
Working scientifically

About
Aristotle was an Ancient Greek philosopher and scientist. He is now considered one 
of the most phenomenal thinkers of all time, with methods of investigating the 
world around him that built the foundations of working scientifically. He was born 
in Chalcidice, Greece in 384BC and died in 322BC on the Greek island of Euboea.

As a boy, Aristotle was fascinated with human anatomy 
and nature. When he was old enough, he went to 
Athens to attend Plato’s Academy. Plato, a very famous 
philosopher, taught him about philosophy and logical 
thinking. In Ancient Greece, school was very different 
to school today – students challenged each other with 
questions and then debated to answer them. Aristotle 
asked lots of questions and was always thinking, so 
Plato’s nickname for him was ‘The Mind’.

Aristotle dissected animals to explore their anatomy 
and recorded these and other observations of the 
world in drawings and notes. It was very unusual to 
carry out practical scientific enquiries in Aristotle’s time 
– other scientists learned by thinking and 
clever argument. Aristotle must also have 
had incredible eyesight because many 
details in his drawings were not observed 
by anyone else until the invention of the 
microscope in the seventeenth century. 
Aristotle wrote several books to share his 
observations, discoveries and ideas with 
others. 

As he got older, Aristotle became 
interested in physical science. He believed 
that everything was made from five 
‘elements’ – earth, water, air, fire and aether (a 
substance made by the Gods and only found in the 
heavens). Aristotle classified the ‘elements’ in terms of 
properties that could be measured – whether they 
were hot or cold and wet or dry.

Aristotle was also very interested in how things moved. 
He thought that the speed at which an object fell was 
related to its mass – with heavier objects falling faster 
than light ones. He thought that how an object rose or 
fell depended on the fractions of earth, water, fire and 

air that it contained.

Aristotle’s explanation of why an object fell 
was that the elements of which it was made 
each moved towards their ‘natural place’ – 
which for earth and water was the centre of 
the universe (thought then to be our planet 
Earth). He thought the natural place of air 
was in a spherical shell surrounding water 
(since bubbles rise in water) and the natural 
place for fire was higher than air, but lower 
than the celestial sphere that carried the 
Moon.

Aristotle explained that the speed at which objects fell 
also depended on what substance they were moving 
through – the denser the substance, the slower they fell. 
He predicted that an object falling in a vacuum (totally 
empty space) had no limit to the maximum speed that it 
could reach.
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About
Brahmagupta was born in Rajasthan, India in 598AD. He was a Hindu 
mathematician and astronomer – studying the heavens was an important 
part of many religions at the time. Brahmagupta is one of the greatest 
mathematicians in Indian history. He died in 668AD.

As a child, Brahmagupta loved to read. He read many 
books written by famous Indian astronomers and 
became fascinated both by mathematics and astronomy. 
These subjects were linked because Indian astronomers 
needed to develop mathematics in order to understand 
the movement of objects in the night sky. When he grew 
up, Brahmagupta became head of the astronomical 
observatory at Ujjain – the main centre for mathematics 
in Ancient India.

Although telescopes hadn’t yet been invented, the 
observatory had a range of equipment for studying the 
Sun, Moon and planets. Brahmagupta used a gnomon (a 
huge sundial) to time the movement of objects across 
the sky, as well as devices to measure angles and chart 
the positions of celestial objects. He also used enormous 
stone structures to track the movement of the 
constellations. Brahmagupta made many observations 
over time. 

To make sense of his data and understand what he was 
observing, Brahmagupta used a spherical astrolabe – a 
model showing all the objects in the night sky. The 
astrolabe had co-ordinates similar to latitude and 
longitude to mark the positions of celestial objects. This 
model helped him to visualise how objects were moving.

Brahmagupta used his observations and measurements 

to draw conclusions about the Earth and the universe. He 
argued that the Earth was spherical (rather than flat) and 
carefully calculated its circumference. Brahmagupta’s 
maths and measurements were very accurate and he was 
the first person to be able to predict the positions of the 
planets and the timings of solar and lunar eclipses. He 
also calculated the length of a year to be 365 days, six 
hours, five minutes and 19 seconds.

