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Breakthroughs in 2017 have opened up new frontiers in cosmology. We asked 
former Caltech radio astronomer and best-selling author Marcus Chown to give 

us the lowdown on the hottest topics in space right now… 
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OPINION
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ravitational waves are ripples in the 
fabric of space-time. They were pre-
dicted to exist by Albert Einstein in 
1916, although he then got cold feet and 

retracted his prediction the following year, 
only to re-make it in 1936.

Specifically, gravitational waves are a pre-
diction of Einstein’s revolutionary theory of 
gravity, the ‘General Theory of Relativity’, which 
he presented in Berlin in November 1915, at 
the height of WWI. Whereas Isaac Newton had 
maintained that there was a ‘force’ of gravity 
between the Sun and Earth, like a piece the 
invisible elastic tethering the Earth to the Sun 
and keeping it forever in orbit, Einstein showed 
that this is an illusion. No such force exists. 
Instead, the Sun creates a ‘valley’ in the space-
time around it, and the Earth travels around 
the edge of the valley rather like a roulette 
bowl in a roulette wheel. 

We cannot see the landscape of space-time 
because space-time – a seamless amalgam of 
three space dimensions and one of time – is 
a four-dimensional thing, and we are mere 
three-dimensional creatures. That is why it took 
a genius like Einstein to realise that what we 
think of as matter moving under the influence 
of the force of gravity is in fact matter moving 
through warped space-time. As the American 
physicist John Wheeler said: “Matter tells space-
time how to warp and warped space-time tells 
matter how to move.”

According to General Relativity, space-time is 
no mere passive backdrop to the events of the 
Universe. Instead it is ‘thing’, which can be bent 
and stretched and warped by the presence of 
matter. And, if it can be distorted in this way, 
argued Einstein, it can also be jiggled. When this 
happens, an undulation of space-time spreads 
outwards at the speed of light like concentric 
ripples on a pond: a gravitational wave.

G

Over 100 years ago, 
Albert Einstein predicted 
that space-time could be 
warped and stretched. It 
turns out, he was correct
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GRAVITATIONAL WAVES

Wave your hand in the air. You just created 
gravitational waves. Already, they are rippling 
outwards through space-time. They have left 
the Earth. They have passed the Moon. In fact, 
they are well on their way to Mars. In about 
four years’ time they will reach the nearest 
star system. We already know that one of the 
three stars of Alpha Centauri is circled by a 
planet. If it hosts a technological civilisation 
that has built a gravitational wave detector, at 
the beginning of 2022, it will be able to pick up 
the gravitational waves you created by waving 
your hand a moment ago!

Mind you, the detector will have to be 
super-sensitive. This is because gravitational 
waves, which are produced whenever mass 
changes its velocity, or ‘accelerates’, are 
extremely weak. The reason for this is that 
gravity itself is extremely weak. An equivalent 
statement is that space-time is extremely stiff. 
Imagine banging a drum. Now imagine replacing 
the drum skin with something a billion billion 
times stiffer than steel. That’s the stiffness of 
space-time. This extreme stiffness means that 
only the most violent movements, such as the 
merging of super-dense bodies like neutron 
stars and black holes, can create appreciable 
gravitational waves.

HOW ARE 
GRAVITATIONAL 
WAVES MADE?

xxxxxs

“AS GRAVITATIONAL WAVES PASS, THEY 
STRETCH SPACE IN ONE DIRECTION AND 
SQUEEZE IT IN A PERPENDICULAR 
DIRECTION, THEN ALTERNATE”

10,000  
billion billion  
billion billion
The factor by which the force of gravity is 
weaker than the electromagnetic force 
gluing together the atoms of your body. 

44 
Number of years between the 
construction of the first LIGO prototype 
at the California Institute of Technology 
in Pasadena and LIGO’s first detection of 
gravitational waves. 

1.3 billion
The number of years the gravitational 
waves detected on 14 September 2015 
had been travelling across space to Earth.

