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INTRODUCTION

SCIENCE ASKS THE FUNDAMENTAL QUESTIONS about why the
world is the way it is. And over the course of history the world’s greatest
scientific minds have provided many of the answers. It’s because of science
that we now know the Universe began around 13.7 billion years ago in a
superheated fireball known as the Big Bang. It's because of science that we
know all living things in the world encode their biological blueprint on a
chemical molecule known as DNA, which serves as the vehicle by which
we pass our traits and characteristics down to our offspring. It's because
of science that we know our planet was once ruled by supersize reptiles
and that one day 65 million years ago they were wiped out by the impact
of a vast comet or asteroid with the Earth. And it’s because of science that
we have computers in our homes that are more powerful than the fastest
university supercomputers of just ten years ago.

Science probably encompasses the biggest areas of human intellectual
endeavour. Fitting, then, that it should get billed alongside a suitably big
number - 1001. Yet when it comes to dividing up the whole of scientific
progress from the last 5,000 or so years into 1001 bite-size nuggets,
suddenly it seems woefully small. That's about one entry in this book

for every five years — fine for the Dark Ages perhaps, but something of a
squeeze for years like 1996 when we had Dolly the sheep (the world’s first
cloned mammal), claims to have found life on Mars (as fossilized bugs
inside a meteorite), and the Deep Blue chess computer won its first
game against Garry Kasparov (who was at the time the reigning world
chess champion).

In fact, if this book was arranged chronologically I'd probably have run out
of space somewhere in the middle of the Renaissance. So instead you'll find
the pages within organized by subject. I've taken modern science as it’s
currently understood and partitioned it into ten major sections: physics;
chemistry; biology; the Earth; space; health and medicine; social science;
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INTRODUCTION

knowledge, information and computing; applied science; and the future.
Each of these categories then splits down again into subsections on key
topic areas, and within each you’ll find, on average, 12 entries to cover
that particular topic. So, physics has subsections on heat, relativity and
quantum theory, to name a few. And, for example, the quantum theory
subsection has entries on ideas such as Schrédinger’s cat,

the uncertainty principle, and the ‘many worlds’ interpretation of
quantum theory.

My aim as a writer was to combine the breadth of a reference book - for
example, a dictionary of science — with the accessibility and sense of fun
that you get from a piece of popular science writing. That was my guiding
principle in turning what could have easily been ‘Science 100,001’ into
what you have here. Out went the abstruse and the arcane - topics

that the lay reader will neither need nor care about. And what was left

I condensed, distilled and clarified into what'’s hopefully the ultimate
balancing act between readability and comprehensiveness.

The entries are written in plain and concise English. Often they are self-
contained, but when they aren’t there are references in bold type to

other entries and subsections that either aid understanding or provide
further information. If you aren’t sure which subsection the entry you are
looking for is in, there’s a comprehensive index to guide you straight to it.
Subsections themselves, meanwhile, are written with as much continuity
as possible, so if you're after the complete overview of quantum theory,
then that subsection of physics will work as an essay that can be read
from start to finish.

Science 1001 is a big book about the biggest subject. I hope you enjoy it.

Paul Parsons
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PHYSICS

PHYSICS IS THE MOST FUNDAMENTAL of all the sciences.
It governs the behaviour of matter and energy at the most
elementary level, from the quarks and smaller subatomic
particles that make up the everyday world to the exotic forms
of mass and energy that pervaded the universe shortly after
its creation in the Big Bang, and which may still lurk out in
space today.

Traditionally, physics was divided into disciplines such
as mechanics (the science of the movement of physical bodies
under the application of forces), as well as heat, light, sound,
electricity and magnetism. However, the 20th century brought
a revolution in our understanding of physical law with the N
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discovery of quantum theory (a radical new take on the behaviour
of small bodies) and relativity (an equally radical take on the
behaviour of objects moving at close to the speed of light). The
combination of these disciplines has led to ‘quantum field theory’,
which has brought about a dramatic shift in the way we view

the fast-moving subatomic particles that carry the fundamental
forces of nature in the universe.

Quantum field theory is now revealing a new unity under-
pinning physics, where all of the forces of nature are revealing
themselves to be just different aspects of the same fundamental
entity. Scientists hope this may soon lead them to the holy grail of
physics: an all-encompassing ‘theory of everything’.



MECHANICS

§pe € d arn d accC ele ratl on The rate an object is moving at is given

by its speed - just the distance it’s travelled divided by the time taken to do so. Accordingly,
speed is measured in distance per unit time - e.g., kilometres or miles per hour (km/h or mph)
or metres per second (m/s).

Acceleration is the rate at which speed is changing. It's given by the change in speed divided
by the time interval. So if it takes a sprinter five seconds to go from standing still to running at
10m/s, then their average acceleration is 2m/s per second — which is usually written as 2m/s?.

Ine rtla and momentum Inertia is the resistance of a body to

move, normally measured by the body’s mass. The more inertial mass a body has, the harder
it is to move it - that's why pushing a shopping cart is easy but you'll struggle to push a truck.
A body’s momentum is given by its speed multiplied by its mass, a measure of the impetus

a moving body has. And it’s why getting hit by a truck hurts a lot more than getting hit by a
shopping cart moving at the same speed.

N .
NGWTOH S laWS O f mOtlon The 17th-century physicist Sir Isaac

Newton came up with three laws that encapsulate the behaviour of moving bodies. The first law
sums up inertia, saying that in the absence of any external force, a body will remain at rest or
continue in its state of motion in a straight line at constant speed.

What does Newton mean by an ‘external force'? He clarifies this in the second law,
namely that the external force acting on a body is given by the body’s mass multiplied by the
acceleration it experiences. Put the numbers in and you can see that you need to apply more
force to accelerate a ten-ton truck than to accelerate a 15kg shopping cart by the same amount.
Force can be thought of as the rate of change of momentum and is measured in newtons, after
Sir Isaac.

Newton’s third law says that for every action (that is, every force) there is an equal and
opposite reaction (in other words, a force pushing back). It’s the reason rockets fly — the
rocket exhaust is a jet of hot gas that's forced downwards (action) and this sends the rocket
upwards (reaction).

C onse Watl on laWS A key idea in physics is conserved quantities

- quantities that cannot change as a physical system evolves. Momentum is a good example.
The total momentum before an event — say the collision of two billiard balls — must be the same
as the total momentum afterwards. Conservation laws like this enable scientists to predict how
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Momentum of first ball

Momentum of second ball is
conserved after collision

a system will behave. Going back to the billiard balls, let's say one ball comes in, strikes the
second and then stops dead. Conservation of momentum means that the second ball must then
leave with the exact same momentum the first ball had before the collision. If they're both the
same mass it will be travelling at the same speed.

WO rk arn (] e1ne rg}i Work and energy are cornerstones of science. To a

scientist, work is defined as the force applied to an object multiplied by the distance it moves in
response. On the other hand, a system’s ‘energy’ can be thought of as its ability to do work. For
example, a truck’s engine is able to liberate the chemical energy stored in fuel and then use this
energy to do work on the truck and make it move. Energy and work are both measured in joules
(J) (after 19th-century physicist James Joule). Roughly speaking, 1] is enough to lift a 100g mass
1 metre above the Earth’s surface.

Like momentum, energy obeys a conservation law - it can neither be created nor
destroyed. A moving truck has kinetic energy - that is, energy of motion — which has come
from the fuel's chemical energy. Likewise, when the truck needs to stop the driver applies the
brakes, which get hot, converting the truck’s kinetic energy into a different form - heat energy.
Energy comes in many different forms - including sound, gravitational, electrical, magnetic
and nuclear.

FrlCtlon In an ideal world, all of the energy in a physical system would be available to
do useful work. But the real world isn't like that. Friction is the resistive force that tends to slow
the motion of physical objects. Two surfaces sliding against each other experience a frictional
force as microscopic lumps and bumps on the surfaces rub together. Friction is everywhere;
even with the best bearings and lubricants, there will be frictional forces between the moving
parts in a car’s engine, the gear transmission, wheel axles and so on. And energy must be spent
overcoming them.

Friction isn't always a bad thing though - it is responsible for the grip that holds car tyres
to the road and it allows you to pick things up in your hands. If there was no friction, objects
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would just slip between your fingers. And it's why rubbing your hands together on a cold day
generates much-appreciated warmth.

Dynamics and Kinematics 1. memacs describing

motion — namely the equations for an object’s position, speed and acceleration at any
time, without mention of the forces causing them - is known as ‘kinematics’. When the
forces causing the motion are included, then the correct term is ‘dynamics’ Kinematics and
dynamics are the main two branches of classical mechanics - the physics of moving bodies.

Principle of least action ... e mos povert

formulation of dynamics is based on what is known as the principle of least action. The
basic idea is that physical systems evolve via the most efficient route possible. Balls don't roll
uphill, around a bit, over the top and then back down - they roll straight down.

A physicist using this principle first puts together a mathematical expression that takes
stock of all the different kinds of energy in a system. Called the ‘action, this formula yields
different numerical values depending on which path the system actually follows — and each
value can loosely be thought of as a measure of how inefficient that path is. A physicist can
select the path for which the numerical value of the action is smallest, and then extract the
equations of motion describing it. The principle of least action is used to make dynamics
and kinematics tractable in complex areas of theoretical physics, such as relativity and
quantum theory.

RO tatl O I al d}7 n al]ll C S Like objects moving in a straight line,

there are laws governing the motion of rotating objects. Speed is replaced by angular speed
(the number of angular degrees moved through per second) and momentum is replaced by
its rotational analogue, angular momentum.

Like ordinary momentum, angular momentum increases with angular speed and obeys
a conservation law. But it also increases with the size of the rotating object. That means that
if a rotating object suddenly shrinks, then in order to conserve angular momentum it must
spin faster. Ice skaters take advantage of this effect, pulling their arms and legs in tight to
make them spin faster. Try it for yourself on a swivel chair.

C c1 I“r 1 p c tal f() ree People often talk about ‘centrifugal force’ in

relation to spinning objects. However, scientists prefer the term ‘centripetal force’. Imagine
whirling a weight on a string above your head. Centrifugal force is the outward-pointing
force that’s trying to snap the string and send the weight flying off in a straight line. But it's
the force stopping the weight flying off at a tangent that's actually responsible for making
it move in a circle - in this case, the tension in the string. And this is the centripetal force.

12
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That said, centrifugal force most definitely exists — as anyone who's been on a fairground ride
will attest. But it's best thought of as a reaction (in the sense of Newton’s laws of motion) to the
more fundamental centripetal force.

Centrifugal

/ force

Centripetal
force

Ne Wlonlan gr aVlt‘y_ In 1687, Sir Isaac Newton published the first

mathematical theory of gravity. Newton's universal theory of gravitation supposed that the
gravitational force between two objects increases in direct proportion to both their masses and
decreases with the square of the distance between them, linked by a number G - the so-called
gravitational constant.

Newton’s theory was a remarkable achievement for 17th-century science, a single formula
accurately describing phenomena from falling apples to the motion of far-away planets and
moons. Newton’s law is still an excellent approximation today for calculations involving
weak gravitational fields. For stronger fields, however, it has been superseded by Einstein’s
general relativity.

qulivalence })rinCIPIG In theories of gravity, the equivalence

principle states that objects of different mass will fall at the same rate in a gravitational field.
The story is that 17th-century scientist Galileo demonstrated this by dropping balls of different
weight from the top of the Leaning Tower of Pisa. Astronauts on the Moon conducted their
own test by dropping a hammer and a feather — in the absence of air resistance they both fell
to the lunar surface in unison. Controlled laboratory experiments have since confirmed the
equivalence principle to an accuracy of one part in a trillion.

Newtonian gravity is superficially consistent with the equivalence principle, but Einstein’s
general relativity was the first theory of gravity to encapsulate it completely.

. 9
.
Ke pl ers ] AWS The German mathematician and astronomer Johannes Kepler

(1571-1630) is credited with discovering the laws governing the motion of planets around
the Solar System. In 1605 Kepler proposed his three laws: the first says that the orbit of every
planet is an oval-shaped ellipse with the Sun at one of the foci (an ellipse has two foci, which are
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analogous to the centre point of a circle); the second law states that a line joining the planet to
the Sun sweeps out equal areas in equal times; and the third law is that the square of a planet’s
orbital period (the time it takes to complete one whole lap of the Sun) is proportional to the long
axis of its elliptical orbit raised to the power three.

— even the though grav1ty is the force respon51ble This was thanks to the time Kepler had spent
‘working for the Danish astronomer Tycho Brahe. Brahe was renowned for his accurate
observations of the positions of the planets — which Kepler used to hone his equations.

HEAT

Temperatllre and pressure Thermodynamics is the branch

of physics concerned with how energy can be transported and manipulated via heat, and used

to carry out useful work. A key property is temperature: heat energy will flow from an area of
high temperature to one where the temperature is lower. According to Isaac Newton's law of
cooling, the rate of flow is proportional to the temperature difference between the two. So a hot
cup of coffee loses heat faster than a lukewarm one.

Pressure is another important variable. A gas heated up inside a container exerts a force on
the container walls, but the total force depends on the size of the container. Pressure is just the
total force divided by the area of the container walls and is measured in units of newtons per
square metre, also known as pascals after 17th-century French mathematician Blaise Pascal.

Klnetl C t}]e O FX Kinetic theory is a way of explaining the large-scale thermal

properties of materials, in particular gases, in terms of the motion of the individual particles

- usually atoms or molecules - they are made up of. Particles inside a gas are all zipping around
randomly. The central tenet of kinetic theory is to equate the heat energy of a gas to the sum

of the kinetic energies of all these gyrating particles.
This means that the hotter a gas gets, the faster, on
average, its particles are moving and the harder they
are beating against each other and on the walls of

the gas’s container - so raising the temperature and
pressure. The numerical predictions of kinetic theory
match exactly with experiments. Kinetic theory also
implies that there is a minimum temperature, at
which the kinetic energy of the particles reaches zero;
this is -273°C (-460°F) - it’s impossible for anything to
get colder than this.
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The foundations of kinetic theory were laid by the Swiss mathematician Daniel Bernoulli in
1738 and it was developed further through the 18th and 19th centuries. Scientists were then set
on the road towards the even more powerful theory of statistical mechanics.

T h e rm al eXp an S 1 O n Generally speaking, substances tend to increase

in volume when they are heated. This property of matter is known as thermal expansion.
Kinetic theory explains why it happens - as a substance heats up, collisions between its
constituent particles become more violent than when the substance is cooler. Extra recoil from
the collisions increases the average distance between the particles, and this is what causes the
substance to expand.

Thermal expansion is well understood and can be predicted mathematically; especially
useful for engineers designing structures that need to operate in a range of temperatures. For
example, bridges incorporate sliding expansion joints so they can endure both the frozen
depths of winter and the warmest days of summer without cracking or kinking.

Conduction and coONvVection . e cn ke e

routes to move from a hot area to a cooler one: conduction, convection and thermal radiation.
Conduction occurs when hot - and, therefore, fast-moving - particles in a substance collide
with those at lower temperature. The collisions transfer kinetic energy to the cooler particles
and heat them up, thus spreading heat through the substance.

Convection, on the other hand, can
take place only in a liquid or gas.

In a hot gas, thermal expansion
lowers the gas’s density and
increases its buoyancy (according
to Archimedes’ principle), and

this causes the gas to rise. It’s the
reason hot-air balloons are able to
fly. Meanwhile, cooler gas or liquid
sinks for the opposite reason and
this can set up the convective cycles
that you might see, for example, in a
pan of water on a stove.

Conduction

Convection

‘\ Thermal radiation

B rowiriiarn mOtlon Particles diffusing in a gas or liquid move with what

is known as Brownian motion, after Robert Brown, the physicist who discovered it in 1827.
Brown’s original observation was of tiny particles in cavities called ‘vacuoles’ inside pollen
grains. Under the microscope, he saw the particles jiggle this way and that as if being buffeted
by an unseen force. He later saw the same effect when he examined the motion of dust particles.
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Albert Einstein explained Brownian motion, .
in 1905 saying that the motion was caused by the ° . . Air molecules. .
random kicks the grains received from atoms e .-_ K ) e o
and molecules in the air, themselves moving E
in accordance with kinetic theory. Einstein
calculated how far the particles should move
with each kick, and his predictions matched ) et
with observation. Brown's discovery and )
Einstein's explanation together became one of
the early confirmations of the existence
of atoms.

Particle

Path of particle

Thermodynamic equilibrium , ..o

in thermodynamic equilibrium when its thermodynamic properties, such as temperature,

have become constant with time, i.e. when it has ceased to evolve thermally. A simple example
is a bucket of ice placed in a warm room — when the ice melts it absorbs heat from the room,
raising its temperature and lowering the temperature of the room, until the two converge at one
uniform value. This is thermodynamic equilibrium.

