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A
T THE HEIGHT of WWI, in November 
1915, German physicist Albert Einstein 
published a revolutionary theory of 
gravity. Not only did General Relativity 
show that Isaac Newton, arguably the 
greatest scientist to have ever lived, was 
wrong, it predicted black holes and that 

the Universe had been born in a Big Bang. It even showed, 
at least in principle, how to build a time machine.

The key thing Einstein recognised is that, in any small 
region of space, gravity and acceleration are the same 
thing. He came to this conclusion after considering 
Galileo’s 17th-Century observation that all bodies, 
irrespective of their mass, fall at the same rate under 
gravity, hitting the ground at the same time if dropped 
from the same height. How could this be?

Einstein imagined a spacecraft far away from the Earth, 
which is accelerated at 1g. If an astronaut inside lets go of a 
feather and hammer from an identical height, the floor 
accelerates up towards them at 1g and both objects hit the 
floor at the same time. If the windows are blacked out and 
the astronaut doesn’t know they are in space, they might 
conclude they are experiencing gravity on Earth.

Einstein deduced that we feel gravity because we are 
accelerating. We do not realise it – and this is the 
incredible part – because matter warps the  

RELATIVITY

One hundred years ago, Albert Einstein wrote a 
groundbreaking theory that transformed physics 
forever. But are there any chinks in its armour? 

Marcus Chown delves deeper

ON  
TRIAL

The General Theory of Relativity 
describes how mass and energy  
cause the fabric of space-time to 

warp, giving rise to what we perceive 
as gravity. This theory built on Albert 

Einstein’s earlier Special Theory of 
Relativity. Both theories are based on 
the idea that the laws of physics act 

in the same way everywhere and that 
the speed of light is constant. From 
this starting point, Einstein deduced 

that as everything is moving relative to 
everything else, different viewers see 

the same event differently. This  
is where the theory gets its name.

WHAT IS GENERAL 
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The LISA Pathfinder mission 
will test the concept of a 
space-based gravitational 
wave detector

four-dimensional space-time it sits in. There 
is a valley we cannot see in the space-time 

around Earth. Our ‘natural’ motion is to take the 
shortest path, or the path of least resistance, 
through space-time – that is, to fall to the bottom of 
the valley. The Earth’s surface obstructs us, 
pushing back. This is how we experience gravity.

In a nutshell, this is General Relativity. As 
theoretical physicist John Archibald Wheeler said: 
“Matter tells space how to curve. And curved space 
tells matter how to move.” The theory has passed 
every test in the past century, predicting and 
explaining phenomena beyond the scope of 
Newton’s theory. But it is known to break down in 
the ‘singularity’ at the heart of a black hole and in 
the Big Bang. So physicists are searching for a flaw 
that points the way to a deeper, more fundamental 
concept that will fill in the gaps of Einstein’s 
theory. One key prediction that has yet to be 
confirmed is the existence of gravitational waves...

CATCHING WAVES
Gravitational waves are ripples in the fabric of 
space-time, which spread outwards from an 
accelerated mass like ripples on a pond. The 
problem is that space-time is about a billion billion 
billion times stiffer than steel. This means it takes a 
lot to vibrate it and create gravitational waves. Only 
the most violent astrophysical events such as the 
birth or merger of black holes or the collision of 
super-dense stars are capable of causing vibration.

On 27 November this year, the European Space 
Agency (ESA) will launch LISA Pathfinder, a 
mission to test the concept of a space-based 
gravitational wave detector. The idea of LISA, 

which stands for Laser Interferometer Space 
Antenna, is to put a giant equilateral triangle in 
space, probably in 2034. The triangle will consist of 
three satellites, somewhere between one million 
and five million kilometres apart, bouncing laser 
light back and forth using mirrors. Think of the 
sides of the triangle as giant rulers. A passing 
gravitational wave is expected to alternately 
stretch space in one direction and squeeze it in a 
perpendicular direction, so the trick will be to look 
for subtle changes in the length of the rulers. “We 
expect to be able to detect change as small as the 
width of an atom over millions of kilometres,” says 
LISA Pathfinder Project Scientist Paul McNamara.

Gravitational wave experiments have been built 
on Earth, but background vibrations of the ground 
mimic real sources, making them blind to the lowest 
frequency of gravitational waves. Such waves should 
be detectable by LISA. In addition, there should be a 
‘background’ of tens of millions of events caused by 
white dwarf-white dwarf binaries in the Milky Way. 
‘Binaries’ are systems consisting of two stars, 
orbiting a common centre of mass. “There is also a 
chance that a space-borne detector will be able to 

Left: Albert Einstein published 
his General Theory of 
Relativity in 1915 – the same 
year this image was taken



PHYS IC S

DECEMBER 2015 / FOCUS / 41

directly measure primordial gravitational waves 
produced in the first split-second of  
the Big Bang,” says McNamara.