5 
Number of gravitational wave 
researchers so far awarded Nobel Prizes: 
Russell Hulse, Joseph Taylor, Rainer 
Weiss, Kip Thorne and Barry Barish.

99.999 
Percentage of incident light reflected by 
the mirrors at each end of LIGO’s 
four-kilometre ‘arms’.

HANFORD

LIVINGSTON

MIRROR

DETECTOR ARM

ABOVE: The two LIGO 
observatories are located 
3,002km apart, in Hanford 
and Livingston
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HOW ARE 
GRAVITATIONAL 
WAVES DETECTED?
As gravitational waves pass, they stretch space 
in one direction and squeeze it in a perpendic-
ular direction, then alternate, repeatedly. The 
effect felt on Earth of the waves from a black 
hole merger is extremely small, typically a 
change in the length of a body by a mere billion 
billionth of its size. Consequently, the only way 
to detect such a small effect is with a big ruler. 
Enter the Laser Interferometer Gravitational 
Wave Observatory (LIGO) – a 20th-Century 
technological marvel. At Hanford in the state 
of Washington is a four-kilometre ruler made 
from laser light. Three thousand kilometres 
away at Livingston, Louisiana, is an identical 
ruler. Each site actually consists of two tubes 
1.2 metre in diameter, which form an L-shape 
down which a megawatt of laser light travels in 
a vacuum more empty than space. At each end 
the light bounces off 42kg mirrors, suspended  
by glass fibres just twice the thickness of a 
human hair and so perfect they reflect 99.999 
per cent of the light. It is the Lilliputian move-
ment of these suspended mirrors that signal a 
passing gravitational wave.

LIGO splits laser light into two and sends it 
down each arm, where mirrors bounce it back 
to a point where the light is re-combined. If 
the crests of the two waves coincide, the light 

detected is boosted. If the crest of one coin-
cides with the trough of the other, the light is 
cancelled out. Consequently, LIGO is sensitive 
to changes in the length of one arm relative 
to the other of a fraction of the wavelength of 
light. A lot of ingenuity is expended in getting 
that measurement down even further to a 
hundred-thousandth the diameter of an atom. 

At 5:51am EDT on 14 September 2015, first 
in Livingston, then 6.9 milliseconds later in 
Hanford, the rulers repeatedly expanded and 
contracted by a hundred-thousandth the diam-
eter of an atom marking the first ever direct 
detection of gravitational waves.

THE LIGO EXPERIMENT
There are two LIGO observatories, 
which are located 3,002km apart. 
Each LIGO observatory consists of a 
laser source, two detector arms – 
each with a mirror at the end – and a 
light detector. The laser shines onto a 
beam splitter and is sent down the 
detector arms, which each measure 
precisely 4km in length. At the end of 
the arms, the light bounces off the 
mirrors. If light waves fall out of sync 
due to being affected by gravitational 
waves, then this will be picked up by 
the light detector. 

MIRROR

BEAM SPLITTER

DETECTOR ARM

LASER SOURCE
LIGHT 
DETECTOR
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GRAVITATIONAL WAVES

SOURCES OF 
GRAVITATIONAL 
WAVES
Neutron stars and black holes are the endpoints 
of the evolution of massive stars. When they 
explode as supernovas, paradoxically their 
cores implode. If the core is below a threshold 
mass, the stiffness of ‘neutrons’ – a so-called 
quantum property – can stop the shrinkage, 
leaving a star about the size of Mount Everest, 
but so dense that if you took a lump of its 
material measuring the same size as a sugar 
cube, it would weigh as much as the entire 
human race. If the core is above the threshold 
mass, no known force can stop the shrinkage 
and the star collapses to become a black hole.

Since most stars are born in pairs – our Sun 
being a rare exception – the expectation is that 
the most massive binaries end their lives as a 
pair of black holes, a pair of neutron stars, or 
a black hole orbiting a neutron star. The mere 
fact that the stars are orbiting each other – and 
changing their velocity, or accelerating – means 
that they radiate gravitational waves. This 
saps the stars of orbital energy, causing them 
to spiral in towards each other, at first very 
slowly, but, as time goes by, faster and faster.