_EELI_'QPX Entropy is a quantity used in thermodynamics to measure the amount of
energy in a system that is available to do useful work. The higher the entropy, the less able
the system is to do any work. Work can only be done when a system is out of thermodynamic
equilibrium, i.e. thermodynamic equilibrium is a high-entropy state. Imagine a system
comprising a heat source and a piston with cold gas inside it. Heat can flow from the source to
the piston, expand the cold gas and move the piston arm - so doing work. But if the system is
in equilibrium then no heat can flow, and so no work can be done. Another way of thinking of
entropy is as the degree of ‘disorder’ in a system. A tidy desk with everything in neat piles has
low entropy; a messy desk with everything strewn evenly across it is in a high-entropy state.

L.aws of thermodynamics

give mathematical laws governing a mechanical system, so there are four key laws governing the

Just as dynamics and kinematics

behaviour of a thermodynamic system. The ‘zeroth’ law (so named because it was formulated
after the other three, but considered more fundamental) says that if there are three thermal
systems — A, B, and C - and both A and B, and B and C, are in thermodynamic equilibrium,
then A and C are also in equilibrium. The first law is a statement of the energy conservation
law, which says that the change in the total thermodynamic energy of a system is just equal to
the heat energy put in minus the work the system does. The second law says that entropy must
always increase; in other words, thermodynamic systems inevitably move towards equilibrium
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and their ability to do useful work thus diminishes. And the third law says that the absolute
zero of temperature of -273°C (-460°F), defined by kinetic theory, corresponds to a minimum
of entropy. Combined with the second law, it means entropy increases with temperature.

S tati Stl C al me Chanlc S An extension of the kinetic theory of gases,

statistical mechanics takes the properties of individual particles of matter and applies the
sophisticated laws of mathematical statistics to draw conclusions about the large-scale, or
‘bulk’, thermodynamic properties of materials.

For systems of large particles the law of Maxwell-Boltzmann statistical mechanics applies,
based on classical kinetic theory. For smaller particles, quantum theory has to be used. These
quantum statistical theories are known respectively as Bose-Einstein and Fermi-Dirac statistics,
depending on the quantum spin of the particles being studied. Statistical mechanics has
helped physicists to unravel the internal structure of dead stars, known as white dwarfs, and
correctly describe the behaviour of thermal radiation given off by hot objects.

Thermal radiati on Stand anywhere near a bonfire and you'll

appreciate that hot bodies emit their heat as radiation. In fact, everything with a temperature
above absolute zero emits thermal radiation. Calculations using statistical mechanics predict
how much energy is emitted at each frequency of the electromagnetic radiation spectrum
by a hot source. The theory predicts that this is a peaked curve, the wavelength of the peak
decreasing as the temperature of the emitter increases.

A poker heated in a fire to hundreds of degrees Celsius/Fahrenheit glows with visible light,
usually red or orange and everyday objects emit radiation with a peak in the infrared region of
the electromagnetic spectrum - which is why soldiers use infrared goggles to see at night. The
difference between thermal radiation and conduction or convection is that thermal radiation
can travel through a vacuum; it is how heat from the Sun crosses the vacuum of space to
reach Earth.

Heat CapaCI t 5_ Add heat to a substance and it gets warmer - in scientific

parlance, its temperature increases. But the amount of heat energy needed to bring about a
temperature rise of, say, 1°C, varies from substance to substance. This is because, according to
kinetic theory, temperature is a property of the kinetic energy of the atoms or molecules in a
substance as they bounce around. But for complex molecules, not all of the energy absorbed
gets turned into motion - some, for example, causes vibrations in the internal bonds making
up the molecule. Heat capacity is a way of quantifying the amount of heat energy absorbed that
gets transferred to kinetic energy in a substance. This will result in a rise of temperature in the
substance, measured in joules per degree per kilogram.
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SOIIdS, lquIdS and gases Matter can exist in three major

states: solid, liquid and gas, and matter normally moves through this sequence as the
temperature increases. Water at less than 0°C (32°F) is a solid (ice), between 0°C (32°F) and
100°C (212°F) a liquid, and above 100°C (212°F) it becomes a gas (steam). This occurs because
temperature — or rather, the vigorous motion of the particles in a substance, according to kinetic
theory - breaks the bonds between atoms and molecules that keep the substance rigid.

A solid is the most ordered state of matter, its constituent particles held fast in a regimented
lattice. Gases occupy the other extreme - in a gas, there is no organization of the atoms or
molecules whatsoever and a gas will always expand to fill its container. Liquids sit somewhere
between the two — the rigid structure of the solid is gone, but inter-particle forces are still able to
hold clumps of atoms or molecules together and maintain some degree of order.

Nsr

SOLID LIQUID GAS
Holds shape Takes shape of container Takes shape and volume of
Fixed volume Free surface, fixed volume container

D c1s lty_ The mass of a substance divided by its volume is known as its density, usually
measured in kilograms per cubic metre, though there are other ways of gauging it. One system,
called ‘specific gravity’, compares a substance’s density to that of water, which weighs 1,000kg/
m?. Specific gravity (SG) is calculated by dividing the density of the substance by the density
of water. So a liquid weighing 1,055kg/m? would have an SG of 1.055. SG is used by brewers to
assess the amount of sugar that has turned to alcohol in a beverage after fermentation, and also
by geologists to determine the density of samples. Density can also be measured in kilograms
per litre. Because there are 1,000 litres in a cubic metre, the density of water is 1kg per litre.
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)
H o Oke S law Elasticity is a property of solids that allows them to stretch

when subjected to an external force, and then return to their original shape when the force
is removed. English physicist Robert Hooke showed in 1678 how the amount that an elastic
material stretches by is proportional to
the force applied - given by the force
multiplied by a number. This number Elastic limit
is particular to each material and
quantifies how stretchy it is.

However, Hooke's law is only valid
up to a point, known as the ‘proportional Proportional limit Failure
limit’. Stretch a material beyond this and
it extends more for each increment of
force added. The material still remains
elastic though, returning to its original
shape when the force is removed. That
is, until it reaches the ‘elastic limit’
point. Then, any extra force causes a
permanent deformation. Apply more >
force again and the material soon breaks. Extension

Force

L.atent heat

temperature increases — for example, when a solid melts to become a liquid - it has to absorb
extra energy from its surroundings to overcome the attractive forces that are holding it in a
cooler, more ordered state. This energy is known as latent heat. To turn water at 95°C (203°F)
into steam at 100°C, enough energy must be added to heat the water by 5°C (41°F) (according
to its heat capacity) plus the latent heat required to then convert the 100°C liquid into 100°C
(212°F) steam. Each substance has a separate latent heat of vaporization (the energy needed to
boil liquid into gas) and a latent heat of fusion (the energy needed to melt solid into liquid). The
former is normally much larger than the latter.

When a substance changes to a more disorganized state as its

P h ase tran Sl tl ons The process of a substance changing its physical

character is known as a phase transition. Changes of state between solid, liquid and gas are
one example. Phase transitions occur when a substance jumps from solid to liquid, from liquid
to gas, and from solid directly to gas — a process called ‘sublimation’. But phase transitions
also describe other transformations of matter, such as spontaneous symmetry breaking
in the early Universe and the conversion of an ordinary metal into a superconductor (see
Superconductivity).

Phase transitions are classified into two types: first order and second order. First-order
transitions happen by the formation of bubbles of the new phase that expand and collide, often
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violently. Any transition involving latent heat happens this way, including the vaporization
of liquids — as anyone who has boiled a pan (pot) of water can testify. Second-order phase
transitions are much smoother, with the substance gradually evolving from the old phase
into the new.

E quatlon Of State Physicists and chemists characterize any sort of matter

by its equation of state — a mathematical formula linking pressure, volume and temperature.
One simple equation of state describes what's known as an ‘ideal gas’ — a model of how gases
work, which assumes the particles in the gas have zero volume and exert no forces on one
another. It’s useful for rudimentary calculations. But for real gases, more accurate formulas

are needed, such as the Van der Waals equation (see Intermolecular forces) which takes
account of molecule sizes and the forces acting between them. Astrophysicists use equations of
state for modelling everything from planetary atmospheres to the internal structure of stars to
the behaviour of the early Universe.

Trlpl e pOlnt The temperature and pressure at which a substance’s three states

—solid, liquid and gas - can all coexist together in thermodynamic equilibrium is the triple
point. For water, the triple point occurs at a temperature of 0.01°C and a pressure of 611.73
pascals — 0.006 times the standard atmospheric pressure at the Earth'’s surface. But these
numbers are different for every material.

Below the triple-point pressure it is not possible for a substance to exist in its liquid
state. Heating a solid at this pressure converts it directly to gas, a phase transition known as
‘sublimation’. Triple points are used in science as reference points for calibrating thermometers.
The triple point of water helps to define the thermodynamic temperature scale used by
scientists. The scale is measured in kelvin (K), and zero kelvin = -273°C (-460°F).

Plas ma phys 1CS In addition to solids, liquids and gases, there is a fourth state

of matter, called plasma. Plasma is a gas that has reached such a high temperature, typically
thousands of degrees Celsius/Fahrenheit, that its atoms and molecules have been torn apart.

The process is called ionization and creates a sea of positively charged atomic nuclei - or ‘ions’
- and negatively charged particles called electrons.

Plasmas play an important part in designing fusion reactors (see Fission and fusion) and in
astrophysics — cropping up in stars and nebulae in interstellar space, and forming the basis for
some experimental spacecraft engines. But they are also found in more down-to-earth settings
such as when they are formed briefly during lightning strikes or created artificially in plasma
television screens to heat phosphor, causing the screen to emit light. When plasma is cooled
down, the opposite process to ionization - called ‘Tecombination’ - takes place. It takes energy
to break the bonds between an atomic nucleus and electrons, and when they recombine this
same energy is released as light.
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Surface tension \

A . . Surface tension /
Liquids behave as if they are coated by an elastic

skin, an effect called surface tension and it is (-) 9( ) ® ( ) L (-)

what shapes liquids into spherical droplets.
Surface tension exists because of the forces of
attraction between the liquid’s molecules. Deep \ /

inside the liquid, a molecule is surrounded by P
-+ @ )
other molecules and so experiences an equal ( ) ( )

amount of force pulling it in each direction ; I \
so the molecules are in equilibrium. But at
the surface, molecules only experience forces

pulling from below and this creates a net inward ._) © ( ) © ( ) ) e
\_ Y,

force that tries to squeeze the liquid into the
smallest volume possible, i.e. a spherical drop.

Surface tension on water is strong enough
to support the weight of small objects that would otherwise sink. Insects such as water boatmen
take advantage of this effect to walk on the surfaces of ponds and lakes.

C aplllaI , rise A direct result of surface tension, capillary rise is what causes a

liquid in a narrow tube to be drawn upwards. Attractive forces between molecules in the walls
of the tube pull the surface of the liquid into a curved shape known as a ‘meniscus’. A meniscus
forms at any interface between different fluids in a container; the edges of the meniscus curve
towards the fluid that feels the least attraction to the container walls. In the case of water and
air in a glass tube, the air experiences less attraction towards the glass than the water and so the
edges of the meniscus curve upwards. Surface tension then pulls at the edges of the meniscus to
haul the water up the tube.

Low-density liquids with high surface tension reach the highest in a tube; the height also
increases as the diameter of the tube gets narrower. Capillary rise underpins many everyday
phenomena, such as the ability of plants to draw water from the ground and the absorbency of
tissue paper.

ArChime de S ’ prinCiple From corks to ships, anything that

floats does so because its average density is less than the density of water — or whatever liquid
it is floating on. ‘Buoyancy'’ is the scientific term and the theory underpinning it is known as
Archimedes’ principle, after the Greek scientist Archimedes of Syracuse who lived in the
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3rd century Bc. His principle says that an object placed in water experiences an upward force
equal to the weight of water that the object has displaced. The heavier the object, the lower it will
sit in the water, displacing more liquid until the upthrust force is equal the object’s weight and so
able to support it. If the upthrust never reaches the weight of the object then it sinks.

Even though modern ships are made of metal, which on its own is heavier than water, the
average density of a ship — the metal hull plus all the airspace within - is much lighter, enabling it
to float. Submarines are able to dive by taking on board measured quantities of water to control
their buoyancy.

Vl S C O Slt}]_ Stir your coffee and now stir some treacle (syrup) - the difference is due to a
property called viscosity, which can loosely be thought of as the ‘gooeyness’ of a liquid. Scientists,
however, demand a more exacting definition. Imagine two parallel plates a fixed distance apart
with fluid between them. Then the viscosity of the fluid is gauged by the resistive force it exerts on
the plates as they try to slip past one another.

In this sense, viscosity can be thought of as a kind fluid friction. And, indeed, it is the cause
of the forces of fluid dynamics that act to slow down the motion of cars and planes through the
air, and of ships through the sea. Viscosity depends on temperature, with most fluids getting less
viscous or ‘Tunnier’ as they are heated. Water at 10°C (50°F) is over four times as viscous as water
at 100°C (212°F).

N CW tonlan ﬂlll d S If the viscosity of a liquid takes a fixed, constant value

irrespective of how fast the liquid is flowing then it’s called a Newtonian fluid. Examples include
water, all known gases, and many industrial lubricants such as motor oil. But some fluids are
decidedly non-Newtonian. The commonest are called ‘thixotropic’ liquids. Their viscosity
decreases as the speed increases. Tomato ketchup is a thixotropic liquid, which is why you need
to shake it vigorously before getting any out of the bottle. Non-drip paint is another example - it
brushes on easily and then becomes viscous again so that it doesn't run.

At the opposite end of the scale are ‘dilatant’ non-Newtonian fluids. These get more viscous
with speed. Cornflour mixed with water is a dilatant liquid. Stir it gently and it remains runny, but
stir it vigorously and it instantly thickens up - to the point of becoming virtually rock solid.

F IUI d dyn almnicCs Kinematics and dynamics govern the movements of objects

acted on by forces, while thermodynamics models systems of heat exchange. Likewise, the laws
of fluid dynamics provide a mathematical framework to understand the behaviour of moving
fluids. The field can be broken down into hydrodynamics, which describes the flow of liquids, and
aerodynamics, for modelling the flow of gases.

Fluid dynamics has manifold real-world applications in engineering, including transport
design and hydrodynamic energy generation, and is used for understanding aspects of the
natural world, such as weather systems (see Meteorology) and the locomotion of fish and birds.
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NaVl er— S lO ke S € qllati ons The Navier-Stokes equations,

named after 19th-century physicists Claude-Louis Navier and George Gabriel Stokes, are a set

of equations describing the flow of a viscous liquid. They arise from applying Newton’s laws of
motion to the liquid, along with the conservation laws of energy, momentum and mass. They
are a notoriously difficult set of equations to solve and, as a result, very few exact solutions
exist. Instead, most calculations using the equations involve numerical solutions obtained by
scientific computing.

B ernou l l i pr i ne i p l C One of the main applications of aerodynamics is

in aviation — explaining the forces that act on an aeroplane during flight. The most important
of these is lift - the upward force on a wing caused by the flow of air over it, that keeps the plane
in the air. Lift is generated by what'’s called the Bernoulli principle, first formulated by Swiss
mathematician Daniel Bernoulli.

It says that the pressure inside

a high-speed stream of air is less
then the pressure inside a slower Low pressure
stream. The curved shape of a wing ‘
is designed so that the air passing
over the top flows faster than the
air moving underneath. And this

Lift

sets up a pressure differential above
and below. Just as high-pressure air
inside a balloon tries to escape into
the lower-pressure surroundings, the
high-pressure air beneath the wing
wants to move to the low-pressure
area above - and this force pushes
the wing upwards, generating lift. High pressure

Tu rb UIeI] ce Most of us have experienced turbulence on an aircraft - flying

through choppy, restless air that shakes the plane violently. Turbulence crops up in many other
areas of engineering where fluid flow plays a part. And yet the behaviour of a fluid as it passes
from smooth, well-defined ‘laminar’ flow to unpredictable, disorganized ‘turbulent’ flow is
poorly understood.

The likelihood that a flow will become turbulent can be measured, given by the so-called
Reynolds number - the ratio of the fluid’s momentum to its viscosity. Higher Reynolds number
flows are prone to becoming turbulent. For example, in a straight uniform pipe, Reynolds
values over 3,000 signify the transition to turbulence. Fluid dynamicists believe the secret to
comprehending turbulence lies in unpicking the Navier-Stokes equations. So much so, the Clay
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Mathematics Institute in Cambridge, Massachusetts, has offered a $1 million prize to anyone
who can make ‘substantial progress’ towards constructing a theory of turbulence from these
fiendishly complicated mathematical equations.

7 2
Magnus e[ fe C L Fans of baseball and soccer know that expert pitchers and

kickers can make a ball curve in flight by spinning it. The physics behind this is known as the
Magnus effect. When an object moves through a fluid, a layer of the fluid clings to its surface,
the ‘boundary layer’. When the surface is a spinning ball, the boundary layer creates a swirling
vortex around the ball as it moves forward through
the air. On one side of the ball, the air in the vortex
is moving in the same direction as the air flowing
past, speeding that airflow up slightly. Conversely -
on the opposite side of the ball, the vortex acts to
Bernoulli principle, this difference in flow speed
sets up a pressure differential. And this creates a
force that makes the ball curve towards the side
where the flow is fastest. .