Brahmagupta was the first scientist to talk about gravity, 
which he called ‘gurutvākarsan’ and described as an 
attractive force. He said, “bodies fall towards the Earth as 
it is in the nature of the Earth to attract bodies, just as it is 
in the nature of water to flow.” 

Brahmagupta wrote books about his observations and 
ideas to share them with other astronomers and scientists. 
In his book Surya Siddhanta, Brahmagupta explained his 
ideas about how the force of gravity worked. He said: 
“The spherical Earth stands in the centre of space due to 
the ‘dharanatmikam sakti’ which prevents Earth from 
falling away and helps it to stand firm.” Some of his ideas 
about gravity were very similar to those of Isaac Newton, 
who was born almost a thousand years later – for 
example, Brahmagupta wrote that “every object falls to 
the ground due to the Earth’s force of attraction. This 
force allows the Sun, Moon and constellations to stay in 
orbit.”
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Galileo Galilei was an Italian astronomer, physicist and engineer. After school, 
he went to university to study medicine but changed to mathematics when he 
fell in love with the subject. Galileo has been called the ‘father of the scientific 
method and modern science’. He was born in Pisa, Italy in 1564 and died in 
1642 while under house arrest for saying that the universe is heliocentric 
(with the Sun at the centre and the Earth, planets and stars orbiting it).

Galileo was very curious about the world around him; he 
was always observing, asking questions and trying to 
understand how and why things behave as they do. One 
day, as a young man, he became hypnotised by the 
rhythmic movement of a swinging chandelier (hanging 
lamp) while attending a banquet. Galileo 
rushed home to set up a test and 
investigate what he had observed – he 
made two simple pendulums (hanging 
weights) of the same length and let one 
swing start at a higher point than the 
other. Surprisingly, he observed that the 
pendulums swung exactly in time with 
each other despite the fact that one had a 
small swing and the other a wider one).

When trying to understand his pendulum 
results, Galileo began to think about what 
caused objects to fall. He spent a number 
of years carrying out experiments to improve his 
understanding of falling objects, including dropping two 
spheres of different masses from the top of the Leaning 
Tower of Pisa to compare how they fell. To make it a fair 
test, the two spheres had exactly the same shape and size 
and were dropped from the same height. Galileo 
measured the time it took for them to hit the ground 
and used maths to understand how their speeds changed 
as they fell. (Some people dispute that this experiment 
actually took place, and think instead that it was a 
‘thought experiment’, however Galileo’s student 
Vincenzo Viviani wrote about it in his biography in 1654.)

Galileo discovered that the two objects with different 
masses picked up speed at the same rate, disproving 
Aristotle’s idea that heavier masses fall faster than 
lighter ones. Galileo said that the objects had constant 
acceleration (meaning ‘addition of speed’ in Italian). He 

also made the prediction that if air 
resistance and upthrust could be totally 
removed then all objects would fall with 
the same acceleration, regardless of their 
shape, size or weight; this was a radical 
idea, as was his suggestion that the 
prediction should be checked by practical 
experiment. Astronaut David Scott 
reproduced the famous Tower of Pisa 
experiment whilst on the Moon (where 
there is no air resistance) during the 1971 
Apollo 15 Mission, using a hammer and a 
feather.

Galileo shared his ideas about falling bodies by writing 
books about his experiments, observations, 
measurements and conclusions – the first book being 
called (in Italian) Two New Sciences and the second On 
Motion. 

Galileo spent many years thinking about the tides in the 
ocean. He dismissed Johannes Kepler’s idea that the 
Moon caused them and instead concluded they were 
due to the Earth rotating – speeding up and slowing 
down to make the oceans slosh back and forth. We now 
know that the Moon does indeed cause the tides (as 
explained by Newton’s Universal Law of Gravitation).
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Isaac Newton was born in Lincolnshire, England in 1642. He was born 
prematurely (very early) and was not expected to survive, however, 
he grew up to become a world-famous mathematician, physicist and 
astronomer. Newton was one of the most influential scientists of all 
time. He died in 1722 and is buried at Westminster Abbey in London.