Such an event, known as the ‘binary pulsar’, 
was observed for the first time in 1974, netting 
Russell Hulse and Joseph Taylor a Nobel Prize 
for the first indirect detection of gravitational 
waves. The first direct detection of gravitational 
waves, however, was on 14 September 2015. 
The source was two black holes of 29 and 36 
solar masses in a galaxy located 1.3 billion 
light-years away. It is plausible that they had 
been spiralling together for most of the age of 
the Universe. However, only as they swung 
around each other for their last dozen or so 
orbits, at half the speed of light, were their grav-
itational waves strong enough for us to detect 
on Earth. First, there was a ‘chirp’, repeated 
roughly every 15 milliseconds. Then there was 
a final powerful burst of gravitational waves 
as space-time buckled and contorted and the 
two holes kissed and coalesced into a single 
giant black hole.

Six bursts of gravitational waves have now 
been detected, five of which were from merging 
black holes. But, on 17 August 2017, for the 
first time, a signal was picked up from merging 
neutron stars.

The two black holes 
were held in orbit 

around each other 
by their mutual 

gravitational pull. 
Their huge mass 

caused space-time to 
warp around them. 

Energy radiated away 
from them in the 

form of gravitational 
waves, leading  

to their orbits  
drawing closer.

The black holes 
accelerated as  

they grew closer, 
reaching speeds close 

to the speed of light. 
Eventually, they 

merged into a single 
deformed black  

hole that radiated 
enormous amounts  

of energy as 
gravitational waves. 

Once the black holes 
had merged into a 

single entity, the 
system settled into 
equilibrium with a 

regular spherical 
shape, and the 

emission of 
gravitational waves 

dropped rapidly. This 
is known as the 

‘ringdown’.

B E F O R E  M E R G E R

D U R I N G  M E R G E R

A F T E R  M E R G E R
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WHAT CAN 
GRAVITATIONAL 
WAVES TELL US?
Gravitational waves have the potential to 
point towards a better, deeper theory of grav-
ity. We know that Einstein’s theory breaks 
down in the infinitely dense ‘singularity’ 
found at the heart of a black hole and at the 
beginning of time in the Big Bang. The hope 
is that gravitational waves will lead us to 
a long-sought quantum theory of gravity.

They also have the potential to reveal 
the behaviour of super-dense matter inside 
neutron stars. Perhaps, even more excit-
ingly, they could tell us about the birth of 
the Universe. In the standard picture, the 
Universe in its first split-second of existence 
went through an incredibly violent expansion 
known as inflation. This should have left a 
relic background of gravitational waves in 
today’s Universe, which we may be able to 
detect and decode.

Gravitational waves truly provide us 
with a new ‘sense’. We have always been 
able to see the Universe, with our eyes and 
telescopes. Now, for the first time, we can 
hear the Universe too. Gravitational waves 
are the ‘voice of space’. So far, we have 
heard some sounds at the edge of audibility. 
Nobody knows what the cosmic symphony 
will sound like, but as we improve the sen-
sitivity of gravitational wave detectors, we 
hope that we will discover things of which 
nobody has ever dreamed.

3. DETECT IT
On 14 September 2015, first in Livingston, then in Hanford, LIGO’s arms repeatedly 
expanded and contracted by a hundred-thousandth the diameter of an atom, 
marking the first ever direct detection of gravitational waves.

2. SPACE 
GYMNASTICS 
As a wave travelling 
at the speed of light 
passes through 
space-time, it first 
stretches space in 
one direction and 
squeezes it in the 
perpendicular 
plane, then reverses 
the process.

1. CATCH A WAVE
Einstein’s General Theory of Relativity tells us that if two massive  
objects, such as two black holes, are bound together by gravity, they 
should create ripples in the fabric of space-time. These ripples are  
called gravitational waves. 