In the 1920s the German engineer Anton
Flettner took advantage of the Magnus effect to
build a ship that used rotating cylinders as sails Faster air flow
—and, later, an aircraft that dispenses with the Lateral force
need for conventional wings.

Slower air flow

/

slow the passing airflow down. According to the

/H

S hO Ck waves Every fluid has its own sound speed - the speed at which sound

waves move through it. Generally speaking, this increases with the density of the medium. An
object travelling through a fluid at faster than its sound speed creates a shock wave — a thin layer
of fluid within which there is an abrupt rise in temperature, density and pressure.

An associated affect is a ‘sonic boom'’ - the thunder-like rumble caused by an aircraft

travelling faster than the speed of sound in air. It is caused as the shock wave moves outwards,
forming a ‘shock cone’ behind the craft as it flies. The angle of the cone is determined by the
aircraft’s Mach number - its speed divided by the sound speed in air. A higher Mach number,
means the cone is narrower and it takes longer for an observer on the ground to hear the sonic
boom after the aircraft has passed over. The fastest jet-powered aircraft ever flown was the
Lockheed Martin SR-71, which flew at Mach 3.3.

Bomb blasts and lightning strikes also create supersonic shock waves, as does the cracking
of a bullwhip - the ‘crack’ is actually the sonic boom caused as the end of the whip breaks the
sound barrier.
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vvave the oI 5_ Waves are moving disturbances in a medium. They come in two

main varieties. In a ‘transverse’' wave, the disturbance is at right angles to the wave’s motion.
Ripples on a pond are transverse waves. Throw a rock in the pond and ripples spread out from
the impact point. The disturbance is just the height of each ripple above the water's surface. In
a ‘longitudinal’ wave, on the other hand, the disturbance is parallel to the wave’s direction of
motion. Sound waves fall into this category, as do compression waves on a spring. Squash up a
few coils of a stretched spring and let go - the disturbance moves along the spring in the same
direction as the spring was compressed.

Physicists assign a wave four main properties. First is wavelength, the physical distance
from the peak of one wave to the peak of the next. Second is frequency, the number of waves
that pass by a fixed point every second, measured in cycles per second or hertz (Hz). The
third quantity is speed — how far the wave travels every second, just given by multiplying its
frequency and wavelength together. And finally, the ‘amplitude’ of the wave is just the size of the
disturbance it creates as it passes, e.g. the height of the ripples on the pond.

TRANSVERSE WAVE

\/ Amplitude

LONGITUDINAL WAVE

GO0 UOIRRIRCL T GO

e——

Longitudinal disturbance

Wavelength

S oun d waves Hit a solid object with a hammer and, assuming there is enough

elasticity in the material for it to vibrate, the disturbance will travel through it as a longitudinal
wave (see Wave theory). If the frequency of the wave falls in the range we can hear - 20 to
20,000Hz - then this is a sound wave. The magnitude of a sound is measured on the decibel (dB)
scale, and is a direct reflection of the sound wave’s amplitude. The sound of a car ten metres
away measures about 30dB, a pneumatic drill at one metre measures 100dB, the threshold of
pain is 130dB and the noise of a jet engine at 30 metres clocks an ear-popping 150dB.

A sound wave can travel a huge distance depending on the density of the medium it’s
moving through. Whale song - travelling through water, which is around a million times denser
than air — can be heard thousands of miles away.
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S tan dln g waves Longitudinal and transverse waves (see Wave theory) are

both examples of travelling waves, which carry energy from one point to another. But some
waves go nowhere, being anchored instead to a fixed location; these are known as standing
waves, like those on a guitar string. Pluck the string in the centre and it vibrates. Although the
two ends are fixed, in between the

string is free to vibrate with a shape

resembling a half-wavelength transverse

wave. Pluck the string a quarter of the
way along from either end and it traces
out a whole wavelength. A sixth of the
way along and the length of string forms

a wave of 1.5 wavelengths. And so on. MA

There are an infinite number of these
‘modes’ for standing waves on a string, Wv
each given by setting the length of the
string equal to a whole number of half
wavelengths. This is an example of a

transverse standing wave. Longitudinal
standing waves also exist and can be
formed, for example, by trapping sound
waves in a tube.

Re SOnance Strike a bell and the sound it produces will be a note at its ‘natural
frequency’. Now attach a sound speaker to the bell and gradually increase the frequency of the
sound wave played through it. The bell will vibrate in response to the sound, and the amplitude
of the vibrations will steadily increase, reaching a peak when the bell’s frequency matches the
natural frequency - this is an example of resonance: large-amplitude vibrations caused by
relatively small-amplitude inputs.

Resonance is also the reason why a car with its engine idling can sometimes shake

violently, experiencing vibrations much larger than when the engine is revving faster. This
happens because the engine’s idling frequency — the number of revolutions it makes per
second while just ticking over - is close to the natural frequency of the car’s chassis and body.
Engineers sometimes try to limit the effects of resonance using ‘dampers’ - devices that limit
the amplitude of resonant vibrations. This is especially true in the design of tall buildings in
earthquake zones.

Simple harmonic motion , .. omingup anddown

on the surface of the ocean undergoes what is called simple harmonic motion, as its vertical
position plotted with time traces out a perfect waveform. Technically, simple harmonic motion
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isn’'t wave motion but it is closely related and appears in many branches of physics.

In mechanics, examples include a pendulum swinging back and forth under the action of
gravity and a mass bouncing on the end of a spring. The values of electric current and voltage
in certain electronic circuits can also exhibit simple harmonic motion. Meanwhile, in the
particle world, ‘quantum harmonic oscillators’ describe the vibration of some molecules.

D Opple r ef fe Ct Most people have heard the sound of an ambulance siren

seem to shift its pitch from high frequency to low frequency as the ambulance passes. This is a
manifestation of the Doppler effect, explained using wave theory by Austrian physicist Christian
Doppler in 1842. Doppler realized that sound from a source travelling towards you will increase
in frequency, or equivalently, decrease in wavelength (because wavelength is just given by the
wave's speed divided by its frequency). Wavelength is the distance between successive wave
crests. But a moving source catches up with each crest to some extent before the next one is
emitted, effectively shortening the wavelength and increasing the frequency. The converse
effect happens when the source is moving away, leading to a drop in frequency.

Light waves also experience the Doppler effect. Indeed, travelling fast enough towards
red traffic lights will shift their colour to shorter-wavelength green. However, you would need
to move at around 18 per cent of the speed of light to do this! The Doppler effect is used by
astronomers to calculate the recession or approach velocities of stars. Radar operators also use
it for plotting the speed of aircraft.

ELECTRICITY AND
MAGNETISM

E 1 CcC tr 1C Charg@ The fundamental property of electricity is electric charge

and is measured in coulombs (C), after the French physicist Charles-Augustin de Coulomb.
Many subatomic particles carry electric charge, and it normally appears in discrete chunks
equal to whole-number multiples of the charge found on an electron, denoted -e which, in
scientific notation, takes the value -1.6 x 10'°C.

Electric charges give rise to electric fields which enable charges to interact with one
another from a distance. The fields cause ‘opposite’ charges, for example +e and -e, to attract
one another and ‘like’ charges, say two electrons each with charge -e, to repel. The magnitude of
the interaction between two charges is given by Coulomb’s Law, which says that the force they
experience increases with the size of the charges and decreases with the distance between them
squared. Like energy, momentum and mass, charge obeys a conservation law — it’s impossible
to create or destroy it.
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E l e Ctrlc Current A flow of electric charge is known as an electric current,

which is measured in amps. One amp corresponds to a rate of flow of charge equal to one
coulomb per second. Current is made to flow, for example through a wire, by connecting the

wire up to a source of ‘electromotive force’ (written ‘emf’), such as a battery; emf is measured in
volts, and is also referred to sometimes as ‘electric potential.

The relationship between electric charge and emf is rather like the relationship between
mass and gravitational field. A mass dropped in a gravitational field will fall and the rate it falls
at is measured by its speed and determined by the strength of the field. Similarly, an electric
charge subjected to an emf will move and the rate at which it moves is measured by the electric
current, determined by the strength of the emf.

l{e S]'Sta]lc e The electric current that flows through a piece of wire connected
up to a battery is moderated by the ‘resistance’ of the wire — the opposition to the flow of
charge. Specifically, the current is given by the voltage of the battery divided by the resistance.
Resistance is measured in ohms and varies for different materials. Good electrical conductors,
such as metals, have low resistance. Current can pass through a conductor because there are
charge carriers — usually free electrons — that can be swept along by the voltage of the battery.
And metals have plenty of free electrons. On the other hand, poor conductors, such as plastics,
contain very few free electrons and therefore have high resistance.

A current must spend energy to overcome electrical resistance. This rate of energy loss is
measured in joules per second, or watts, and is given by multiplying together resistance and
current squared. A 100W tungsten filament light bulb loses energy at the rate 100]/s because of
the resistance of the tungsten and this energy is emitted as light and heat.

«
C dpaCltan ce A capacitor is a device that is able to store electric charge usually

made up of two conducting plates separated by an insulating material known as a dielectric.
Examples of dielectrics include air, mylar and ceramic.

Once fully charged up, a capacitor can be discharged - effectively acting as a mini-battery.
Large capacitors can hold enough charge to light a torch (flashlight) bulb for a minute or so;
other applications include camera flash units, where intense pulses of current are required from
a small battery. Capacitance is measured in farads, after the great British electrical engineer
Michael Faraday.

Thunderclouds and the ground form a type of natural capacitor — separated by a dielectric
layer of air. Under certain circumstances current can arc across the dielectric, discharging with a
flash and a bang - thunder and lightning.

N I ag netl S Magnets generate magnetic fields around them and are normally

dipolar, meaning they have two poles, labelled north and south, with a magnetic field
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acting between them. Opposite poles attract one another,
whereas poles of the same polarity repel.

Magnetic fields also attract so-called ferromagnetic
materials, such as iron and cobalt. The atomic properties
of these materials make them especially susceptible to
magnetic effects; in fact, all materials that form permanent
magnets — such as the ones you stick to your fridge - are
ferromagnetic. Magnetic fields are measured in units

called tesla, and are detected using devices known as
magnetometers. Magnetism has found applications in ) /A\

data storage, navigation and medical imaging.

Ind UCtl on It became clear to physicists in the early 19th century that electric

current and magnetism are somehow connected. Moving a conducting wire through a
magnetic field - or, equivalently, subjecting a stationary wire to a varying magnetic field -
produced a current in the wire. And likewise, passing a current through a moving wire using
a battery generated a magnetic field. These effects became known as induction and the laws
governing it were formulated by Michael Faraday and American physicist Joseph Henry.
Induction is key to the operation of dynamo generators - which turn rotational motion,
produced for example by an internal combustion engine, into electricity — as well as electric
motors, which create rotational motion from a current.

The relationships between
electric field, magnetic field and
motion in each case are given
by Fleming's right-hand and
left-hand rules, respectively
(see diagram), named after
British physicist John Ambrose
Fleming. The Earth and other
planets have magnetic fields,

thought to be caused by the r';’-‘t";]ing; Fleming's
; eft-han right-hand

dyr.lam(.) effecf of .cond\fctmg rule for rL?Ie for

fluids circulating in their cores. motors dynamos

AC/DC

Electric current comes in two forms: AC (alternating current) and DC (direct

current). Direct current is constant in time, whereas alternating current, true to its name, varies
in time according to wave theory with a well-defined frequency and amplitude. Simple battery-
operated electrical devices — such as torches (flashlights), cellphones and iPods - all run on DC.
However, domestic electricity is AC.
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Tran S fO rmers Transformers are pieces of equipment for ramping up low-voltage

electricity to high-voltage (step-up transformers) or vice versa (step-down). They work through
the principle of electrical induction. Input voltage comes in along a wire which is coiled around
one side of a ring-shaped iron core. The input voltage induces a magnetic field in the core which
in turn induces an output voltage in a second wire, wound round the opposite side of the core.
The ratio of voltage in to voltage out is just given by the respective number of windings on

each side.

Transformers only work for AC voltages because induction requires a varying magnetic
field. This is why AC is used almost exclusively for domestic electricity. Household electricity
needs to be transmitted over large distances from power stations to consumers and it is most
cost-effective to do this with a high voltage and low current, because less heat is lost through
electrical resistance. And so overhead power lines carry voltages of hundreds of thousands of
volts. However, supplying homes with such high-voltage electricity would be dangerous so power
is routed to neighbourhood substations where transformers step it down to a few hundred volts,
suitable for home use.

) .
Maxwell S e quatlons By the early 19th century, it was becoming clear

to scientists that electricity and magnetism are just different aspects of the same phenomenon.
Scottish physicist James Clerk Maxwell finally formed an overarching theory describing them in
1861, when he published his theory of ‘electromagnetism’. It boiled down to four key equations
from which all the properties of electric charge and magnetism could be derived, and which
encapsulated the connection between them. Maxwell's equations of electromagnetism formed
the first example of a unification theory - a single scientific framework that brought together the
different forces of nature. Others would follow, such as Kaluza—Klein theory and string theory.

Electromagnetic rad1alion i, .. oreecromsgesm
governed by Maxwell’s equations, predicts the existence of waves of electromagnetic energy that
travel through space. E-M radiation is made of electric and magnetic fields vibrating, according
to wave theory, at right angles to one another and moving through space at the speed of light
—300,000km/s (186,400 miles per second). The radiation is classified across the spectrum by its
wavelength. At the long wavelength end, with waves measuring kilometres in length, is long-
wavelength radio. Radio occupies a huge swathe of the electromagnetic spectrum, down to
wavelengths of around ten centimetres where we enter the microwave region. At around the scale
of millimetres this gives way to infrared.

The visible spectrum - the E-M radiation we can actually see — begins at 0.75 microns (that's
0.75 thousandths of a millimetre) and this is red light. The visible spectrum continues up through
orange, yellow, green, blue, indigo and violet, finally merging into ultraviolet at around 0.35
microns. White light, which is what we normally encounter, is just a blend of all the colours in the
visible spectrum. Ultraviolet continues up to about a millionth of a millimetre, where X-rays - the
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radiation used in medical imaging - take over. Gammma rays round off the high-energy end of
the spectrum, starting at wavelengths of around a ten-millionth of a millimetre.

P }IOtOIl S Certain metals emit electrons when light falls on them in a process known as
the photoelectric effect, which proves that light can behave like a stream of particles as well as a
wave. It was a key observation in the development of quantum theory, and it won a Nobel Prize
for the young Albert Einstein, who was the first to explain how it actually works.

The photoelectric effect was first observed in 1839 but no one could work out how light
waves were capable of kicking electrons out of a solid. Einstein’s stroke of genius was to model
light as a hail of solid particles called photons — an idea first used by German physicist Max
Planck to develop the theory of thermal radiation. The photons collide with electrons in
the metal like billiard balls, so that when one comes in with sufficient energy, it knocks an
electron clean out of the metal. The photoelectric effect is closely related to the ‘photovoltaic
effect’ which produces electricity when light shines on a semiconductor junction - and which
underpins the operation of modern solar panels.

Magnetohydrodynamics ;. uume o physics and

mathematics students worldwide, magnetohydrodynamics (MHD) is a devilishly complex

field combining fluid dynamics and Maxwell’s equations of electromagnetism in an attempt to
model the behaviour of electrically conducting fluids in the presence of a magnetic field. MHD
has been used to construct generators, where charged fluids flow through a magnetic field to
generate a voltage by the same principle of operation as a dynamo. It also forms the basis of

an experimental propulsion system for ships and submarines, whereby a current is passed
through seawater and a magnetic field then applied to force the seawater backwards like a jet.
Not content with the complexity of MHD, some cosmologists studying the Big Bang theory have
even attempted to merge MHD with Einstein’s general relativity to model conducting fluids in

curved space.
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Light waves

Just as sound is a kind of mechanical wave that can be picked

up by our ears, so light is a form of electromagnetic radiation we can see with our eyes. The
wave nature of light was understood long before the development of electromagnetism. Dutch
physicist Christian Huygens published a wave theory of light in 1678, much of which still applies
today. Later in the 19th century, the theory was developed further by researchers including
Englishman Thomas Young and France's Augustin-Jean Fresnel. These scientists took the analogy
with sound literally, supposing that - just as sound waves need matter to travel through — so light
also needs a medium to carry it. This medium was known as the ether. However, later attempts

to detect it drew a blank. Light is now known to be a transverse wave made up from oscillating
electric and magnetic fields travelling through space at 300,000 km/s (186,411 miles/s), with
no need for a carrier medium. The branch of physics dealing with light and its interaction with

matter is known as optics.

RefleCt]()l] Two of the most

basic optical properties of light are
reflection and refraction and these
describe what happens to a light wave
striking an optically denser surface - for
example, a ray of light in air encountering
a glass windowpane. Some of the light
will be reflected and some refracted - the
exact amounts depending on the light's
polarization. Two laws govern reflection.
First, the three lines formed by the incident
light ray, the reflected ray and the ‘normal’
(aline at right angles to the surface) must
all lie in the same plane. And, second,

the incident and reflected rays must both
make the same angle with the normal.