At school, Isaac Newton demonstrated excellent 
mechanical skills in building working models of machines, 
clocks and windmills. He was fascinated by how things 
worked and became a talented mathematician. When he 
was old enough, Newton went to Cambridge University 
where he studied the work of other famous scientists: 
Aristotle, Galileo and Kepler. Newton later said: “If I have 
seen further, it is by standing on the shoulders of giants”.

Newton developed a particular interest in physical science 
and wanted to understand how the universe worked. 
When the University closed from 1665–1667 because of 
the Great Plague, Newton returned home, but continued 
his studies. Legend has it, that during this time, Newton 
saw an apple fall from a tree and this led to his ideas 
about gravity. He carried out experiments in his laboratory 
to investigate light and how things move; he even 
invented a new type of mathematics called calculus.

Newton came up with three scientific laws of motion.

1. Every object remains still, or moves at steady  
    speed, unless a force acts on it.

2. The bigger the force on an object the more rapidly it  
     speeds up (or slows down). An object with a small mass  
     speeds up (or slows down) more rapidly than if it had  
     greater mass. When a force acts on it. This is commonly  
     described using algebra, as:  F=m×a (where F is the  
     force, m is the mass and a is the acceleration).

3. When two objects interact, every force has an equal  
    and opposite reaction force.

Newton’s fascination with the orbits of planets made him 
think more about gravity. He invented the reflector 
telescope to make accurate measurements of the planets’ 
positions over time. A blazing comet in 1680 motivated 
him further to focus on what caused the movement of 
objects in space. 

Newton used the Latin word ‘gravitas’ (meaning weight) 
to describe what we now know as the force due to 
gravity. He developed his Universal Law of Gravitation, 
which explains that the further apart two objects are the 
less gravitational pull they exert on each other and the 
smaller the mass of an object the less gravitational pull it 
exerts on other objects.
We can write this law as:
F= (Gm1 m2)
           d2

(where F is the force of gravity attracting two objects of 
masses m1 and m2, a distance d apart and G is a number 
called the Universal Gravitational Constant).

Newton wrote a book called the Principia to 
communicate his ideas about forces and motion. His laws 
of motion and gravitation are the foundations of physics 
and engineering. Tim Peake’s mission to the 
International Space Station (ISS) in 2016 was called 
‘Principia’, to honour Sir Isaac Newton whose ideas made 
space exploration possible.
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About
Albert Einstein was born in Germany in 1879. As a child, his father gave him a 
compass – he was filled with awe and wonder at how invisible forces could affect 
the needle. From these beginnings, Einstein became a world famous theoretical 
physicist, best known for his theory of relativity and what has been called the 
world’s most famous equation: E=mc2. Einstein won the Nobel Prize for Physics in 
1922 and died in Princeton in the USA in 1955.

Einstein didn’t find school easy and he often felt out of 
place. One teacher told him he would never amount to 
anything. He failed many subjects including French, 
chemistry and biology but his exam results in physics 
and mathematics were exceptional. After many years 
of study and hard work, Einstein became a lecturer at 
the University of Bern in Switzerland.

Einstein spent many years thinking 
about light and he carefully studied the 
mathematical ideas used at the time to 
describe how light travelled and 
behaved (Maxwell’s equations). He 
wondered what a light beam would 
look like if you could run, extremely fast, 
alongside it. He considered the 
surprising idea that the speed of light would remain 
the same, no matter how fast you, or the source of 
light, were moving: Einstein predicted that light always 
travels at the fastest speed that can ever be achieved. 

Einstein thought carefully about everything that he 
had ever read and studied about physics, he explored 
how the ideas of different scientists related to each 
other – looking for connections and disagreements. He 
realised that if light always travels at the same speed, 
then Newton’s laws of motion weren’t exactly correct 
and couldn’t be used when calculating answers for 
extremely high speeds close to that of light. This led 
Einstein to develop two theories of relativity to 
describe and explain his ideas.