“THE HOPE IS THAT 
GRAVITATIONAL 
WAVES WILL LEAD US 
TO A LONG-SOUGHT 
QUANTUM THEORY  
OF GRAVITY”
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xoplanets are planets that orbit stars other than 
our Sun. We now know of 3,493 exoplanets 
out there, and the number rises every week. 

The first exoplanets were actually found 
orbiting the stellar corpse of a ‘pulsar’ by astrono-
mers Aleksander Wolszczan and Dale Frail in 1992. 
However, the first exoplanet orbiting a Sun-like star 
was found by astronomer Geoff Marcy in 1999. 

Now we have found extrasolar planetary sys-
tems containing five, six and even seven planets. 
(‘Extrasolar’ refers to astronomical objects located 
outside our Solar System.) About one-third of nearby 
stars have planets, and a further third have dust 
disks from which planets congeal. Consequently, 
in our Milky Way, there are almost certainly more 
planets than stars – and there are several hundred 
billion of those.

Before the discovery of the first extrasolar planetary 
system, the expectation was they would be like the 
Solar System, with rocky inner planets like Earth and 
Mars, and gas giant worlds like Jupiter and Saturn 
orbiting farther out. The shock has been that most 
extrasolar systems are utterly unlike ours.

Many extrasolar systems have giant planets, known 
as ‘hot Jupiters’, orbiting closer to their stars than 
the orbit of the Sun’s innermost planet, Mercury. 
If they had been born there, their gas would have 
been blown away, so they must have formed farther 
out and ‘migrated’ inward. Many alien planetary 
systems have planets many times the mass of our 
Earth. Such ‘super-Earths’ are conspicuous by  
their absence in our Solar System, although there 
is a claim that such a planet, dubbed Planet Nine, 
orbits way beyond the outermost planet, Neptune.

In some extrasolar systems there are planets in 
highly elliptical orbits reminiscent of comets, and 
in others there are planets that share a single orbit. 
There are even planets that orbit the wrong way 
around their stars. Such ‘retrograde’ planets are hard 
to explain since planets are believed to congeal out 
of the leftover debris of star formation. Since the 
debris swirls around a star in a single direction, 
any planets should do too, as in our Solar System. 

We thought we knew a lot about planet formation 
from studying our Solar System. But it turns out we 
have much to learn!

E

Planets lurking in solar 
systems many light-years 
away could help us learn 
more about the Universe 
and life itself
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EXOPLANETS

the size of planet. If its mass is known from 
the Doppler method, then its density can be 
deduced. Very few planetary systems are edge-on 
from our point of view, so observing transits 
requires monitoring huge numbers of stars.

Yet another method of finding planets relies 
on the focusing, or ‘gravitational lensing’ of the 
light of a more distant star, by a star and its 
planet. As the planet orbits its star, the bright-
ness of the background star varies periodically, 
revealing the presence of the planet.

Though these indirect methods have proven 
successful, astronomers would like to be able to 
dispense with indirect methods and photograph 
extrasolar planets directly. In 2004, a group 
of astronomers reported the first detection of 
a giant planet candidate by direct imaging. 
Since then, several more have been imaged. 
The ultimate challenge, however, is to directly 
image an Earth-like planet.

Planets shine by reflecting the light of their 
parent stars. But since they are small compared 
with their stars, they are faint. And, since they 
orbit close to their stars, it is all but impossible 
to detect them directly. Think of a firefly fly-
ing in the beam of a search light. This means 
most exoplanets are instead found indirectly, 
through their influence on their parent stars. 

One method exploits the fact that gravity is 
a mutual force: A star tugs on a planet but a 
planet also tugs on the star. This causes the star 
to wobble ever so slightly. The effect is hard to 
see on the sky but is quite easy to measure in 
the light of the star. As the star moves towards 
us and away from us, it creates a periodic shift 
in frequency of its light. This ‘Doppler effect’ is 
the light equivalent of a police siren becoming 
shriller (higher frequency) as it approaches and 
deeper (lower frequency) as it recedes.