Re fraCti O n Refraction is a

little more complex than reflection; it is the
bending of a light ray as it moves between

media that have different optical densities.
Generally speaking, light will bend towards
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the normal (a line perpendicular to the surface of the glass) when it is moving into a denser
medium and away from the normal when moving to one that is less dense. The higher the
optical density, the slower the speed of light in the medium; the amount of refractive bending is
given by the relative speeds in each medium.

The degree to which a light ray is bent during refraction also depends on its wavelength. In
this way, refraction can split a ray of white light into its component colours - a process called
‘dispersion’; it is especially pronounced when the light passes through a triangular glass prism.

/ . 1X98 B :
h[ agIl 1 ﬁ Ca Ll orl Refraction is the science that explains how the lenses used

in telescopes, microscopes and spectacles work — curving the surface of the glass changes the
direction of the ‘normal’ (a line perpendicular to the surface of the glass), and this shifts the
direction in which the light gets bent. The degree of bending produced by a lens is engineered
so that images of objects passing through appear bigger. This is known as magnification.

Simple refracting telescopes use two lenses — an objective lens and an eyepiece. The
objective lens gathers light while the eyepiece is responsible for focusing it onto the eye; the
magnification of the optical system is determined by the properties of both lenses — and can
thus be varied by interchanging eyepieces. Curved mirrors can also be used to magnify light.
Whereas a lens concentrates light to a focal point by refraction, mirrors achieve the same effect
by reflection. Reflecting telescopes use a curved mirror to gather light and an eyepiece lens to
then channel it into the eye.

D lffraCtl on Refraction is not the only way to bend a beam of light. When light

passes through a narrow slit, it spreads out to create a pattern of light and dark bands. The
slit needs to be small; shine light through a doorway and you won't observe any diffraction,
but when the slit size is comparable to or smaller than the light's wavelength, then the effect
becomes pronounced.

The wavelength of light is around a thousandth of a millimetre. Typically slits to diffract
light take the form of gratings — pieces of material such as glass with slits made by scoring lines
every thousandth of a millimetre or so on their surface. The angle by which the light spreads out
after passing through the slit depends on its frequency, meaning that diffraction, like refraction,
is another way to disperse light into its constituent colours. All kinds of waves can undergo
diffraction, including X-rays, sound and water waves.

Ab crra ll on Systems of lenses or optical mirrors aren’t always perfect; defects are
known as ‘aberrations’ and they can occur for various reasons, but the commonest are spherical
aberration and chromatic aberration. Spherical aberration occurs when an optical mirror has
been ground to the wrong shape so that light falling on different parts of the mirror get reflected
to different focal points, forming a blurry image. Normally, an optical mirror is ground so that
its cross-section is a deeply concave shape known as a parabola. Spherical aberration occurs
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when the mirror’s shape is more like a sphere, which is the problem that famously plagued the
mirror of the Hubble Space Telescope.

Chromatic aberration arises in lens systems because the degree to which a light ray is
refracted through glass depends upon its wavelength — or equivalently its colour; multiple
images are created, each a different colour and each focused a different distance from the lens.
The effect in photographs is to introduce blurry coloured fringes around the edges of objects.
The effect can be minimized with ‘achromatic’ lenses, which use layers of glass with different
refractive indices to bring different colours to a focus at more or less the same point.

POlarl 74 tlon In an ordinary light wave, the light’s electric field can point in all

possible directions perpendicular to the direction of motion. However, in polarized light this
freedom is restricted. The simplest kind is plane-polarized light, where the electric field vibrates
in a single fixed direction so that the wave just looks like a vibrating string. Polaroid filters used
in cameras and sunglasses are rather like a gate with vertical slats that only allow through waves
vibrating in a plane parallel to the slats to produce

plane-polarized light. Two overlapping pieces of Polarizing filter

Polaroid can be rotated relative to one another .

. , Incident
to vary the amount of light that’s allowed to pass light ray
through. Indeed, it can be varied right down to (unpolarized)
zero — equivalent to the slats in each gate being
crossed at 90 degrees to each other. Other kinds of

Verticall
polarization exist, such as circular and elliptical, in pol arizeg
which the plane of the electric field rotates, tracing light ray

out a corkscrew shape as the wave moves forward.

Interfe rence Throw two stones near to each other in a pond and watch the

ripples spread out. Where they collide and overlap a complex pattern of peaks and troughs
appears. This phenomenon is called interference. It hinges on the fact that the disturbances
cased by waves in a medium add up; where two wave peaks meet, a single large peak forms,
equal in height to the two smaller peaks added together. Similarly, two overlapping troughs form
a single large trough and these are both instances of ‘constructive interference. However, where
a peak and a trough meet the two cancel each other out to some extent, leaving just a small
disturbance - or none at all if peak and trough are exactly the same size. This is ‘destructive
interference’.

Interference affects all kinds of waves - including light. The bright and dark bands
produced by diffraction are just a manifestation of interference at work, as is the phenomenon
of ‘beats’ — the warbling, pulsating sound produced when two sound waves have almost but not
quite the same frequency. Noise-cancelling headphones work on the principle of destructive
interference, monitoring external noise and then generating exactly the right sound wave
needed to cancel it out.
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Gallle an re I athlt‘y_ Italian physicist and mathematician Galileo was the

first to put forward a theory of relativity, in 1632. He stated that the laws of physics are the same
for all observers moving at constant speed. So, for example, a scientist studying a swinging
pendulum in his laboratory on land sees it make exactly the same movements as someone

watching an identical pendulum on a moving ship. It’s impossible for them to tell just by
looking at the pendulum whether they’re moving or at rest.

You can demonstrate Galileo’s principle of relativity for yourself next time you're riding on
a train. Once the train has accelerated to a constant speed, close your eyes. While the rocking of
the train from side to side may give away the fact that you're not stationary, it’s impossible to
tell without looking out of the window whether you're moving forwards or backwards, or how
fast you're going. The Galilean principle set the stage for Einstein's special relativity, nearly
400 years later.

_S_pe Cl a] re] aIIVI t_y_ In the late 19th century experiments had begun to

reveal niggling disparities between Maxwell’s equations of electromagnetism and the laws of
mechanics — which govern the behaviour of moving bodies. The resolution came in 1905 from
Albert Einstein, a physicist working at the patent office in Bern, Switzerland. He realized that the
problem was in the way mechanics described objects moving at close to the speed of light. In
Galilean relativity, an astronaut moving at half the speed of light sees an oncoming light beam
move at a relative speed of 1.5 times the speed of light - their velocities add together, just like
cars driving head-on towards each other. But Einstein’s revolutionary insight was that the speed
of light, 300,000km/s (186,411 miles/s), is the same for all observers - it makes no difference
how fast you're travelling.

The new laws of motion this led to became known as the special theory of relativity. It not
only cleared up the discrepancies between electromagnetism and mechanics but brought new
revelations about the nature of space, time and matter - such as the prediction that nothing can
travel faster than the speed of light.

Length contraction and time dilation

Einstein’s special relativity has some weird consequences. For example, space and time become
squeezed and stretched respectively for objects travelling at close to the speed of light. The first
effect is known as ‘length contraction’. An observer who sees a spaceship fly past them at half
the speed of light will measure the length of the spacecraft to be just 85 per cent of what it was
when stationary. What's more, clocks on the spacecraft will tick slower. A relativistic effect called
‘time dilation’ means that it takes roughly 1.15 seconds on the observer's clock for 1 second to
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pass on the spacecraft. If the spacecraft flew off at the same speed and came back 10 years later,
as measured by the astronauts, they'd find the observer had aged by 11.5 years - they return
from their journey 1.5 years younger than they should be. Weird as they sound, these effects are
real - regularly tested in particle accelerators, giant machines that force subatomic particles to
near the speed of light.

_ 2

E = mc It’s perhaps the most famous equation in the whole of science. E = m¢?
essentially states that the energy content of an object, E, is just equal to its mass, m, multiplied
by the speed of light, c, squared. The formula, which drops directly out of the mathematics of
Einstein’s special relativity, has since become the basis for nuclear fission and fusion reactions.
Physicists found that splitting apart heavy atomic nuclei - or fusing together lighter ones - leads
to a net reduction in mass, translating into a colossal release of energy. Nuclear electricity
plants — and nuclear weapons — would later prove the theory.

Ge ne ral re | atiVi[‘y_ When Einstein’s special relativity was published,

in 1905, the gravitational force - responsible for the orbits of the planets — was described by
Newtonian gravity. In Newton's law, gravity was an instantaneous force - propagating through
space infinitely fast. But this was manifestly at odds with Einstein's theory, in which nothing
can exceed the speed of light. The problem occupied Einstein for ten years until, in 1915, he
published the general theory of relativity - a new theory of gravity that was compatible with the
special theory.

Einstein’s key insight this time was to identify the gravitational force with curvature of space
and time. Empty space, he realized, is like a flat rubber sheet. Roll a marble across the sheet and
it goes in a straight line. But now drop a massive object, like a bowling ball, on the sheet and it
creates an indentation that curves the marble's path, which is what massive objects do to space
to create the effect we observe as gravity. By working out the link between curvature and an
object’s mass - encapsulated in his all-important ‘field equations’ - Einstein was finally able to
bring gravity in line with relativity.

B endln g ()f Star light One of the first experiments that convinced

some scientists to take general relativity seriously took place during a total solar eclipse in 1919.
Arthur Eddington, an astronomer at Cambridge University, travelled to the island of Principe,
Africa, to get a clear view of the eclipse. Here, with the Sun’s bright disc obscured by the Moon,
he was able to make accurate measurements of the apparent positions of stars whose light had
passed near to the Sun.

The deformation of space that general relativity creates doesn't just influence solid objects,
but — unlike Newtonian gravity - it affects light beams too. This meant that if Einstein was
right then the light from distant stars passing near to the Sun should be bent by the
Sun'’s gravity, causing a small shift in the stars’ apparent positions on the sky. And this
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is exactly what Eddington found. Astronomers
today take advantage of the same physics on
a much grander scale - using so-called
gravitational lensing to magnify the light
from distant galaxies.

s
Black holes 77777742 "\ \

Einstein published general

relativity, German physicist Karl Schwarzschild solved Einstein’s complex field equations for

a spherical body, thus working out a description of the gravitational field around a star or

planet. For weak fields the results boiled down to those of Newtonian gravity. But when the

gravitational field was very strong, Schwarzschild noticed something interesting: his equations
" seemed to be saying that if the radius of the gravitating body was small enough then its gravity

would become so strong that nothing, not even light, could escape from it.

Schwarzschild had discovered the mathematical description for what is now known as a
black hole. The so-called ‘Schwarzschild radius’ gives the size that an object of given mass must
be squashed down to in order to become a black hole. Even the Earth can become a black hole if
it's squashed down small enough — our planet has a Schwarzschild radius of about a centimetre.
For most stars it’s a few kilometres. The surface delineated by the Schwarzschild radius around
a black hole is sometimes known as the hole’s ‘event horizon'. Black holes can be produced in
supernova explosions, marking the death of a star. And supermassive black holes — weighing
billions of times the mass of the Sun - are thought to lurk at the centres of many galaxies.

GraVltatlonal S]HgUlar]tleS At the heart of a black hole,

where the laws of physics break down, lies a point of infinite density known as a gravitational
singularity. Gravitational singularities form when the gravitational field of a collapsing object
has become so strong that there is no force of nature able to resist it and stop the object
collapsing. For example, an ordinary star is supported by its internal gas pressure from kinetic
theory - the outward force of which balances the inward pull of gravity. Compact objects such
as white dwarfs and neutron stars are held up by different kinds of quanturn mechanical
pressure but when gravity overcomes these there is nothing that can halt the collapse down to a
zero-size point.

A great deal of work on the nature of singularities and how they form was carried out
in the 1960s by Oxford University mathematician Roger Penrose and Stephen Hawking at
Cambridge. Penrose also conceived the so-called ‘cosmic censorship hypothesis’, the notion
that singularities must always be hidden from view behind an event horizon. Today, most
researchers believe gravitational singularities to be a mathematical quirk of classical general
relativity, and that quantum effects in a full theory of quantum gravity will remove them.
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VVO rmh O l €S A black hole swallows everything that falls within its event horizon

but where does this material go? In 1935, Albert Einstein and his Princeton colleague Nathan
Rosen argued that it might spew out of counterpart objects known as ‘white holes’. Einstein and
Rosen supposed that a black hole and a white hole could be connected via a conduit through
space and time, later named a ‘wormhole’.

Wormbholes may offer shortcuts through space, linking regions of the Universe that are
otherwise vastly separated, and could even hold the key to time travel. However, there is a
major hurdle to be overcome if humans are to ever harness
wormbholes for travel of any kind. Physicists have
shown that these spacetime tunnels are inherently
unstable. The narrow throat connecting the two
mouths tends to pinch shut like a stretched out
rubber tube and the only way to hold it open is
to use a bizarre kind of material known as exotic
matter, which has negative energy. Tiny fractions of a
gram have been made in experiments. But to wedge
open a wormhole engineers would need a shipment

¥ Shortcut path
. through wormhole

Wormhole
throat

g

of exotic matter ten times the mass of Jupiter.

Path through
conventional space

GraVitati on a] waves One of the few remaining untested predictions

of general relativity is the idea that strong time-varying gravitational fields - for example, that
produced by a pair of black holes careening around each other at half the speed of light - can
give off radiation in the form of ripples in the fabric of space and time itself. These ‘gravitational
waves’ travel through space at the speed of light and the passage of a wave would produce tiny
fluctuations in the distance between nearby points. Experimental physicists have tried to detect
these fluctuations using elaborate arrangements of lasers capable of measuring movements as
small as 10"¥m. But so far their investigations have drawn a blank.

Although gravitational waves haven't yet been detected directly, there is indirect evidence
for their existence. Astronomers have observed a pair of binary neutron stars - superdense
objects formed in supernova explosions - to be coalescing at exactly the rate expected if the
system was losing energy by gravitational waves.

Frame draggln g In 1918, two Austrian physicists figured out a consequence

of Einstein’s general relativity that put it in a league of its own for weirdness. Josef Lense and
Hans Thirring calculated that in Einstein’s theory, rotating objects drag space around with them,
rather like a spoon in treacle (syrup). Any objects occupying the space near to a rotating object
therefore get swept around with it. For ordinary planets and stars the effect of this so-called
‘frame dragging’ is tiny, but near strongly gravitating objects it can be pronounced.

In particular, in a region near to a rotating black hole known as the ‘ergosphere’, space
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is swept around so briskly that it is possible to extract useful energy from the rotation. Some
scientists have speculated that this could even serve as a power source for an advanced
civilization. Speculative evidence for frame dragging was found in 2004 by scientists analysing
data from two Earth-orbiting artificial satellites. They claimed to have detected the minute
frame-dragging effect of our planet.

QUANTUM THEORY

P artl C] CS The smallest components of matter are the so-called subatomic particles,
the building blocks of all other materials. The most common types of particles are protons and
neutrons: the proton carries an electric charge of +e, while the neutron is electrically neutral.
They each measure around one Fermi in diameter (10-*m, in scientific notation) and weigh
about 2x10?kg. This seems tiny, but protons and neutrons are giants compared with the other

common member of the particle world: the electrons, which each weigh just 103%g.

Protons and neutrons cluster together in different numbers to form the atomic nuclei
of all the known chemical elements. Electrons then orbit around these nuclei to form atoms
and these in turn bond to each other to make molecules. There are scores more subatomic
particles known to exist, from mesons to neutrinos to quarks and many more which have been
theorized but not yet detected. Quantum theory is the branch of physics governing everything
that happens in the subatomic world.

(2 ua I l I Zatl orl The key premise of quantum theory is that, at the subatomic

level, matter is no longer continuous. Instead, it comes in discrete chunks, or quanta. Nature

is ‘quantized’. One of the first properties that physicists noticed to be behaving in this way was
electric charge. In a seminal experiment, the results of which were published in 1910, American
physicist Robert Millikan measured the electric charge on droplets of oil, finding them all to

be whole-number multiples of a fundamental quantity — the electron charge, -e. Evidence

has emerged that other quantities such as energy, momentum - even space and time - are
quantized on the smallest scales. '

p .
E ner g‘y leve] S Energy in quantum physics undergoes a process of quantization

— that's to say, it’s constrained to a discontinuous range of values. For example, an electron
orbiting the nucleus of an atom is allowed to occupy only certain ‘energy levels’ predicted
by quantum laws. When an atom absorbs an amount of energy equal to the gap between
two energy levels, an electron in the lower level can jump between the two. After a time, it
spontaneously drops back down, re-emitting a photon of the same energy.
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A photon’s energy is directly linked to its frequency - the energy is just the frequency times
Planck’s constant, a number that crops up time and again in quantum theory, equal to 6.6 x 107
in units of joule seconds. Because frequency is the same as colour, that means atoms give off light
of characteristic colours as their electrons drop between particular energy levels. This can be
seen in the real world during aurorae - the atmospheric lightshows at the North and South Poles
- and in neon signs. Electric fields pump neon gas with energy, which raises the energy levels of its
electrons. As they drop back to their original level they give off neon’s distinctive red light.