Einstein’s theory of Special Relativity says that light always 
travels at the same (extremely high) speed – 300,000,000 
metres every second. It also explains that space and time 
are connected; for objects moving close to the speed of 
light, time runs more slowly. This theory also predicts that 
the mass of an object can change depending on its speed, 
so an object travelling very fast has more mass.

The theory of Special Relativity only applies to objects 
moving at a steady speed, so it does not 
apply to falling objects (which are speeding 
up); Einstein developed the theory of 
General Relativity for these. In this theory, 
the dimensions of space and time act like a 
giant trampoline with a large mass in the 
middle – the surface becomes curved 
making all other masses on it move 

towards the massive object. Einstein decided that Isaac 
Newton’s simple model of a gravitational force pulling 
objects together was wrong, instead the space around 
massive objects is curved in such a way as to force them 
together; Einstein’s theory predicts that gravity pushes 
rather than pulls things together.

All current scientific observations support Einstein’s 
theory of General Relativity published in 1915. Surprising 
predictions arising from it have since been confirmed by 
observations, such as gravity’s ability to bend light 
(observed during the 1919 solar eclipse), the existence of 
black holes (discovered in the 1970s) and gravitational 
waves (first discovered by the LIGO experiment in 2015). 
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The Laser Interferometer Gravitational Wave Observatory (LIGO) is a 
twenty-first century physics experiment with over 1,000 people from all 
around the world working on it. It was designed to look for evidence for the 
existence of gravitational waves – one surprising prediction of Einstein’s 1915 
theory of General Relativity. In 2015, LIGO first detected such gravitational 
waves caused by two super-massive black holes colliding about 1.3 billion 
light years away from Earth (and creating an object that has a mass around 
60 times that of our Sun). Project leaders Rainer Weiss, Kip Thorne and Barry 
Barish were awarded the 2017 Nobel Prize for Physics for their ‘contributions 
to the LIGO detector and the observations of gravitational waves’. 

The LIGO experiment consists of two large observatories 
in the USA, one in Louisiana and the other 3,000km away 
in Washington. Each observatory consists of an L-shaped 
structure with two 4km vacuum pipes at right angles to 
each other (North-South and West-East). Inside each 
ultra-high vacuum (almost totally empty space) there are 
two light beams travelling between a pair of mirrors, 
with one mirror at each end of the vacuum pipe. 

The effect of a gravitational wave passing through the 
Earth is to stretch space in one direction and squash it at 
right angles to this. In LIGO, this causes the distance 
between one pair of mirrors to decrease by a miniscule 
amount and the distance between the other pair of 
mirrors (at right angles to the first) to increase by a tiny 
amount. These changes are accurately measured by the 
high-precision detector. If the same movements are 
recorded in the two observatories 3,000km apart at the 
same time, they could signify a gravitational wave. The 
LIGO teams then check with other astronomers around 
the world to see if they have observed any astronomical 
events that could have caused gravitational waves.

The experiment gathers a huge amount of data every 
day, which is analysed by computers and physicists 
looking for patterns that might indicate a gravitational 
wave has passed through. Since the first gravitational 
waves were detected, others have been found from 

different cosmic events. The LIGO experiment continues 
to run, looking for further evidence to support the claim 
that gravitational waves exist, to confirm Einstein’s 
theory of General Relativity and to find out more about 
our amazing universe. Repeating observations allows 
the physicists working on the experiment to become 
more certain of their conclusions.

The scientists working on the project regularly write and 
publish papers on their findings to share with the 
international science community, describing their 
experiment and their data analysis so that other 
scientists can comment on their work.

Dr Nergis Mavalvala is one of the physicists in the LIGO 
team – in fact she started working on the design of the 
observatory in 1991 before it was built. Dr Mavalvala 
was born, and went to primary school, in Karachi, 
Pakistan. She moved to the USA as a teenager and her 
fascination with gravitational waves began when she 
studied physics and astronomy there. Dr Mavalvala 
started hunting for gravitational waves 20 years before 
any were discovered – asking questions, designing and 
testing high-tech electrical circuits for experiments, and 
collecting and analysing data to look for their tell-tale 
patterns. Just imagine how she felt when the LIGO 
experiment proved that gravitational waves do really 
exist!
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