The Doppler method reveals the time the 
planet takes to go around its star and the size 
of its orbit. If the star’s mass is known, it can 
also provide a minimum possible mass for the 
planet. In 1995, a Swiss team led by Michel 
Mayor used this method to discover the first 
planet orbiting a Sun-like star: 51 Pegasi b.

Another method for finding planets is possible 
if the orbit of a planet regularly takes it across 
the face of its star as seen from Earth. Such 
‘transits’ dim the light of the star slightly. If 
the size of the star is known, the dip reveals 

HOW DO WE DETECT 
EXOPLANETS?

THE FIVE MOST INTERESTING EXOPLANETS IN THE SEARCH FOR LIFE

P R O X I M A 
C E N T A U R I  B 

This is an Earth-mass planet 
orbiting the cool red dwarf 

star, Proxima Centauri, once 
every 11.2 days. Being the 

closest exoplanet to Earth, it 
has the most exciting 

potential for observation.

T R A P P I S T - 1  E 
This is just over half the mass 

of Earth and orbits its red 
dwarf parent every 6.1 days. It 
is one of seven known planets 

in the Trappist-1 system, 
three of which are in the 

Habitable Zone.

K E P L E R - 6 2 F 
This has a mass about three 
times bigger than Earth’s. It 

orbits a dwarf star once 
every 267 days. The star is 

cooler than the Sun, so for it 
to be warm enough for 

oceans, the planet needs a 
thick atmosphere.

K E P L E R - 1 8 6 F 
This is about 1.5 times more 
massive than the Earth. It 
orbits once every 130 days 
in the Habitable Zone of its 
parent star. It is colder than 

Earth but a thick 
atmosphere might make it 

cosy for life.

K E P L E R - 4 5 2 B 
This planet is about five 

times as massive as Earth 
and 60 per cent bigger. 
Crucially, it orbits a star 
like the Sun in just over 

one Earth-year.

PLANET

TIME

STAR

BR
IG

HT
NE

SS

LIGHT CURVE

ABOVE: If a planet’s  
orbit regularly takes it 
across the face of its star, 
then the star’s light will  
dip slightly, which means 
that the planet’s size can  
be calculated
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“Never, by any means shall we be able to study 
the chemical composition or mineralogical 
structure of the stars,” said French philosopher 
Auguste Comte in 1835. He was wrong, as was 
demonstrated within two years of his death. 
Atoms and molecules, when heated, shine with 
light at characteristic wavelengths (energies). 
And, if they are in the cool atmosphere of a 
star, then they absorb light at those very same 
wavelengths. This creates a series of black 
lines like a supermarket barcode in the stellar 
‘spectrum’. In the same way, when an exoplanet 
moves in front of its star, so that the starlight 
passes through the planet’s atmosphere on its 
way to Earth, there is the potential to see the 
characteristic barcode of the substances in the 
planet’s atmosphere.

So far, this technique has revealed a number 
of substances such as sodium, carbon monoxide, 
carbon dioxide and water in the atmospheres of 
extrasolar planets. The detection of molecular 
oxygen, an unstable gas, would indicate its 
continuous creation by living things.

HOW DO WE KNOW 
WHAT EXOPLANETS 
ARE MADE OF?

27,710 
Distance in light-years of 

farthest confirmed exoplanets, 
SWEEPS-04 and SWEEPS-11.

3,493  
Number of known exoplanets.

165,000  
The number of years it would 
take a modern spacecraft to 

reach Alpha Centauri, the closest 
star system to the Solar System.

41.32 trillion  
Distance in km to nearest 

exoplanet, Proxima Centauri b.

4,300  
Temperature in °C  

of the hottest exoplanet, 
KELT-9b.