Wave—p artlc l € duallt_y_ The photoelectric effect proved that waves

could behave like solid particles — photons. But this wasn't a one-way street; particles too, it soon

emerged, could exhibit wave-like properties. For example, electrons can undergo diffraction when
they pass through the gaps in a crystal lattice. But perhaps the key observation that demonstrated
the dual nature of quantum entities as both waves and particles was the so-called double-slit
experiment. Light shone through a pair of parallel slits makes an interference pattern of many
bright and dark bands on a screen, as peaks and troughs in the light waves overlap. But what if the
intensity of the light is turned down to the point where

single photons pass through the apparatus one at a Light waves overlapping
time? You might suspect each photon to pass though
either one slit or the other, and the interference

Interference
pattern

Light waves
pattern to disappear.

Yet the truth is rather different. The single photon
makes a single bright dot on the screen. But repeat the
experiment many times and record the position of the Q
bright dot each time, and they all build up to recreate
the original interference pattern. Matter really does
behave like particles and waves at the same time. Parallel slit device

Light source

S Chro d 111 g €r € quatl on The correspondence between quantum

particles and waves was put on a solid footing by Austrian physicist Erwin Schrédinger in 1926. He
formulated a wave equation describing a solid particle. The equation doesn't give the particle’s definite
position in space but rather the probability of finding it at a particular point; it describes a probability
wave, the peaks of which correspond to the locations where the particle is most likely to be.

In the case of the double-slit experiment, which was crucial in establishing wave—particle
duality, the Schrédinger equation predicts a wave of probability peaks on the screen - these
correspond to where each individual photon of light is most likely to end up.

[Tn ce rtal n ty_f) rl Nnce i pl € Put forward by German physicist Werner

Heisenberg in 1927, the uncertainty principle is perhaps one of the weirdest laws of quantum
theory. In essence, the principle says that it's impossible to know both the position and momentum
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of a particle at the same time. The more accurately you know one, the less accurately you must
know the other. Specifically, Heisenberg deduced that the uncertainty in position multiplied
by the uncertainty in momentum must be greater than or equal to Planck’s constant, a number
that arises in the definition of atomic energy levels.

Initially, the uncertainty principle was thought to be the result of disturbances introduced
by the process of measuring the state of a quantum system. But this view is now outmoded -
uncertainty is a fundamental property of quantum particles, whether they are measured or not.

Q uall LU Im S [)IJ], Quantum particles display many phenomena that are

analogous with the large-scale world, but one which is radically different is quantum ‘spin’.
Whereas spin in the everyday world is a property of motion, like speed and acceleration,
quantum spin is an intrinsic property of particles — more akin to mass and electric charge.
Like other quantum properties, spin is quantized - it normally comes in whole-number
multiples of 1/2.

Quantum particles are split into two broad families according to the value of their spin.
Those with whole-number spin -0, 1, 2, etc - are called bosons. While those with half-whole-
number spin - 1/2, 3/2, 5/2, etc — are known as fermions. Protons, neutrons and electrons all
have spin 1/2, and are thus fermions. Photons, on the other hand, have spin 1, making them
bosons. Although the spin of a particle is fixed, it can be flipped between one of two states,
dubbed ‘up’ and ‘down’ and denoted as +/- respectively. So an electron has spin +1/2 in the up
state and -1/2 in the down state.

Q uarn l‘ll nm 1u n]b ers Four so-called quantum numbers describe the

behaviour of electrons inside atoms. The first number gives the energy level around the atom’s
nucleus that the electron occupies, normally assigned the letter ‘n’ and taking a whole-number

value such as 1, 2 or 3. Within each energy level there is scope for the quantum analogue of
angular momentum. Normally denoted ‘I’ this can take any whole-number value between 0
and n-1. So in the n=2 energy level, | can be either 0 or 1. Meanwhile, the magnetic quantum
number, ‘m/, can vary between -land - so, -1, 0 and 1 are allowed for the case of n=2. Finally,
the spin quantum number, ‘m_, records the up or down value of the electron’s quantum spin
- and so takes the value +1/2 or -1/2.

Quantum numbers all obey conservation laws and together specify the ‘state’ of a
quantum system. The four numbers given above are sufficient to specify the state of electrons in
an atom; more complex quantum systems require more than these four basic numbers.

EXClll S101 p rinci ple The Pauli exclusion principle, after Wolfgang

Pauli, the physicist who discovered it in 1925, is a theory governing the behaviour of fermions
—that is, particles with half-whole-number quantum spin. In its most basic form, the principle
says that in an atom no two electrons can have the same values for all four of their quantum
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numbers. The Pauli exclusion principle, together with the rules of quantum numbers, determine
how many electrons can occupy each energy level in an atom. For example, in the lowest energy
level, n=1, the only permissible value for quantum numbers | and m, is zero. The final number,
m,, can be either +1/2 or -1/2. This means there are two distinct states in the n=1 level and
therefore it can hold a maximum of two electrons. Similarly, n=2, 3 and 4 can hold 8, 18 and

32 electrons, respectively. The exclusion principle means that bosons and fermions interact
with one another very differently, and this affects their large-scale properties, as described by
statistical mechanics.

~ .o . ’
‘S Cllr O dlllgcr _b_gil The wave interpretation of quantum theory seems
to allow particles to be in two places at once. In the double-slit experiment of wave-particle
duality, for example, a single particle seems to pass through both slits to create an interference
pattern on the screen. Austrian physicist Erwin Schrédinger devised a cunning thought
experiment to demonstrate the apparent absurdity of this, which has since become known as
Schrédinger’s cat.

Schrédinger imagined a locked box, inside which is a cat and a phial (vial) of lethal poison.
The poison is rigged to a quantum process — say, the decay of a radioactive atom - so that if the
atom decays, the phial (vial) breaks and the cat dies. If the atom remains intact, the cat lives.
Schrodinger reasoned that before a measurement is made - i.e. before the box is opened - the
atom is governed by a wave equation that describes it as simultaneously decayed and not
decayed. And therefore the cat must be simultaneously both dead and alive. Weird.

Copenhagen Interprelalion .. epemens suches

Schradinger’s cat forced physicists to think long and hard about what their quantum laws were
actually telling them about the physical world. The early view was known as the Copenhagen
interpretation of quantum theory, named in honour of quantum physicist Niels Bohr, of the
University of Copenhagen in Denmark, who put in much of the work developing it.

Central to the Copenhagen interpretation is a process called ‘collapse of the wavefunction’.
This says that quantum particles behave like waves - enabling them to be in two places at once
- until they are measured, at which point the wave function collapses down and they become
solid particles with a well-defined position. In the Schrédinger’s cat thought experiment,
the wavefunction of the radioactive source — and by association, the cat - only collapse to
a well-defined state once the box is opened. Up to that point the cat is both dead and alive
- afterwards, it’s one or the other.

1\/[ aIly Worl (1 S A modern alternative to the Copenhagen interpretation is what's

known as the many worlds interpretation, which was put forward by physicist Hugh Everett
in 1957. In essence, this says that every quantum event causes a splitting of our Universe into
many parallel universes, in which every possible outcome of the event is realized. While at first

42



PHYSICS
QUANTUM THEORY

sight this seems implausible, many worlds actually offers a more satisfactory interpretation
of quantum theory than Copenhagen’s collapse of the wavefunction, because it takes the
emphasis off the observer.

In the many worlds take on the Schrodinger’s cat experiment, our Universe splits into
two - one in which the radioactive source decays and one in which it doesn't. In one universe
the cat lives while in the other it dies. The equations of quantum theory then give the relative
probabilities of us ending up in each universe. Crucially, the cat is never both alive and dead
in the same universe and this is down to a feature of the many worlds interpretation called
decoherence.

, R
D €cCO } 1€rel l(iC In the Copenhagen interpretation of quantum theory, collapse

of the wavefunction determines when a particle stops behaving as a quantum wave and starts
behaving like a ‘classical’ object that can only be in one place at a time. In the many worlds
view, the transition from quantum to classical behaviour is referred to as decoherence. Whereas
collapse of the wavefunction attributes this transition to the meddling fingers of the observer
trying to make a measurement, decoherence puts it down to the inevitable interaction of a
delicate quantum system with its environment. It’s a little bit like thinking of quantum effects

as the balance of forces and air currents needed to create a perfect smoke ring in the air - which
are then suddenly swamped by a gust of wind.

In the many worlds view of the Schrodinger’s cat experiment, each time the wavefunction
of the radioactive source interacts with the particle detector, it forces the wave to decohere into
a state where it's either emitted or hasn’t emitted a particle of radiation. And it's at exactly this
point that the universes corresponding to each possibility peel apart.

Q u antum SUICl de Will there ever be a way to tell between the many

worlds and Copenhagen interpretations of quantum theory? Physicist Max Tegmark, of the
Massachusetts Institute of Technology, thinks he’s come up with a way: a macabre twist on the
Schrédinger's cat thought experiment, called quantum suicide. Tegmark imagines a rifle with
an automatic mechanism to pull the trigger. The mechanism incorporates a quantum device so
that it will either fire a live round or click harmlessly with 50/50 probability.

To anyone watching, the gun clicks and fires at random. But, says Tegmark, anyone who
puts their head in front of the barrel will hear a guaranteed click every time. He says the reason
is that in the many worlds interpretation, of which he is a supporter, there are always real
universes in which the gun doesn't fire. The experimenter isn't going to be around to see the
results in universes where the gun goes off and so must therefore find themselves in a universe
in which they've survived. That said, Tegmark adds that he has no plans to try quantum suicide
anytime soon.
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Virtual particles

uncertainty principle it’s a seething mass of subatomic particles popping in and out of
existence, which are known as virtual particles. The principle says that the uncertainty in a
particle’s position multiplied by the uncertainty in its momentum must always be larger than
a small number called Planck’s constant. But it turns out this is the same as saying that the
uncertainty in a particle’s energy multiplied by the uncertainty in the time at which you make
the observation must also be bigger than a minimum value. Therefore a particle with energy

Empty space isn't really empty. According to the

E can spontaneously pop into existence so long as it’s gone again in a time ¢, such that Eand ¢,
when multiplied together, satisfy the uncertainty principle. It means you can make short-lived
high-energy particles or low-energy particles that stick around for a little longer. Virtual particles
are formed in pairs consisting of one matter particle and an antimatter partner.

Z Cro- p o1n 1 cner g}i The lowest-energy state of a quantum system is

known as its ground state, and the energy level of the ground state is sometimes called the zero-
point energy. It is a phrase that comes from the zero of the thermodynamic temperature scale
defined by kinetic theory, generally taken to represent the lowest energy a system can possess.
And the existence of virtual particles means that the zero-point energy of empty space - also
known as the ‘vacuum energy’ - is actually non-zero. Also the sum of the vacuum energy in all
of space - called the cosmological constant, or dark energy - is believed to affect the cosmic

expansion rate.

Casimir effect ..
consequence of the zero-point energy of

space is a phenomenon called the Casimir
effect. Two parallel metal plates placed a few

millionths of a millimetre apart in a vacuum
experience a force pulling them together; the
force arises from virtual particles. Quantum
theory says that these particles can equally well
be thought of as waves. Outside of the plates,
waves of all wavelengths can exist, but inside
there can only be waves that fit between the
plates — standing waves for which the distance between the plates is a whole-number of half
wavelengths. Now convert back to particle language and this means there are less particles
inside than outside, and that creates a pressure difference which forces the plates together.
The Casimir effect was put forward theoretically by Dutch physicist Hendrik Casimir in
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1948. It was measured experimentally by Steve Lamoreaux at Los Alamos National
Laboratory in 1997. :

Q u antll m en tan gl eme nt In 1935, Albert Einstein and two

colleagues - Nathan Rosen and Boris Podolsky — put forward a quantum thought experiment
that would have lasting consequences. They imagined a quantum process that produces two
particles with opposite quantum spin. Pion particles can do this - they are known to decay
into pairs consisting of an electron and a positron (the electron’s antimatter counterpart). One
decay particle has spin +1/2, the other spin -1/2 but it's impossible to tell which is which until a
measurement is made. In fact, the particles themselves don't even decide which is which until a
measurement is made that forces their wavefunctions to undergo decoherence.

However, when that measurement is made, and one particle’s wavefunction is forced to
decohere, this instantly fixes the state of the other one too - regardless how far away it may be.
Take the particles to opposite sides of the Universe, measure one of them and this instantly
determines the state of the other. Einstein famously derided this ‘spooky action at a distance,
believing it to be unphysical. However, the ability of quantum particles to remain linked in
this way is now called quantum entanglement, and it forms the basis of eavesdropper-proof
quantum communication systems and even teleportation.

Bose—Einstein condensate ..o e tosewi

half-whole-number quantum spin, obey the Pauli exclusion principle - that in any given
quantum system it's impossible for two or more particles to occupy the same state. For bosons,
particles with whole-number spin, it’s a different story. Bosons have no qualms about all
stacking into the same state. And this means that if a system is cooled very close to the absolute
zero of temperature (see Kinetic theory), every particle drops into the system’s lowest-energy
‘ground state’. Such a system is called a Bose-Einstein condensate, after physicists Satyendra
Nath Bose and Albert Einstein, who theoretically predicted this state of matter in the 1920s.

Bose-Einstein condensates have since been produced experimentally in laboratories. The
wavefunctions of all the particles in a Bose-Einstein condensate overlap to form a single, giant
‘quasiparticle’ that exhibits quantum effects on the large scale.

- g ] B ° N : - "
5 llp erf l lll (Jl l"y_ The theory of Bose-Einstein condensates paved the way for

the discovery of another amazing property of matter: superfluidity, the ability of supercooled
liquids to lose all their viscosity. In 1938, it was found that helium-4 (an isotope of helium with
two extra neutron particles in its nucleus) cooled down to just two degrees above absolute zero
forms a Bose-Einstein condensate that also behaves as a superfluid.

Superfluids display strange properties. In addition to zero viscosity, they have zero entropy
and infinite ability to conduct heat. A superfluid will also form a so-called ‘Rollin film’ that
creeps up the side of its container to spill the fluid over the edge. Weirdest of all, a superfluid in
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a rotating vessel forms ‘quantum vortices’, whereby the fluid is only allowed to spin at certain
quantized speeds. As the vessel gradually spins faster, the superfluid discontinuously hops up
the ladder of allowed rotation rates.

Helium-4 nuclei are bosons, but superfluidity has also been seen in fermion particles such
as helium-3. The physics of fermionic superfluidity is closely related to superconductivity.

S u p ercon du CliVit‘}/_ Superconductors Cooper pair

are materials that when cooled sufficiently assume a state
with zero electrical resistance. Superconductivity was first
observed by Dutch physicist Heike Kamerlingh Onnes in
1911. But a satisfactory theory explaining how it works didn’t
emerge until the late 1950s.

Cooling had long been known to improve electrical
conductivity. In an ordinary conductor, negatively charged
electrons carry electric current through the material. Heat
makes the lattice of atoms in the material vibrate, and collide
with the electrons, impeding their motion. Cooling thus
lowers the resistance by reducing the vibrations. But in a Lattice of atoms
superconductor, resistance vanishes entirely. Here, electrons
cooled sufficiently lock together into so-called ‘Cooper pairs’ that are able to slip freely through
the lattice. Broadly speaking, this works as each electron’s negative charge attracts positive

atoms, distorting the lattice to create a concentration of positive charge which then pulls the
next electron forward, and so keeps the current moving.

Superconductors are now used in the construction of ultra-efficient generators, particle
accelerator magnets and medical imaging machines. But all these devices require cooling; the
holy grail now is to develop superconductors that can operate at room temperature.

PARTICLE PHYSICS

D Irac € q uatlon Schroédinger’s equation provided a good description of

quantum particles that were slow moving. But it was no good for particles travelling at close to
the speed of light, which Einstein had shown required his theory of special relativity. In 1927,
British theoretical physicist Paul Dirac constructed a version of the Schrédinger equation that
incorporated relativity to describe fast-moving charged electron particles. It became known as
the Dirac equation.

The equation appears deceptively simple and it can be solved exactly for electrons in the
hydrogen atom, but solving it in other cases requires approximation techniques or computers.
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The Dirac equation was an outrider heralding the start of a new era for quantum physics. Not
only did it predict the existence of antimatter, but - incorporating quantum descriptions of both
electrons and the electromagnetic field - it offered the first quantum field theory.

An tl ma l[’C r When scientists first studied the Dirac equation in detail, they found
that it doesn't just describe the behaviour of electrons. Two solutions actually drop out of the
mathematics — one describing the electron, and another describing an identical particle but
with opposite electric charge. Electrons carry negative charge, so the new particle was positively
charged - and for this reason, it was named the ‘positron’.

