matter. But it is no mere passive 
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boundary, and in 1974, British physicist Stephen Hawking dis-
covered something remarkable about it.

To appreciate what Hawking discovered, it is necessary to 
understand what quantum theory says about empty space. 
Far from being empty, it is seething with energy; subatomic 
particles and their antiparticles are continually popping into 
existence in pairs, as permitted by the ‘Heisenberg Uncertainty 
Principle’. Nature turns a blind eye to these particles, not both-
ering about where the energy to create them comes from, as 
long as they meet and destroy, or ‘annihilate’, each other very 
quickly. It is a bit like a teenager borrowing a car from their dad 
overnight and returning it to the garage before he notices it is 
missing.

But Hawking realised that, near the horizon of a black hole, 
something very interesting happens. There is the possibility 
that one of the particles of a newly created pair falls through 
the horizon into the black hole. The remaining particle has no 
partner with which to annihilate and flies away from the hole, 
along with countless others in the same situation. Contrary to 
all expectations, therefore, black holes are not black but glow 
with emitted particles – ‘Hawking radiation’.

Hawking had earlier discovered that when black holes 
merge, the surface area of the horizon of the merged hole is 
always bigger than the sum of the areas of the two precursor 
black holes. The Israeli physicist Jacob Bekenstein had specu-
lated that the surface area represents the ‘entropy’ of the black 
hole. This is a property that arises in the theory of thermo-
dynamics – the theory of heat and motion that underpins 
physics, chemistry and many other fields – and which always 
increases. But it applies only to hot bodies, so how could it 
possibly apply to a black hole?
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Hawking had found the answer: thermodynamics applied 
to black holes because they are hot. The proof is that they glow 
with heat – Hawking radiation. The significance of Hawking’s 
discovery is that at the horizon of a black hole, three of the great 
theories of physics meet – Einstein’s theory of gravity, quantum 
theory and thermodynamics. It was a first tentative step on the 
road to uniting them – the holy grail of physics.

However, Hawking radiation threw up a serious problem: 
its particles do not come from inside a black hole since noth-
ing can escape its gravity. Instead, they are created just out-
side the horizon. The energy to create them has to come from 
somewhere, and it comes from the gravitational energy of the 
black hole itself. As it radiates Hawking radiation, it gradu-
ally shrinks away. Star-sized black holes have extremely weak 
Hawking radiation but, as a black hole gets smaller, the radia-
tion gets brighter, until the hole finally explodes in a blinding 
flash. Since such ‘evaporation’ would take far longer than the 
current age of the universe, it might seem of no consequence, 
but nothing could be further from the truth.

It is a cornerstone of physics that information cannot be 
destroyed. A complete description of the star that initially col-
lapsed to form a black hole would require recording the type 
and position of each of the huge numbers of subatomic parti-
cles that compose it. But once a hole has evaporated, there is 
literally nothing left, so where does the information go?

The current speculation is that the horizon of a black hole 
is not smooth and featureless, as Einstein’s theory of gravity 
suggests, but rough and irregular on the microscopic scale, and 
that it is in the lumps and bumps of its Lilliputian landscape 
that is stored the information that describes the star that gave 
birth to the black hole. Since Hawking radiation is born in the 
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vacuum a hair’s breadth above a black hole’s event horizon, it 
stands to reason that it is influenced by the microscopic undu-
lations of that membrane. Those undulations ‘modulate’ it 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 precious laws of physics is left intact.

Since Murdin and Webster’s 1971 discovery of the first black 
hole in Cygnus X-1, more candidates have been found, though 
the total stands at fewer than twenty-five. But black holes – of 
a very different kind – had been stumbled on almost a decade 
earlier, in 1963.

‘Quasars’, discovered by Dutch–American astronomer 
Maarten Schmidt, are the super-bright cores of newborn gal-
axies. They typically pump out one hundred times the energy 
of a galaxy of stars, but from a volume smaller than the solar 
system. The only possible source of such prodigious luminosity 
is matter, heated to incandescence, as it swirls like water down 
a plughole into a black hole. But not a stellar-mass hole – one 
with a mass up to fifty billion times that of the Sun.