2.2  
Length in hours of shortest 

year of any exoplanet,  
PSR J1719-1438 b.

Since we have only one example of life – 
what’s found here on Earth – we have no 
choice but to look for ‘life as we know it’. 
And all life on Earth requires water. This 
has given rise to the idea of a star’s hab-
itable zone. A planet orbiting within this 
region is close enough to its star that water 
does not freeze and far enough away that it 
does not boil. This not-too-cold, not-too-hot 
‘Goldilocks zone’ is quite narrow around 
the huge majority of stars, which are red 
dwarfs, but wider around Sun-like stars.

Recently, the concept of the habitable 
zone has been considerably widened. This 
is because of the discovery of ice-covered 
oceans located on Jupiter’s moon Europa 
and Saturn’s moon Enceladus. Although 
they intercept so little light that they should 
be frozen solid, they are heated by tidal 
stretching and squeezing from their parent 
planets. There is also the possibility that 
a planet orbiting far from its star might 
be kept warm by radioactive heat from its 
own rocks if it is swaddled in a blanket of 
greenhouse gases. 

Life, it seems, might survive in environ-
ments far removed from those on Earth.

HOW WILL WE  
FIND OUT 
WHETHER 
EXOPLANETS  
ARE INHABITED?

TOO HOT JUST RIGHT TOO COLD

PLANET SIZE
1-2x EARTH

BELOW: A star’s habitable 
zone relates to a region 
where liquid water could 
feasibly exist
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lack holes are regions of space where 
gravity is so strong that nothing, includ-
ing light, can escape. Hence a black 
hole’s blackness. The modern picture 

of black holes is provided by Einstein’s General 
Theory of Relativity. The theory tells us that a 
mass like the Sun creates a valley in the space-
time around it, into which other bodies fall. 
In this picture, a black hole is a bottomless 
well from which light cannot escape without 
being sapped of every last shred of its energy.

For reasons we do not fully understand, 
nature appears to have created two main classes 
of black holes: ‘stellar-mass’ black holes and 
‘supermassive’ black holes, ranging in mass 
from millions of times the mass of the Sun to 
almost 50 billion times its mass. There is some 
evidence of the existence of a class of black 
holes between stellar-mass and supermassive, 
but so far astronomers have found very few of 
these ‘intermediate mass’ black holes.

Stellar-mass black holes are the endpoint 
of the evolution of massive stars. However, 
nobody knows the origin of supermassive black 
holes, or why there appears to be one in the 
heart of pretty much every galaxy, including 
our very own Milky Way. It is a chicken-and 
-egg puzzle. Does a galaxy of stars form first, 
and then later a supermassive black hole in its 
heart? Or does a supermassive black hole pre-
date a galaxy and form the seed about which 
a galaxy of stars congeals?

The heating of matter as it swirls down onto 
a supermassive black hole creates an ‘accretion 
disk’ so super-hot that it can pump out 100 
times more energy than a galaxy of stars. This 
is the power source of active galaxies, the most 
energetic objects in the Universe.

These weird, yet 
fascinating bodies are 
characterised by gravity 
so immense that not 
even light can escape

B
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BLACK HOLES

A star is born when a cold, dark cloud of inter-
stellar gas and dust shrinks under its own gravity. 
As the gas is squeezed ever smaller, it gets hotter. 
Eventually, when the core temperature exceeds 
10,000,000°C, nuclear reactions ignite, and the 
ball of gas lights up as a star.