Experimental physicists duly found the first positrons in 1932, just four years after the Dirac
equation was published. The positron is now recognized as the first example of antimatter. An
antimatter particle has the same mass but opposite electrical charge to its matter partner. When a
particle and its antiparticle meet the result is annihilation, with the mass of both being converted
into a photon of electromagnetic radiation, with energy given by Einstein's formula E = mc2.

Q uan tu m [ ie 1 (1 t}l €O r}/; electromagnetic force, described by

Maxwell’s equations, turns out to be one of four fundamental forces of nature that operate in our
Universe. It exhibits ‘action at a distance’ — electrons, and any other charged particles, can ‘feel’
the electric charge of particles nearby. This electromagnetic interaction is mediated across space
by photons of electromagnetic radiation. Photons are the quanta of the electromagnetic field.
And the physics describing them is known as a quantum field theory (QFT).

QFT began in 1927 with the Dirac equation, which took account of the field around single
electrons. The theory was developed further in the 1940s by physicists, including Richard
Feynman, and refined into what is now called quantum electrodynamics,

a quantum field theory providing a full description of the interaction
between matter and electromagnetic radiation. Next, the challenge was
to build quantum descriptions of the other fields in nature: gravity, and the
strong and weak nuclear interactions.

Feynman d1iagrams ... . e o douing

that quantum field theory is extremely complicated, and obtaining
exact solutions to the mathematical equations that it throws up is not
always possible. In this case, physicists often turn to approximation
techniques in order to obtain useful numerical results. And Feynman
diagrams - named after their creator, Nobel prize-winning physicist
Richard Feynman - are one such method. Each diagram (examples

are shown on the right) represents a particular interaction of particles.
Feynman came up with rules for converting the form of a diagram into
relatively simple mathematics describing the process it shows. Making a

TACAYA
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quantum calculation then involves drawing Feynman diagrams for all the relevant interactions,
converting them into mathematical terms and adding all the terms up.

Re norin al 17 atl on Even using Feynman diagrams doesn't always make

the mathematics of quantum field theory tractable. Sometimes the numbers that drop out of
calculations are gobbledegook - predicting that the real-world values of physical quantities rise
to become infinite. These mathematical catastrophes are known as ‘divergences’.
Renormalization is a mathematical scheme for getting rid of unwanted divergences.
When it was first used, in quantum electrodynamics, the reaction to it was mixed, with many
physicists regarding it as the mathematical equivalent of getting a square peg into a round hole
with the help of a very large hammer. Nobel laureate Richard Feynman called it a ‘dippy process
and ‘hocus-pocus’. However, the simple fact is that it gives the right answers. More recently,
theorists have warmed to renormalization. They've found that it can be interpreted physically,

’

as a new phenomenon that causes the parameters of a theory to ‘run’ - varying with the energy
of the particles involved.

A e ak FO rc e The weak force is one of two fundamental interactions of nature

that operate between particles inside the nuclei of atoms; and so named because it's some 100
billion times weaker than the force of electromagnetism described by Maxwell’s equations
and quantum electrodynamics. Whereas electromagnetism is moderated by photons of the
electromagnetic field, the carriers of the weak force are known simply as W and Z. Both are

massive particles of quantum spin -1. W carries the same electric charge as the electron — but
either positive or negative — and the Z particle is uncharged. Both W and Z have been detected
experimentally in particle accelerators.

The weak force is responsible for the radioactive decay of atomic nuclei and is described
at the quantum level by the unified electroweak theory, formulated in the late 1960s. It is
extremely short-ranged and doesn't exist outside atomic nuclei. For this reason, the weak force
is a purely quantum phenomenon and, unlike electromagnetism, has no analogous large-scale,
or ‘classical’, counterpart theory.

Q m Protons and neutrons, the particles that make up atomic nuclei, are themselves
made of smaller units, called quarks. Quarks come in three main ‘flavours’, labelled u, d and s
— for ‘up’, ‘down’ and ‘strange’. Protons and neutrons are each made up of three of these quarks
—a proton is two u quarks and a d quark; a neutron is two d quarks and a u. In addition to u, d
and s, there are three further quark flavours, dubbed c, t and b - for ‘charm), ‘top’ and ‘bottom.
Quarks are fermions, with quantum spin 1/2, and electric charge equal to a whole-number
multiple of e/3. The six quark flavours can be transmuted between each other by the weak force
and all have been detected experimentally.

The quark model was put forward independently in 1964 by physicists Murray Gell-Mann
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and George Zweig. Gell-Mann coined the name from a line in James Joyce’s novel Finnegan'’s
Wake: ‘Three quarks for Muster Mark!’

S tro n g fO rece The strong force — so called because it is 100 times stronger

than the electromagnetic force - is what binds quarks together to make protons and neutrons
and, in turn, binds those particles to form atomic nuclei. It is mediated by a quantum field

of massless, spin-1 particles called gluons, and the quantum field theory governing their
behaviour is known as quantum chromodynamics (QCD).

The ‘chromo’ prefix comes from the fact that quarks possess their own kind of charge,
called ‘colour’. It’s a bit like electric charge, but more complicated in that it comes in three
types —red, green and blue - and each can be positive or negative (denoted, for example,
as red and anti-red). QCD colour has nothing to do with colour in the real world - it's
just an arbitrary name for an abstract quantum concept. As with the weak force, the
strong interaction only operates at very short, quantum-scale ranges, and so has no
‘classical’ analogue.

Par tl C 1 C f alnl 11 €S Particle physics is all about grouping together particles

according to their properties and many groupings, or ‘families’ of subatomic particles exist.
Fermions and bosons, the grouping of particles according to their quantum spin, provide one
example. Hadrons and leptons are another: hadrons are particles that feel the strong force,
leptons are particles which feel every force except the strong force. Hadrons include quarks
and protons. Leptons include electrons, along with muons and tauons.

Baryons, meanwhile, are a subset of hadrons and are particles that contain three quarks.
This family includes protons and neutrons and makes up the bulk of what we might call
‘normal matter’ in the Universe. Another group of subatomic particles is the mesons, which
are quark doublets - that is, pairs of quarks - and they include kaons and pions. Some
experimental physicists claim to have found evidence for new particle families. Called
‘tetraquarks’ and ‘pentaquarks’, each member is a cluster of four and five quarks, respectively.

_N C Utrlno S Neutrinos are members of the lepton particle family; they have zero
electric charge, negligible mass and quantum spin 1/2, making them fermions. Wolfgang
Pauli first put forward their existence in 1930 to satisfy various conservation laws in
radioactive decay. The first neutrino was detected in 1956.

Neutrinos are notoriously hard to observe because they interact poorly with all other
forms of matter. Indeed, billions of them are streaming through your body from space every
second as you read this. Modern-day neutrino detectors use enormous tanks of water; of the
many billion neutrinos that pass through the water, occasionally one will collide with a water
molecule and emit a measurable flash of light called ‘Cerenkov radiation.

Stars give off a neutrino burst prior to going supernova, and the detection of such a
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shower is a prompt for astronomers to turn their telescopes on the source. Neutrinos are also
seen pouring from the Sun on a daily basis, as by-products of the nuclear reactions that power
it. Studies of solar neutrinos reveal that the particles come in three types — labelled ‘electron,
‘mu’ and ‘tau’ after the members of the lepton particle family that emit them. These types can
‘oscillate’ — spontaneously transmuting between one another.

S tarl d ard m() d el The standard model is our overarching theory of

subatomic particle physics. Scientists have assembled it by pulling together what they
know about quantum field theory descriptions of the four forces of nature, and the existing

classifications of particle families.

Broadly, the standard model breaks particles down into three major groups. There are six
leptons - electrons, muons and tauons, plus a neutrino particle for each. Then the six hadrons,
namely the quarks — these 12 particles all have quantum spin 1/2 and are thus fermions.
Finally, there are four particles that propagate the interactions between hadrons and leptons
- electromagnetic photons, the W and Z particles of the weak force and the gluons that mediate
the strong force (these all have quantum spin 1, and so are bosons).
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H 1 ggs b oson The Higgs mechanism, proposed in 1964 by physicist Peter Higgs,

explains why particles in the Universe have mass; an essential part of the standard model, it is
yet to be detected experimentally. Higgs proposed that a field of particles, which have become
known as ‘Higgs bosons’, permeates all of space. As a massless particle travels through space
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it distorts the field, causing Higgs particles to cluster around it, so it becomes massive itself.
Particles attract Higgs bosons in different numbers, explaining why different particles have
different masses - and, indeed, why some particles remain massless. The Higgs mechanism
plays a fundamental role in the electroweak theory, the description of the weak force. The W
and Z particles in this theory are massive, and this can only be explained with the help of the
Higgs. The race is now on for particle accelerators to detect the Higgs boson experimentally.

Partl Cle aCCe l ¢ rator The bulk of the experimental work in particle

physics is done using giant machines called particle accelerators, which consist of circular
underground tunnels, around which ‘beams’ of subatomic particles are fired - their paths
curved into a circle by powerful magnets.

By carefully controlling the degree of magnetism, two opposing beams can be accelerated
to near the speed of light and then collided head-on. The idea is that by smashing particles
together like this they can be cracked open to reveal their inner workings. By studying the
fragments that fly out from the collisions scientists occasionally spot new particles of matter.
This is how researchers using the Large Hadron Collider (LHC) - the world’s biggest and most
powerful particle accelerator — hope to catch a fleeting glimpse of the elusive Higgs boson.
The LHC is situated at the European particle physics lab CERN, on the French-Swiss border. It
measures 27km (almost 17 miles) in circumference.

Q uan tu m graVlt}]_ There is, of course, a final force in the description of

the four fundamental interactions in nature: gravity. Einstein’s general relativity provides an
excellent description of gravity in the large-scale, or ‘classical’ world, yet attempts to construct a
gravity theory that’s consistent with the principles of quantum theory have run into trouble.
Whereas the electromagnetic force is mediated by the humble photon, the gravitational
interaction requires a more complex carrier particle. Called the graviton, it's predicted to be
massless and have a quantum spin of 2. Quantum field theories describing the interaction of

spin-2 particles can be constructed, but infinities crop up in them which cannot be removed by
the usual method of renormalization.

String theory and M-theory offer promising lines of research that could lead to a working
theory of quantum gravity. As does an idea called ‘loop quantum gravity’, which supposes
that the curved space of general relativity is quantized into a chainmail-like network of loops
and links.

Hawklng rzliilatlon In 1974, Cambridge University physicist Stephen

Hawking argued that black holes might not be so black after all. He showed how taking account
of quantum effects in the physics of these merciless consumers of matter could allow them to
give a little back. In lieu of a full quantum gravity theory, Hawking built a standard quantum
field theory of particles on the curved space described by general relativity - an approximation
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known as ‘semi-classical gravity’. When he did this for the space just outside the black hole’s
outer surface - the event horizon - he found something interesting.

Like anywhere else, pairs of virtual particles are created here, but Hawking calculated that
every now and again one particle in the pair gets dragged over the horizon by the black hole’s
gravity, while the other escapes away. The particle that falls in has negative energy relative to
the one that escapes and the net effect is a steady radiation of particles while the black hole's
mass diminishes over time - as if the hole is evaporating. The process has become known as
Hawking radiation.

NUCLEAR PHYSICS

A lO mi C HUCl e u S The nucleus is the central core of an atom, where its

proton and neutron particles reside. Existence of the nucleus was revealed experimentally in
1909 when New Zealand physicist Ernest Rutherford and colleagues directed positively charged
alpha particles (produced by radioactive decay) at a thin sheet of gold foil. Most of the particles
passed straight through, but a very small number got deflected through large angles. Rutherford
interpreted this to mean that now and again the alpha particles were running into tiny
concentrations of electric charge within atoms - the nuclei. This meant that atomic nuclei must
be tiny compared with the rest of the atom; indeed, if an atom could be scaled up to the size of
a football stadium then the nucleus would measure about the size of a pea. Nuclear physicists
have since learned how to exploit the energy locked away in the atomic nucleus - for both

good and bad.

Nu C l eéar s h ell mo d el The internal structure of the atomic nucleus

is governed by the so-called nuclear shell model. Like the theory of electron energy levels, this
predicts that particles in the nucleus - called nucleons - inhabit their own energy levels that fill
up gradually as the nucleon number increases.

Like electron levels, the number of nucleons that each shell can hold obeys a sequence: 2,
6, 12, 8, 22, 32. But whereas atomic energy levels hold just electrons, nuclear energy levels are
home to both protons and neutrons, and each have their own set of levels. This sequence leads
to what are sometimes called the ‘magic numbers’ for atomic nuclei - the number of neutrons
or protons for which a nucleus fills up its shells exactly. They are given by summing terms in the
previous sequence to give: 2, 8, 20, 28, 50, 82. A nucleus containing a magic number of neutrons
or protons turns out to be especially stable against radioactive decay. The nuclear shell model
accurately predicts other properties such as the total quantum spin of atomic nuclei.
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NL] C l car reac ti OI11S When two or more atomic nuclei come together - or a

single nucleus is bombarded with particles or photons - then a nuclear reaction may take place.
Specifically, a reaction is said to have occurred when the nuclei you get out are different from
the ones that went in. That’s because nuclear reactions have the power to turn one chemical
element into another. The chemical type of a nucleus is determined by its atomic number, or
equivalently the number of protons it has; for example, nitrogen has seven protons; carbon has
six. A simple nuclear reaction might involve firing a neutron at a nitrogen nucleus, the neutron
gets absorbed and a proton is spat out in return - nitrogen is thus turned into carbon.

Some nuclear reactions generate energy, while others soak it up. The amount of energy
liberated or absorbed is given by Einstein’s famous formula E = mc?, where m is the difference
between the mass that went in to the reaction and the mass that has come out.

NllClear b lll (iing energ‘y_ The binding energy of an atomic

nucleus is the energy required to overcome the strong force and tear it apart into its constituent
particles. You might expect the binding energy per nucleon - that is, the total binding energy
of a nucleus divided by the number of particles it contains - to be roughly constant for all
elements. But it's not; it's small for light elements, rises to a peak at the chemical element iron
and then decreases again.

Any nuclear reaction that increases the binding energy per nucleon will release energy.
Think of it this way: binding energy is the energy that has to be put in to divide a nucleus.
Therefore, assembling that nucleus requires the opposite - that the net increase in binding

energy be released.

This rationale is the basis for fission and fusion. Breaking up heavy atomic nuclei or
fusing together light ones generates energy — and a large amount of it, at that — which
can be harnessed.
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F 1SS101 arl(l [ usion Some nuclear reactions give off huge amounts

of energy - these are known as fission and fusion. In fission reactions, heavy weight atomic
nuclei are split into two smaller ones resulting in the release of energy; fusion, on the other
hand, involves joining together lighter nuclei. The positively charged nuclei must overcome the
electromagnetic repulsion between each other (due to their protons) so that the short-ranged
strong force can bind them together. This is done by heating the nuclei to high temperature

- so that their collision energy, according to kinetic theory, is extremely high; the dependency
on temperature is why fusion is sometimes known as a thermonuclear reaction.

In addition, a phenomenon called ‘quantum tunnelling’ comes into play, whereby the
uncertainty principle temporarily gives each colliding nucleus a higher energy than it actually
has. Energy released from a nuclear reaction is typically millions of times the energy available
from burning chemical fuels such as petrol.

Chain reactions

el Nuclear reactors and atomic weapons rely on the fact
that as soon as one or two atomic nuclei have undergone fission or fusion, the process becomes
self-sustaining - a chain reaction. Fission is started by bombarding the nuclei of heavy elements
such as uranium or plutonium with neutron particles. Absorbing a neutron makes the heavy
nucleus unstable; it splits apart, releasing energy. Also released is a shower of neutrons which
then repeat the process with other heavy nuclei - this is a nuclear chain reaction. Loosely, fusion
can also be regarded as a chain reaction; once the temperature has risen sufficiently for one
or two nuclei to fuse, the energy released keeps the temperature high enough for the process
to continue.

l{a:(1 i o aCtlve d €C a,y; Some atomic nuclei undergo nuclear reactions

without the need to be bombarded by other nuclei or subatomic particles; these nuclei
spontaneously emit particles in a process called radioactive decay. The particles emitted are
known as ‘nuclear radiation’ and come in three varieties. ‘Alpha particles’ are essentially the
same as the nuclei of helium — bunches of two protons and two neutrons. ‘Beta particles’ are
high-speed electrons. Atomic nuclei have no electrons to eject but these particles can still be
given off when a nucleus converts one of its neutrons into a proton, plus an electron, plus a
neutrino, a process driven by the weak force.