“Electromagnetic waves allow us to ‘see’ the 
Universe, whereas gravitational waves will allow us 
to ‘hear’ it,” says McNamara. “Imagine going to an 
orchestra recital and only being able to watch the 
musicians without hearing any sound… now turn 
on the sound… this is what it will be like when we 
start to observe the Universe with gravitational 
waves.” Prepare yourself for the cosmic symphony.

GOING DEEPER
The fact that General Relativity breaks down in the 
‘singularity’ of the Big Bang and a black hole, where 
the density of matter skyrockets to infinity, is 
not very helpful in trying to find a deeper, 
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Space-time is warped into  
a ‘valley’ around Earth
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The South Pole Telescope is 
part of a global array called 

the Event Horizon Telescope 
that aims to study the black 

hole at the Milky Way’s centre
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“Electromagnetic 
waves allow us to ‘see’ 
the Universe, whereas 
gravitational waves will 
allow us to ‘hear’ it”

more fundamental theory. The hope is that 
General Relativity might reveal a chink in its 

armour in less extreme circumstances. This is the 
idea behind an Earth-orbiting experiment called 
Satellite Test of the Equivalence Principle, or STEP, 
which is seeking NASA funding. “If it gets the go 
ahead, it could fly in six years,” says Paul Worden, 
one of the originators of STEP in 1971.

The ‘Equivalence Principle’ is the fancy name for 
gravity being indistinguishable from acceleration 
so that all masses fall at the same rate. Since the 
principle is the foundation of General Relativity, it 
is a key place to look for an anomaly. Galileo is 
supposed to have dropped different masses from 
the Leaning Tower of Pisa, and Apollo 15’s 
Commander David Scott repeated the experiment 
– with a hammer and a feather – on the Moon in 
1971. STEP will suspend four pairs of ‘test masses’ 
made of at least three different materials, such as 
beryllium, niobium and platinum-iridium, and see 
whether they move relative to each other.

The masses will be inside a tank of liquid helium 
to insulate them from external temperature 
fluctuations and surrounded by a superconducting 

shell to shield them from electromagnetic 
interference. Microthrusters will counteract the 
atmospheric drag on the satellite, so the freefall of 
the test masses will be nearly perfect.

The key to the experiment is that a satellite in 
Earth orbit is always falling away from its desired 
straight-line path but never gets any closer to the 
Earth because the Earth’s surface perpetually 
curves away from it. In other words, it is falling 
forever. This will enable small differences in the 
rate at which different masses fall to be magnified.

The Equivalence Principle is known to hold to 
one part in a trillion, but STEP will better that by 
another factor of a million. All attempts to unify 
General Relativity with quantum theory involve 
new forces, which may affect different materials in 
different ways. “A violation is basically the 
discovery of a new force of nature, or something 
really weird,” says Worden. “If there’s no violation, 
at least to experimental accuracy, we can rule out a 
lot of theories of gravity but not Einstein’s.”

THE ‘HOLE’ STORY
But General Relativity might be put to its 
toughest test within only a year or two. So far, 

PHYS IC S
PHOTO: SCIENCE PHOTO LIBRARY, ISTOCK X3, NASA, DAN M

ARRONE/UNIVERSITY OF ARIZONA

MASS
The ‘Higgs field’ accounts for only about 1 
per cent of your mass. 99 per cent is due to 
a relativistic effect. Specifically, the quarks 
that compose you are moving so fast they 
gain mass. Without Einstein, you would 
weigh only about 1kg!

SUNLIGHT
According to Einstein, mass is a form of energy 
and so can be converted into other forms of 
energy. This is what is happening in the Sun’s 
core, where nuclear reactions convert about 0.7 
per cent of the mass of hydrogen nuclei into heat 
and, ultimately, sunlight.

THE UNIVERSE
The distant Universe seen through telescopes 
is not actually there: it’s an illusion. The reason 
is that matter creates valleys in space-time 
which light from distant objects must negotiate 
on its way to Earth. The Universe is therefore 
distorted as if seen through frosted glass.

GOLD
An atom absorbs and re-emits light when an 
electron moves between orbits. The light’s 
energy (colour) depends on the energy 
difference between the orbits. Gold ought to 
appear silver, but its innermost electrons move 
so fast that they gain mass. This changes the 
light its atoms reflect, making it appear gold.

SLUGGISH SATELLITES
If you have a smartphone or a sat-nav, 
it calculates your location relative to a 
constellation of Global Positioning satellites. 
When these swing in close to Earth, they 
experience stronger gravity and their on-board 
clocks slow. This effect must be compensated 
for to calculate your location.