 A star represents a temporary balance between 
the forces of gravity trying to shrink a ball of 
gas and its internal heat pushing outwards. The 
star fuses the cores, or ‘nuclei’, of hydrogen, the 
lightest atom, into the second lightest, helium. 
The mass difference between the initial and 
final product appears as the energy of sunlight, 
according to Einstein’s famous formula E=mc2. 
This conversion has an important effect on a 
star like the Sun. As helium is heavier than 
hydrogen, it falls to the centre. The nuclei of 
atoms repel each other, and the bigger the nucleus, 
the stronger the repulsion. For two new nuclei 

THE LIFE CYCLE  
OF A STAR

to stick together and make a heavier nucleus, 
they must slam into each other at high speed, 
which in practice means at high temperature 
since temperature is a measure of microscopic 
motion. The core of the Sun will only ever be 
dense and hot enough to fuse together hydro-
gen into helium. However, this is not the case 
with more massive stars. Their cores eventually 
become dense and hot enough to fuse helium into 
carbon, carbon into oxygen, oxygen into neon, 

“A STAR REPRESENTS A TEMPORARY 
BALANCE BETWEEN GRAVITY TRYING 
TO SHRINK A BALL OF GAS AND ITS 
INTERNAL HEAT PUSHING OUTWARDS”

BIRTH

H I G H  M A S S  S T A R S

L O W  M A S S  S T A R S

MAIN SEQUENCE

GIANT/SUPERGIANT

 RED GIANT

PLANETARY NEBULA

SUPERNOVA

MAIN SEQUENCE
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ABOVE: The Event Horizon 
Telescope is a network of 
telescopes across the planet, 
which aims to photograph a 
black hole 

LEFT: Stars are born when a 
gas cloud collapses and 
matter accumulates on a 
protostar. A high-mass star 
is 10-150 solar masses (one 
solar mass = the mass of our 
Sun), a low-mass star is 
0.08-10 solar masses. The 
main sequence takes up 90 
per cent of a star’s life – the 
Sun is currently at this stage.  
High-mass stars have 
shorter lives, and will 
become giants or 
supergiants before 
exploding into a supernova, 
where all but 10 per cent of 
the original mass is ejected.  
The star’s core will then 
collapse. Depending on the 
size of the core’s mass, it will 
either become a neutron 
star or a black hole. 
Low-mass stars have longer 
lives. After the main 
sequence, they will become 
red giants. Eventually, the 
outer layers of gas will be 
ejected and the star’s core 
will contract to form a white 
dwarf. Theoretically, the 
star could then cool to form 
a black dwarf, but the 
Universe is still too young 
for this to be proved

and so on. Such stars end up with an internal 
structure reminiscent of an onion, with the 
heaviest elements in the centre surrounded by 
concentric shells of less and less heavy elements.

 The end point of this build-up process is 
iron. Its creation sucks nuclear energy from 
the core of the star. This causes the core to 
start shrinking, faster and faster, until a tiny, 
ultra-dense ball of neutrons, called a neutron 
star, is formed. In-falling material bounces off 
the neutron core, converting implosion into 
explosion – the explosion of a supernova that’s 
so bright it can outshine an entire galaxy of stars. 
But, if the core is massive enough, no known 
force can stop gravity crushing the core out 
of existence – in fact, crushing it all the way 
down to a point of infinite density known as a 
‘singularity’. Cloaked in the impenetrable wall 
of an ‘event horizon’, this is a black hole. Stellar-mass black holes are difficult to see in 

detail because, one, they are small, and, two, 
they are black. The supermassive black holes 
in the hearts of galaxies are hugely bigger but 
unfortunately hugely farther away, making them 
appear small too. However, one supermassive 
black hole is both big and near.

Sagittarius A*, 26,000 light-years away in 
the centre of our Milky Way, weighs in at 4.3 
million solar masses. It is the target of the Event 
Horizon Telescope (EHT), an array of cooperating 
radio telescopes scattered across the globe. The 
radio signals recorded at each site combined 
on a computer in Haystack, Massachusetts, to 
simulate a giant dish the size of the Earth. The 
bigger a dish is and the shorter the observing 
wavelength – EHT is using 1.3mm – the more 
it can zoom in on details in the sky.