Especially volatile nuclei can give off the third type of nuclear radiation, ‘gamma rays’
- high-energy electromagnetic photons, which can arise as a by-product in the emission of
alpha and beta radiation. They can also be emitted if particles in the nucleus have been boosted
to higher shells, according to the nuclear shell model, and then drop back down - emitting a
photon as they go, much like an electron changing energy levels. The degree of radioactivity
of a nucleus is given by its ‘half life’ - the time taken for half the nuclei in a sample to decay.
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(J elge r tllb C Radioactive decay - or rather, the radiation it gives off — can be

detected using a device called a Geiger tube. It consists of a handheld tube containing a gas that
becomes briefly conductive when a particle of radiation passes through it. The tube has a central
metal spike raised to a high voltage relative to the outer metal casing. A particle of radiation
passing through knocks an electron from an atom in the gas to make that atom electrically
charged. The high voltage then accelerates the charged atom, causing it to collide into more
atoms in the gas. Electrons are knocked from these atoms by the collisions, making them charged
and leading to a ‘cascade’ effect that culminates with a pulse of electricity flowing through the
gas. The pulse can be registered on an electrical counter hooked up to the tube — or sent to a
loudspeaker, to give an audible ‘click.

UNIFICATION THEORIES

Kalu Z a—Kl ClIl l,l 1€0 [‘y_ Einstein’s general relativity pulled space

and time together into a single four-dimensional entity known as ‘spacetime’. The crux
of his theory was that spacetime curvature could then explain the force of gravity. In the
1920s, mathematicians Theodor Kaluza and Oskar Klein added Maxwell’s equations of
electromagnetism into the mix, positing the existence of a fifth dimension and used curvature
of the resulting five-dimensional spacetime to construct a unified theory describing both
gravitational and electromagnetic forces. We don't see the extra dimension, they argued, because
it’s ‘compactified’ - curled up so tightly that it's hidden from view.

To make the theory work, Kaluza and Klein also had to introduce a new field of particles
pervading space into their equations. Back in the 1920s physicists didn’t believe such particles
fields existed; today, however, new particles are routinely predicted - and in some cases are
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detected experimentally. Kaluza and Klein's model is acknowledged to have formed the basis for
modern ideas in the unification of the forces of nature, such as string theory and M-theory.

E Xtra d] Imetsions We're all used to inhabiting a world that has three

dimensions of space and one of time, but some theories in physics suggest that there may be
more to it — that there exist extra dimensions hidden from view. Extra dimensions crop up in
theories that seek to unify the forces of nature. Most common are extra dimensions of space,
although M-theory has hinted at the existence of extra time dimensions too.

The reason we don'’t see extra dimensions is that they have been ‘compactified’ Take a

sheet of paper and roll it up into a tube. As the radius of the tube gets smaller, the 2D sheet

of paper begins to look increasingly like a 1D line, which is what happens when a dimension
is compactified. A particle trying to move in the extra dimension soon arrives back where it
started. In 2007, physicists at the University of Wisconsin-Madison suggested that studies of
the microwave background radiation could be one way to find out how many dimensions our
Universe really has.

2D sheet rolled into a tube

\ \ \ \ \ i | :/uegz;rgpae”ars
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E ] €C [»rowe ak lh co I:)Z One of the defining breakthroughs of 20th-

century physics was the discovery in 1968 that Maxwell’s equations of electromagnetism and
the weak force — the force responsible for radioactive decay within the nucleus of an atom - are
just facets of the same fundamental phenomenon: the electroweak force. At first glance, the two
seem incompatible; the weak force is just that — extremely weak. And while electromagnetism
has an extremely long-range — electromagnetic waves, such as light and radio, can cross the
entire Universe — the weak force is confined to the atomic nucleus.

Nevertheless, physicists Abdus Salam, Sheldon Glashow and Steven Weinberg showed how
these disparate entities could be unified at high energies, such as during the first moments
of the Universe after the Big Bang. Their theory, which incorporates spontaneous symmetry
breaking, predicted two new subatomic particles — called W and Z. And these were promptly
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detected at the European particle accelerator lab CERN in 1973. The electroweak theory was
such a breakthrough in physics that its originators were awarded the 1979 Nobel Prize.

§pontaneous symmelry breaking Thisis

a phenomenon in unified theories of particle physics, where forces brought together by

a unified theory at high energy split apart from one another as the energy gets lower. For
example, the electroweak force existed in the Universe for a few fractions of a second after
its creation in the hot, high-energy Big Bang. Once the Universe cooled sufficiently, it
underwent a phase transition and decoupled into electromagnetism and the weak force —
which are what we see today.

The word ‘'symmetry’ here refers not to simple mirror images, but to complex self-
similarities in the mathematics describing each theory. During spontaneous symmetry
breaking, the overarching symmetry of the unified theory breaks down into the individual
symmetries of the component theories. The high-energy symmetric state is rather like
a pencil balanced on end. But once the pencil topples in a particular direction then the
symmetry is broken.

Grand unified theory

_Just as the electroweak theory

successfully bonded electromagnetism with the weak force, physicists have been searching
for a counterpart theory that can bring together the electroweak interaction and the strong
force - the force that binds together the particles in atomic nuclei. Such a scheme is known
as a grand unified theory (GUT).

However, scientists are yet to agree on the form that the correct GUT should take. One
reason is lack of experimental data. As with the electroweak theory, GUT models involve
spontaneous symmetry breaking, meaning that the electroweak and strong forces were
joined together during the high-energy early Universe before splitting apart as it cooled
down. But the GUT unification energy is thought to be around 100 million million times
higher for the electroweak force, and particle accelerators aren’t yet anywhere near powerful
enough to probe this range.

S upe rsy min etrx Theoretical physics is all about symmetries - things

you can do to a theory that leave its predictions unchanged. A simple example is time
symmetry. Drop a stone from your bedroom window on Tuesday, and the same equations of
motion will govern its descent when you repeat the experiment on Wednesday. Far deeper
and more subtle symmetries are used to characterize the complicated laws of the subatomic
particle world; one example is supersymmetry. Elementary particles of matter come in one
of two distinct families ~ called bosons and fermions. The difference between them hinges
on an abstract quantity known as quantum spin.
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Under supersymmetry, every boson particle is given a fermion counterpart, and vice versa.
All of these so-called ‘superpartners’ would have existed in the first split second after the Big
Bang, before a spontaneous symmetry breaking event skewed the Universe to leave just the
particles we see today. Theoretical physicists find that supersymmetry, sometimes written SUSY,
helps remove some of the unrealistic ‘divergences’ - infinite values for physical quantities such
as particle masses - that are thrown up by grand unified theories and theories of everything, and
which can'’t be dealt with by renormalization.

N Ilr rO r m atte r Like supersymmetry partners, mirror matter is another

hypothetical family of subatomic particles forecast to exist by fundamental symmetries of nature.

Mirror matter concerns a symmetry known as ‘parity’ — quite literally, mirror reflection
symmetry. Our hands respect parity symmetry; for every left hand, there is a mirror-image right
hand. Similarly, electromagnetism, the strong force and gravity all respect parity too - for every
left-handed particle in these theories there is a right-handed counterpart. However, the weak
force seems to violate it.

Mirror matter is an attempt to redress the balance by hypothesizing that for every particle
in the theory of weak interactions there is a mirror partner. If these mirror particles exist they
must only interact with normal matter through gravity. Conveniently, this makes them virtually
invisible — which is why mirror matter hasn't been found yet. Although some scientists believe it
has, speculating that mirror particles could account for the Universe’s dark matter.

Theory of everylhing The ultimate unified theory wraps up al

four of nature’s forces - electromagnetism, the strong and weak nuclear forces, and gravity -
into a single coherent mathematical framework. Theoretical models such as this are known as
‘theories of everything’ and finding the one that describes our Universe is widely regarded to

be the holy grail of modern physics. A common misconception is that the theory of everything
will allow scientists to calculate the state of every single particle of matter that exists at any time,

Strong

Grand
unified
theory

Electromagnetic

Electroweak
Theory of

everything

Gravity
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thus rigidly mapping out the entire future of the Universe. It won't - any more than the theory of
electromagnetism will tell you what song is currently playing on the radio.

The principal difficulty in constructing a theory of everything is marrying up quantum
theory, which describes electromagnetism and the nuclear forces, with Einstein’s general
relativity, which describes gravity. Attempts to quantize general relativity — to make ‘quantum
gravity’ — often yield unphysical results. However, progress is being made with candidate
models such as string theory and its big brother, M-theory.

S tI n g t}] CO r_}i Developed in the early 1970s, string theory is a new way

of looking at particle physics — by doing away with the particles. The real particles that are
observed in nature - such as electrons and protons - have finite size, and this led some
physicists to criticize the point-like nature assigned to them in calculations. String theory is an
attenpt to address this by replacing point particles with entities that have some degree of extent
in space - in this case, one-dimensional vibrating ‘strings’ of energy. The particles we know can
then be thought of rather like standing waves, or ‘notes’ being played on the string.

String theory is one of several possible schemes to unify general relativity with quantum
theory and thus create a theory of everything. Like unified models that have gone before,
such as Kaluza—Klein theory, string theories require the existence of extra dimensions — most
commonly, a total of 10 or 26 spacetime dimensions are needed. Some string theories also
incorporate supersymmetry — leading to what are known as ‘superstrings’.

M - th cor >/_ In 1995, the many versions of string theory that exist — with no obvious
way to choose between them - led scientists to put forward a new umbrella theory, of which

each possible string theory is just a special case. The new model was named M-theory. Rather
than modelling particles as one-dimensional ‘strings’, M-theory now treated them as two-
dimensional ‘membranes’. The strings are still there — they're just 1D slices through these 2D
membranes, with the particular orientation of the slice determining the particular variant

of string theory you're looking at. For this to work, space has to have one extra dimension on
top of the many dimensions string theory already demands. So, for example, all of the ten-
dimensional string theories are encapsulated by a single eleven-dimensional M-theory. No one
seems sure what the ‘M’ in M-theory actually stands for; ‘matrix’ and ‘membrane’ are common
suggestions, as are ‘mother’ and ‘master.
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THE STUDY OF THE CHEMICAL ELEMENTS, the reactions
that take place between them, and the compounds they form
makes up a strand of science known as chemistry. Chemistry
derives directly from physics - the laws of physics predict

the behaviour of particles called electrons that orbit around
the nuclei of atoms. And the physical properties of different
substances, and the way they react with other substances, are
all determined by their unique electron structure.

The first chemists are thought to have lived in ancient
Egypt, around the year 2000 Bc. They perfected chemical
techniques for extracting medicines from plants, producing
soap and tanning leather. In the West, the first chemists were
‘alchemists’, who believed that it was possible to turn base
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metals into gold (in fact, this is possible — but only through
exotic nuclear reactions, not table-top chemistry).

Chemistry as a science began with the work of 17th-
century philosopher Robert Boyle, who was the first to describe
mathematically the behaviour of gases. His work was followed
by that of French scientist Antoine Lavoisier in the late 18th
century, who threw out the pseudoscientific ramblings of the
alchemists and ushered in a new chemistry based on rigorous
scientific principles.

Later came the theory of atoms and the discovery of
how atomic properties define the chemical elements. And so
modern chemistry was born.



ATOMS

AtOIIllC nu Inb ers Chemists and physicists classify the electric charge of

an atomic nucleus by a quantity known as the atomic number, denoted by the letter Z. It's equal
to the number of positively charged proton particles inside the nucleus. But the number of
protons is also equal to the number of smaller, negatively charged electrons buzzing around the
nucleus - and this is useful for working out the chemical properties of a particular atom.

Electron shells

a series of concentric shells, which correspond to the energy levels of the electrons. An atom’s
atomic number tells chemists how many electrons the atom has. The exclusion principle of
quantum theory prevents these from all packing into the same shell. Instead they gradually fill
up the shells that are available; the maximum number of electrons in each shell, from the inside
out, follows the sequence 2, 8, 18, 32 and so on. If the shells are labelled by the letter n, which
takes the values 1, 2, 3 and so on, then the maximum in each shell is just 2n2.

The outer shell of an atom’s electrons is the one responsible for chemical reactions and
is known as the ‘valence shell'. The fewer electrons there are in this shell the more reactive a
substance is. Sodium has an atomic number of 11 - in other words, it has 11 electrons. Its
n = 1 shell is full, as is n = 2, while the remaining electron sits alone in the n = 3 shell - which is
oxygen'’s valence shell. This makes sodium extremely reactive.

Electron particles orbit around the nucleus of their atoms in

Atomic Mass ,umguw e

total number of protons and neutrons gives
the atomic mass of an atom, denoted by the
letter A. Protons and neutrons both weigh
approximately the same amount:

1.67 x 10-¥kg (in scientific notation).

For example, oxygen has an atomic

. . ’ Chemical symbol, X
mass of 16 — meaning each atom weighs Mass number, A
2.67 x 10-*kg. The mass of oxygen’s eight Atomic number, Z
electrons aren't included in this figure
because they are some 2,000 times lighter
than neutrons and protons and so make only a tiny contribution to the total mass of the atom.
The number of neutrons in an atom'’s nucleus, denoted by N, is just given by the formula A-Z,
the atomic mass number minus the atomic number. Oxygen therefore has eight neutrons
nestled in amongst its eight protons.
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Period

o)} (S »H w \V] -

~

Naturally occurring substances are known as
chemical elements. An element can be broken down into individual atoms. Contrast that with
a chemical compound, of which the smallest building blocks are molecules made up of two
or more elements joined together. Each chemical element is specified by its unique atomic
number, and denoted in chemical formulas by a one- or two-letter abbreviation of its name.
For example, hydrogen is denoted by the letter H and has atomic number 1; oxygen, written O,
has atomic number 8; and iron, Fe, has atomic number 26.

Chemical elements are displayed graphically on a chart known as the periodic table (see
below). The table is divided into vertical columns known as groups - the elements in each group
have a similar number of electrons in the valence electron shell, giving them similar chemical
properties. These similarities in the outer electron configuration crop up over and again as the
atomic number increases — each repetition corresponds to a new horizontal row or ‘period’ in
the table. This is why the upper half of the periodic table has a strange shape.

Group
1 2 3 4 5 6 7 8 9 10 n 12 13 14 15 16 17 18
1 2
H He
4 5 6 7 8 10
Be B (o} N (o] Ne
12 13 || 14 |} 15 |] 16 18
Mg Al Sl P 5 Ar
20 21 || 22 |1 23 || 24 || 25 || 26 || 27 || 28 || 29 |l 30 || 31 || 32 ]| 33 || 34 || 35 || 36
Call Sc || T v ailMi]fFeffCo|l Nl ||cullzn]|l Ga || Ge || As || Se || Br || Kr
38 (|39 |40 || 41 || a2 || 43 || 44 || a5 || 46 || 47 || 48 || 49 || 50 || 51 || 52 54
Sr Y zZr[I{Nb ] Mo |}l e |l RuJ|RR || Pd || Ad || Cd || In snilsb |l T Xe
56 7341174 |f 75176 ||77 178|791 80 || 81| B2| B3 || B4 86
Ba Ta W ||Re ||l Os]||Ir Pt || Au || He T |l Pb B || Po Rn
88 105 || 106 || 107 |J 108 || 109 || 110} 111 || 112 | 113 {} 114 || 115|116 118
Ra Db || Sg || Bh || Hs || Mt Ds || Rg || Uub || Uut |{Uuq | Uup || Uuh Uuo
s8 || 59 || 60 || 61 || 62 || 63 || 64 |[ 65| 66 || 67 || 68 || 69 || 70 || 71
Ce Pr Nd || Pm || Sm || Eu Gd || To || Dy || Ho Er || Tm|] Yb Lu
90 || 91 93 95 || 96 || 97 || 98
Th || Pa Np Ami{lcm|| Bk || Cf

Ib O tOl‘) €S An isotope of a chemical element has the same atomic number as atoms of

that element — and so the same number of protons and electrons - but a different number of
neutrons. As a result, isotopes have different atomic mass numbers. The atomic mass number is
often used to classify different isotopes of the same chemical element. So for example, whereas
carbon-12 is the normal atomic form of carbon, with 6 protons and 6 neutrons in the nucleus,
other isotopes such as carbon-13 and carbon-14 also exist.

Because isotopes result from changes to an atom at the nuclear level, their chemical

63



properties — determined by their electron structure — are usually the same as those of the
standard atom. The exception is deuterium - hydrogen with one extra neutron in its nucleus.
Deuterium is twice as heavy as ordinary hydrogen and this slows down its chemical reaction
rate considerably.

~

l(ll_l_b Usually an atomic nucleus has the same number of positively charged protons inside
as it does negative electrons buzzing around it. And so the net electric charge of the atom is
zero. lons, however, are atoms that have lost or gained electrons to give then an overall charge.

Ions are split into two types. A ‘cation’ has lost some of its electrons so that the nucleus

gives the atom positive electric charge. An ‘anion’, on the other hand, has gained some electrons
to acquire a net negative charge. Cations are formed when an atom absorbs enough energy to
knock an electron out of the atom. Anions are made by adding electrons to an atom’s valence
electron shell. Atoms with a full valence shell are especially stable. Like a ball rolling down a hill,
an atom will always try to move into the most stable state possible. This means that if the atom
is one electron short of having a full valence shell, then it's likely to capture any electrons that
pass by - forming an anion.