5 WAYS
YOU CAN SEE EINSTEIN’S 

THEORY IN REAL LIFE



MERCURY MYSTERY
According to Einstein, the gravity near the Sun is stronger  

than Newton would have predicted. This causes the elliptical orbit 
of Mercury to gradually change its orientation. It ‘precesses’, 

which means the planet traces out a rosette-like pattern around 
the Sun. Before Einstein, this was such a puzzle that it led to the 

suggestion of a planet – Vulcan – tugging on Mercury.

GENERAL RELATIVITY’S SUCCESSES

RIPPLING GRAVITY
Although gravitational waves have yet to be detected directly, they 

have been detected indirectly. In 1974, Russell Hulse and Joseph 
Taylor discovered two super-dense neutron stars orbiting each 
other. By observing the ‘binary pulsar’, or PSR B1913+16, they 

determined that the stars are spiralling together and losing orbital 
energy. This lost energy is exactly the amount Einstein’s theory 

predicts they should be radiating into space as gravitational waves. 

TIRED LIGHT
As light climbs out of the valley in space-time around a massive 

object like a star, it loses energy. This is equivalent to a reduction 
in its frequency and is known as a gravitational red shift. It has 

been observed in the light of dense, white dwarf stars. In 1959, it 
was even observed in light climbing up a 22.6m tower on Earth by 

physicists Robert Pound and Glen Rebka at Harvard University.

BENT LIGHT
Einstein calculated that the gravity of the Sun would bend the 

trajectory of light from distant stars by twice the amount Newton 
would have predicted. The only way to observe stars close to the 
Sun is during a total eclipse when the bright solar disc is blotted 

out by the Moon. During the total eclipse of 29 May 1919, the 
English astronomer Arthur Eddington confirmed that the positions 

of stars were shifted, exactly as Einstein had predicted.  

THIS ISN’T THE FIRST TIME EINSTEIN’S FAMOUS 
THEORY HAS BEEN PUT TO THE TEST
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MARCUS CHOWN is a science writer and author of  
What A Wonderful World: Life, The Universe And 
Everything In A Nutshell 

discover MORE!
The Infinite Monkey Cage will be featuring a guide to 
General Relativity – check Radio Times for details

PHOTO: NASA X2, SCIENCE PHOTO LIBRARY X2, GETTY

Above: The Apollo 8 image of 
Earth taken from the Moon is 
pretty iconic – but a photo of a 
black hole event horizon could 
be even more impressive 

“An image would be 
a turning point in our 
understanding of black 
holes and gravity”

the theory has been checked only in situations 
where gravity is relatively weak. Nobody has 

tested it where gravity is strong – close to a black 
hole. That could all change when the Event 
Horizon Telescope (EHT) images the black hole at 
the centre of our Milky Way, probably in 2017.

The EHT is an array of cooperating radio 
telescopes scattered around the globe. The radio 
signals recorded at each site are flown together and 
combined on a computer at Haystack, 
Massachusetts to simulate a giant dish the size of 
the Earth. The bigger the dish and the shorter the 
observing wavelength – EHT is using 1.3mm – the 
more it can zoom in on details in the sky.

The trouble with black holes is they are very 
difficult to see. Stellar-mass ones are too small and 
the supermassive black holes in the cores of other 
galaxies, with up to 30 billion times the mass of the 
Sun, are too far away. Only one black hole is within 
reach – the one 26,000 light-years away at the 
centre of the Milky Way. Sagittarius A*, as it is 
called, will be magnified in size by its own intense 
gravity. “It will appear as big as a grapefruit on the 
Moon viewed from Earth,” says EHT scientist Shep 

Doeleman of the Massachusetts Institute of 
Technology and leader of the EHT team.

The key thing is to observe the black hole’s event 
horizon – the point of no-return for in-falling 
matter and light – and see whether it behaves as 
predicted by Einstein or even whether it exists. 
Stephen Hawking suggested it might not. This will 
test Einstein’s theory in the realm of strong gravity, 
where it has never been tested before. “An image 
would allow us to test General Relativity at the 
black hole boundary but, just as importantly, it 
would make the case for the existence of black holes 
as solid as it is ever likely to be,” says Doeleman. “An 
image would symbolise a turning point in our 
understanding of black holes and gravity.”

Doeleman is being modest. It is possible that the 
first image of a black hole event horizon will be an 
iconic image to rival the Apollo 8 image of the 
Earth rising above the Moon. 

In the world of science, 100 years is an awfully 
long time. Countless theories have been proposed 
since Einstein published his famous paper, with 
many of them turning out to be nonstarters or dead 
ends. After a century of extraordinary success, it 
still remains to be seen how far the General  
Theory of Relativity can be stretched before 
reaching its breaking point. Could its time be 
finally up? After all, even Einstein viewed the 
theory as being incomplete. If STEP, LISA or the 
EHT are able to find even the tiniest hole in its 
venerable armour, scientists could be on the brink 
of formulating a new theory of gravity, or maybe 
even making the first tentative steps towards the 
elusive ‘theory of everything’. 
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