The challenge is to image Sagittarius A*’s 
event horizon, which only appears as big in 
the sky as a grapefruit would appear on the 
Moon when viewed from Earth. What the 
astronomers want to know is whether the event 
horizon behaves as predicted by Einstein or even 
whether it exists. Recently, Stephen Hawking 
suggested that it might not. “An image would 
symbolise a turning point in our understanding 
of black holes and gravity,” says EHT leader 
Shep Doeleman of the Massachusetts Institute 
of Technology.

 The first image of a black hole event horizon 
may be obtained in 2018. Almost certainly, it 
will be an iconic image to rival the double 
helix of a DNA spiral or the Apollo 8 image of 
the Earth rising above the Moon.
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BLACK HOLES

ABOVE: The gravity of a black hole is so immense that it bends 
light into a circle round the hole. This means that someone 
falling in would be able to see the back of their own head. 
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6 
Diameter in kilometres of 
the black hole that would 
form if the matter of the 
Sun could be squeezed 
hard enough.

4.3 million 
Mass in multiples of  
the Sun’s mass of 
Sagittarius A*, the giant 
black hole at the heart of 
our Milky Way.

1.8 
Diameter in centimetres 
of the black hole that 
would form if the matter 
of the Earth could be 
squeezed hard enough.

40 billion
Mass in Suns of the 
biggest known black  
hole in the Universe:  
S5 0014+81.

1
Diameter in metres of the 
Jupiter-mass black holes 
left over from the Big 
Bang which some have 
suggested could make up 
the Universe’s invisible 
dark matter.

2 trillion
The probable number of 
supermassive black holes 
in the Universe: one in 
each galaxy.

THE ANATOMY OF  
A BLACK HOLE
Once a massive star has shrunk to form a 
black hole, nothing is left (as far as we know) 
but a bottomless pit of space-time. A black 
hole is surrounded by an event horizon, an 
imaginary membrane that marks the point of 
no return for in-falling matter and light. Inside 
the event horizon, and at the heart of the black 
hole, Einstein’s General Relativity predicts the 
existence of a point of infinite density called 
a ‘singularity’. Yet once you reach the singu-
larity, Einstein’s theory – and all of physics 
as we know it – breaks down. Perhaps a new, 
quantum theory of gravity is needed to tell us 
what really exists there.

Imagine an astronaut falling feet first into a 
black hole. When they are at a circumference 
corresponding to 1.5 times the circumference 
of the black hole, gravity is so strong it bends 
light into a circle around the hole, so they can 
see the back of their head! Near a stellar-mass 
black hole, the huge difference in gravity 
between the astronaut’s head and feet will tear 
them apart before they reach the event horizon. 
However, this tidal effect is negligible near a 
supermassive black hole, and the astronaut 
can cross the event horizon with no ill-effect.

Einstein’s theory predicts that time flows 
more slowly in strong gravity. So, if you were 
to observe the astronaut falling down to the 
black hole from a safe distance, they would 
appear to move in ever slower motion, and 
stop altogether on reaching the event horizon. 
Although they would fall through into the hole, 
never to appear again, their image would be 
frozen on the event horizon, gradually fading 
as light from the image struggled to climb out.

In the case of a rotating, or ‘Kerr’, black hole, 
there is a twist. In effect, these have two hori-
zons. When the astronaut crosses the outer one, 
and enters the ‘ergosphere’, they are dragged 
around by a tornado of space-time. They can 
still gain energy from the hole’s rotation and 
be ejected from the black hole. However, once 
they cross the inner event horizon, there is 
no going back.

Nobody knows what the inside of a black 
hole looks like. However, space and time are so 
distorted that they swap places. The singularity 
therefore exists not across an interval of space 
but in the astronaut’s future. Consequently, 
they can no more avoid reaching it and being 
crushed to death than you can avoid tomorrow. 
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HORIZON

EVENT
HORIZON 

ERGOSPHEREINNER EVENT 
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SINGULARITY

ABOVE: As a light source nears the event horizon, fewer and 
fewer photons are able to escape (shown in orange) from the 
black hole’s gravitational clutches. Once the event horizon is 
reached no photons are able to escape.