Initially, it was thought that ‘supermassive’ black holes power 
only ‘active galaxies’, the 1 per cent of unruly galaxies, of which 
quasars are the most striking example. But in the 1990s, astron-
omers using NASA’s Hubble Space Telescope in Earth’s orbit 
discovered that there is a supermassive black hole lurking at the 
heart of pretty much every galaxy. The one in the core of the 
Milky Way, known as Sagittarius A*, is a tiddler, weighing in at 
only 4.3 million times the mass of the Sun. Why there should 
be a supermassive black hole in every galaxy remains one of the 
great unsolved mysteries of cosmology.
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But despite the observational evidence for the existence 
of black holes, it was always indirect. Astronomers observed 
stars or hot gas whirling fantastically quickly around an 
unseen compact object and inferred the existence of a black 
hole, but there was always the possibility it was instead some 
undreamt-of super-compact object, held up by some hitherto 
unknown force.

The definitive proof of the existence of black holes came, 
however, on 14 September 2015. That was the day that gravi-
tational waves – ripples in the very fabric of space–time, pre-
dicted by Einstein in 1916 – were detected on Earth for the first 
time. The key thing was that the waveform detected was pre-
cisely what Einstein’s theory of gravity predicted for the merger 
of two black holes.

Black holes exist, beyond any doubt. Meanwhile, the quest 
continues to image them in space. The problem astronomers 
face is that stellar-mass black holes in the Milky Way are small 
and, well, black. Supermassive black holes, though big, are 
at cosmic distances and so also appear small. However, there 
are two black holes that are both relatively big and relatively 
nearby. One of them, Sagittarius A*, is 26,000 light years away 
in the centre of our galaxy, and the other, which is about one 
thousand times bigger, is in a nearby galaxy called M87.

Over the past few years, astronomers have been attempting 
to image the event horizons of these two supermassive black 
holes, using an array of co-operating radio telescopes scattered 
around the globe known as the ‘Event Horizon Telescope’ 
(EHT). The radio signals recorded at each site are combined 
on a computer at Haystack Observatory in Massachusetts, 
to simulate a giant dish the size of the Earth. The bigger the 
dish and the shorter the observing wavelength – EHT uses a 
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wavelength of 1.3 millimetres – the more it can zoom in on 
details in the sky.

The hope is that the EHT will test a controversial recent 
claim by Hawking. Having shocked the world of physics 
in 1974 by claiming that black holes are not black but emit 
Hawking radiation, he did it again in 2014, when he claimed 
that event horizons do not exist, which means that, strictly 
speaking,  neither do black holes.

The collapse of an object such as a star to form a black hole 
is violently chaotic and, rather than a horizon, all that forms, 
claimed Hawking, is a boundary of extreme space–time tur-
bulence. Information can leak out through such an ‘apparent 
horizon’. Hawking’s conclusion was dramatic: ‘The absence of 
event horizons means that there are no black holes – in the 
sense of regimes from which light can’t escape to infinity,’ he 
wrote. ‘There are, however, apparent horizons which persist for 
a period of time.’ Black holes, in other words, are not what we 
thought they were.

So is the horizon around a black hole the point of no return 
that everyone thought it was? Or is it merely an apparent hori-
zon, as Hawking maintained, leaking stuff from inside the 
hole? The key thing is to observe the horizon and see whether 
it behaves as predicted by Einstein, or even whether it exists at 
all. ‘An image will allow us to test general relativity at the black 
hole boundary, where it has never been tested before,’ said Shep 
Doeleman of the Massachusetts Institute of Technology, leader 
of the EHT team. ‘It would symbolise a turning point in our 
understanding of black holes and gravity.’

That turning point has now been reached. On 10 April 2019, 
the EHT team revealed the first-ever picture of a black hole.27 
It was not of Sagittarius A* but of M87, weighing in at seven 
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billion times the mass of the Sun (Sagittarius A*, because it is 
smaller, was circled by matter many times while being observed, 
yielding a blurrier picture). The event horizon shows up as a 
dark ‘shadow’, backlit by intense radio waves emitted by matter 
heated to incandescence, as it swirls down through an ‘accre-
tion disc’ onto the black hole.

‘The hole is a part of our universe permanently screened 
from view,’ says EHT physicist Feryal Özel of the University 
of Arizona in Tucson. ‘A place where our physics – at least, 
as currently formulated – cannot reach.’ Her Dutch colleague, 
Heino Falcke of Radboud University in Nijmegen, puts it more 
dramatically: ‘We have seen the gates of hell at the very end of 
space and time.’