Tra]l S llralllunl C le me l’ltS Uranium is a naturally occurring

chemical element with an atomic number of 92. Uranium plus most of the elements with
smaller atomic numbers occur naturally on Earth. All of the elements with higher atomic
numbers exhibit radioactive decay, which has caused all natural deposits of them to decay
away. For this reason, the so-called transuranium elements must be created artificially in

controllied nuclear reactions.

Uranium itself has applications as a fuel for reactors in nuclear electricity plants. A by-
product of these reactors is plutonium, a transuranium element with atomic number 94, which
is used in nuclear weapons.

Elements with higher atomic numbers are increasingly costly to manufacture - a gram of
Californium (atomic number 98) costs $10 million — and they have few practical applications.
Nevertheless, in the interests of science, a total of 20 transuranium elements have now been
produced in labs around the world.

M b In chemistry, a mole is a measure of the amount of a substance. It is defined as the
number of atoms in 12 grams of ordinary atomic carbon (atomic mass 12), and has the value
6.022 x 10% (in scientific notation). This number is sometimes called the ‘Avogadro constant’,
named in 1909 after the 19th-century Italian scientist Amedeo Avogadro, who first put forward
the concept. Any mass of a substance equal in grams to its atomic mass will then contain a mole
of atoms. But the mole isn't confined to atoms. It’s possible to specify a mole of ions or electrons
- or molecules, once you known the molecule’s molecular mass.
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CHEMICAL SYNTHESIS

] [
S Ub Stdrlc CS It's easy to use the term glibly, but a chemical substance is the name

given by chemists to matter that can be identified by its chemical make-up - in terms of the
fundamental chemical elements. So the chemical element oxygen is a simple example of a
substance. As is carbon dioxide, given by the chemical symbol CO,, meaning each molecule is
made of one atom of carbon and two atoms of oxygen. A chemical substance is still the same
substance regardless what state it’s in — solid, liquid or gas. So water is still water whether it’s
in the form of ice or steam. Photons of light are an example of something that’s not a chemical
substance, because photons aren’t made from chemical elements.

MlXture S When two chemical substances are mixed together but not bonded
chemically to form a compound, the result is known as a mixture. Air is an example of a
mixture; it is made of the gases oxygen, nitrogen, argon and carbon dioxide mixed together,
but there’s no such thing as a molecule of air - the atoms of the different gases do not
bond together.

Mixtures can be either homogeneous or heterogeneous. In a heterogeneous mixture, the
components are in different phases (solid, liquid or gas) and so easily separated — water and
ice is an example. Homogenous mixtures have all their components in the same phase and so

are harder to separate.

Mixtures comes in three different types. A ‘solution’ is a homogeneous mixture where
the different substances are evenly distributed, e.g. stirring salt into water. A ‘colloid’ is a
heterogeneous mixture where microscopic particles of one substance remain — an example is
milk, a mixture of tiny fat globules in water. Finally, a ‘suspension’ is a heterogeneous mixture
with larger solid or liquid particles in a liquid or gas. Muddy water is an example. Left to
stand, particles in a suspension will separate out from the medium they’re suspended in - for
example, muddy water separates into clean water with a layer of sediment at the bottom.

S Ol u tl ons A solution is a homogeneous mixture of two chemical substances. Even
if the components are in different phases when they are combined, they quickly adjust to the
same phase to form an even mixture. The process of forming a solution is known as dissolving.
In a two-component solution the larger component is called the ‘solvent’ while the smaller
component is known as the ‘solute’. Dissolving sugar granules into water is an example - the
solute is the sugar while the water is the solvent. Solutions such as this, with water-based

solvents, are known as ‘aqueous’.
Chemists refer to the ability of one substance to dissolve in another as solubility. Two
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substances that will not dissolve — say, water and oil - are called ‘immiscible’. The strength of

a solution is called its concentration, expressed as moles of solute per litre of solvent. This
volume-based measure is sometimes known as the ‘amount concentration’ of the solution.
Concentration can also be given by mass - the ‘molal concentration’ of a solution is the number
of moles of solute per kilogram of solvent.

D 1ffu S 1 on an d e ffu S 10 18} The natural mixing of the components

of a solution is a process known as diffusion; random motions of molecules - as described by
kinetic theory — makes them intermingle until they have become a homogeneous mixture.
Diffusion occurs in both gases and liquids. Gases can also undergo a related process called
‘effusion’, whereby they gradually escape through microscopic holes in the container holding
them. Although tiny, the holes are bigger than the molecules of the gas.

The rate of effusion is inversely proportional to the square root of the gas's molecular mass
in atomic mass units. So in a mixture of equal volumes of hydrogen (atomic mass 1) and helium
(atomic mass 4) the hydrogen will escape twice as fast as the helium. Effusion means that
carbonated drinks stored for long periods in plastic bottles will eventually lose their fizz through
tiny pores in the plastic.

() SIMOSIS Take two solutions of different concentrations and separate them by a
semipermeable membrane - a thin barrier with holes small enough for molecules of the solvent
to pass through, but which are too big for the solute molecules. Solvent will flow from the
weaker solution to the stronger one; until the two concentrations are the same; this process

is known as osmosis. The .
luti ither sid Concentrated Dilute sugar
solutions on either side sugar solution solution
of the membrane fall into
one of three categories: the
stronger solution is known
as ‘hypertonic’, the weaker
solution is ‘hypotonic’, and
when both have the same
concentration they are

isotonic’. Sugar
The flow of solvent across  molecules Semipermeable Osmotic
the membrane creates a membrane pressure

pressure, known as osmotic

pressure — and applying the

same pressure to the hypertonic side of the membrane is sufficient to halt the process. Osmosis
is essential to the functioning of living cells, allowing them to draw in liquid through their
outer membranes.
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T
< »
L l €C trOly te S An electrolyte is a substance, usually a liquid, that conducts

electricity because of the presence of positive or negative ions. Electrolytes are sometimes
solutions, made by dissolving salts in a solvent such as water. A common example is table salt
(sodium chloride), which when added to water breaks apart into positively charged sodium ions
and negatively charged chlorine ions.

Electrolytes can be classified as either strong or weak, according to their ion concentration.
Living organisms make use of electrolytes for transmitting the electrical signals that comprise
nerve impulses (see Neurobiology), used for returning sensations to the brain and for making
muscles work. Electrolytes are also essential in the operation of batteries.

C Omp oun d S Mixtures are formed when the atoms of two chemical substances

intermingle with one another. But when the atoms of the components join together to form

a new substance, the result is known as a compound. Unlike a mixture, the components of a
compound cannot be separated by physical processes such as filtration.

Compounds containing water are known as ‘hydrous’, and those that do not are ‘anhydrous’.
Despite absorbing water, hydrous compounds can still exist in solid form. Take, for instance,
cobalt (I1) chloride - the (II) just indicates that the cobalt is missing two electrons and is thus
doubly ionized. This solid compound, formula CoCl,, is anhydrous. But when it absorbs water
it becomes cobalt (1) chloride hexahydrate CoCl,-6(H,0) - still solid but now hydrous. The
fundamental particles of a compound - molecules — are specified in terms of their chemical
formula. They are made by the formation of chemical bonds. And these can take two main
forms: ionic bonds and covalent bonds.

I() nic l) Olld S An ionic bond joins two oppositely charged chemical ions by

electrostatic attraction — the force that pulls together opposite electric charges. lonic bonds
usually form between a metal and a non-metal. Metals typically have a small number of
electrons in their outer electron shell - known as the valence shell - while non-metals have a
valence shell that is almost full (see Metallic bonds). Having either an empty or a full valence
shell places an atom in a more stable configuration. Nature tends to favour stable configurations
— that's why pencils prefer to be on their sides rather than balanced on end - and that means
there’s a strong chance that an electron will hop from the valence shell of the metal to the
valence shell of the non-metal, making both more stable (see Ions). Because this also makes
both atoms oppositely charged, electrical forces then hold them together as a molecule.
Sometimes more than two atoms are involved. For example, magnesium has two electrons
in its valence shell. Chlorine, however, has just one space remaining. But if two chlorine atoms
combine with each atom of magnesium, then magnesium can give an electron to both the
chlorine atoms — placing all three in a more stable state. The negatively charged chlorine atoms
then stick to the positively charged magnesium to form an ionic bond, turning the three atoms

into a compound: magnesium chloride, MgCl,.
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C Ovale 1l L b () n dS As well as ionic bonds, another way for atoms to join

together to form compounds is known as covalent bonding. Here, atoms share electrons in their

valence electron shells. Two hydrogen atoms can bond together to form molecular hydrogen,

or H, —a molecule known as an allotrope. Each hydrogen atom alone has one electron in its
valence shell. But because this shell can

Hydrogen molecule

hold a maximum of two electrons — and
because the full shell is the most stable
configuration - then pairs of hydrogen
atoms can come together, sharing their
electrons to put them both in a state
where their valence shells are full.

Water (H,0) is made by covalently
bonding oxygen to two hydrogen atoms.
Oxygen has two spaces in its valence shell,
which are filled by sharing the hydrogen
electrons. In return, hydrogen atoms
borrow two outer electrons from
the oxygen.

Covalent bonds can be either polar
or non-polar, depending on how the
electrons are shared between the different
atoms. The bonds attaching hydrogen to oxygen in water are polar - because the oxygen makes
greater use of hydrogen’s electrons than vice versa. Conversely, hydrogen-hydrogen bonds

are non-polar because the electrons are shared evenly. Pairs of complex atoms can also share
several electrons to form very strong double or even triple bonds.

In te rmo I cCu l ar f orces Forces don't just exist between the atoms

that make up a molecule but also between molecules themselves. Intermolecular forces are
responsible for holding molecules together. And this explains how materials shift between
solid, liquid and gaseous states, depending on the temperature. There are two principle types
of intermolecular force. Van der Waals forces are due to complex electrical interactions between
molecules. They complicate the theoretical description of gases, meaning that corrective terms
must be added to the ‘ideal gas’ theory (see Equation of state).

The other type are hydrogen bonds, which form when hydrogen within a molecule tries to
bond with other nearby atoms and molecules. Hydrogen bonds are present in water ice and are
also the mechanism by which DNA bases join together to form the base pairs that encode the
genetic sequence of living organisms. Hydrogen bonds are stronger than Van der Waals forces;
however, all intermolecular forces are weaker than the covalent bonds and ionic bonds that
hold together the molecules themselves. A less important type are dipole-dipole interactions,
due to the electrical attraction and repulsion of molecules with pronounced chemical polarity.
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M etal] 1C l) on d S Metals are chemical elements that occupy the left-hand side

of the periodic table. Technically, they are defined as all the elements to the left of a diagonal
line joining the elements boron (B) and polonium (Po). Elements to the right of the line are non-
metals. Those on the line are semiconductors.

Metallic bonds are the forces that hold a metal - or an alloy - in a rigid crystal lattice. It's
why metals are so strong. Atoms of a metal lose the electrons from their valence electron shell,
and these form a sea of particles that slosh between the positively charged atomic nuclei. This
sea of negatively charged particles is free to move through the solid and is what gives a metal
its high conductivity, both of electric current and heat. But the electrons perform another
function. The strong force of attraction between their opposite electric charges and the positive
charge of the nuclei hold the atoms firmly in place, making the metal difficult to stretch, bend or
break. And this force is referred to as a metallic bond.

B lnary C OH]p oull d S A binary compound is a compound that contains

two component chemical elements. Ordinary table salt is an example, made by joining an atom
of sodium (Na) with an atom of chlorine (Cl) to form sodium chloride, NaCl. The name of the
resulting compound is determined by a number of factors. For a covalently bonded compound,
the name is given by combining the names of the two elements, changing the ending of the
second element to ‘ide’ and adding a prefix to each depending on the number of atoms of each
species needed (1 = mono, 2 = di, 3 = tri, and so on) - but drop the ‘mono’ if there's only one
atom of the first element. Under this scheme, CO, is carbon dioxide, SF, is sulphur hexafluoride,

and H,0 is dihydrogen monoxide - better known as water.

When a compound is formed by ionic bonds, its name is given by taking the name of the
positive ion (the cation) followed by the negative ion (the anion) and changing the ending of the
anion’s name to ‘ide’ - hence, sodium chloride. Polyatomic molecules formed from ionic bonds
use more complex naming conventions involving endings such as ‘ite’ or ‘ate’. For example,
sulphate is a compound made from sulphur and four oxygen atoms. Add two atoms of hydrogen
and you get hydrogen sulphate, H,SO,, which is sulphuric acid.

O rgani C com p oun d S The majority of compounds containing the

chemical element carbon are called organic. Humans and all other forms of life on Earth are
based on carbon. Accordingly, some of the carbon compounds classified as organic form the
building blocks for the chemistry of life — an area known as biochemistry. Carbohydrates, DNA,
proteins and other nutrients are ail examples of organic compounds.

However, others have little connection to life processes at all. For example, a subset of
organic compounds are the hydrocarbons — made entirely by combining carbon and hydrogen
in different ways. They include natural gases such as methane and propane, as well as petrol

and other flammable liquid fuels.
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NIO]G Cllle S Whereas an atom is the smallest indivisible unit of a chemical element,

a molecule is the smallest unit of a chemical compound. Molecules range in their complexity
from the very simple, like salt — made from joining an atom of sodium with an atom of chlorine
- to the extremely complex, such as the DNA molecule that life is based on, each molecule of
which is built up from millions of individual atoms.

Atoms are held together to make molecules by covalent bonds. Compounds formed by
ionic bonds are sometimes not regarded as molecules in the strictest sense, as they are just ions
pulled together by the attraction of their opposite electric charges.

Chenll Ca] rO rm l’llas The molecules making up any given compound

can be specified by a chemical formula, indicating the chemical elements that each one is
made from - and in what proportions. The formula represents each element by its chemical
symbol with a subscript to indicate how many atoms of that element go into each molecule.
For example, water is a chemical compound made from one atom of oxygen and two atoms of
hydrogen, and is represented by the chemical formula H,O.

Brackets can sometimes be used to show when one molecule has bonded to another to
form a new compound. For example, each molecule of cobalt chloride, CoCl,, can absorb
six water molecules to become Co(H,0)ClL. Ions are sometimes marked with a right-hand
superscript denoting their electric charge, such as Cl- or Cu?. Meanwhile, isotopes are shown by
a left-hand superscript indicating their atomic mass. So, heavy water, which is water made from
an isotope of hydrogen that has an extra neutron in its nucleus, can be written ?H,0O.

J\/[()le CU] ar mas S_ The molecular mass of a compound is the mass of one

molecule measured in atomic mass units. It’s given simply by adding up the masses of all the
molecule’s constituent atoms — taking care to add or subtract units if any of them are isotopes.
A water molecule, for example, consists of two hydrogen atoms (each atomic mass 1) and an
oxygen atom (atomic mass 16) — and so has a molecular weight of 18 atomic mass units. That
also means that 18 grams of water contains one mole of water molecules.

Al I O er [)e b Some chemical elements can exist in different forms, and each

form has different properties. These are known as allotropes. Oxygen, for instance, has three
common allotropes: ordinary atomic oxygen (0), dioxygen (O,) and ozone (O,). The latter two
are molecules made by bonding oxygen to other oxygen atoms. Although ordinary oxygen

is harmless, dioxygen can be harmful at high pressures, while ozone is toxic. But the word
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allotrope can have another meaning too, referring
to different arrangements of the atoms or molecules
within a solid. For instance, the most common
forms of carbon are diamond - in which the atoms
are arranged in a rigid crystal lattice — and graphite,
where the atoms are bonded in hexagons laid over

Crystal
structure of
diamond

one another in layers.
The formation of allotropes has nothing to do
with changes in phase, the transitions between

solid, liquid and gas. However, the change from ,

one allotrope to another can be triggered by w

changes in temperature and other environmental Layered
diti f le. ch f structure of

conditions. Iron, for example, changes from a graphite

body-centred cubic crystal lattice to an allotrope

with a face-centred cubic structure when it is

heated above 906°C (1,663°F) - see crystal. “w

L\I OI cC lllal‘ g 7(\ omne tr}/; Chemical formulas show what a molecule of

any given compound is made from. But what does the molecule actually look like? How are
the atoms within it actually laid out? This is the province of molecular geometry. A molecule’s
structure can be determined accurately from theoretical considerations, by applying quantum
chemistry to the structure of the molecule and crunching out the results in a computer.

Of the many different molecular geometries, there are five principle types. ‘Linear’
molecules are the simplest, with the atoms all lying on a straight line. ‘Trigonal planar’
molecules form a flat triangular shape. ‘Tetrahedral’ molecules have a three-dimensional shape
that resembles a four-sided, pyramid-like solid. ‘Trigonal-bipyramidal’ molecules resemble two
tetrahedral molecules stuck back to back. And ‘octahedral’ molecules trace a shape resembling
an eight-sided solid. Experimentalists can measure the molecular geometry of a compound by
bouncing electromagnetic radiation or subatomic particles off of its molecules.

Linear Trigonal Tetrahedral Trigonal- Octahedral

planar bipyramidal
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S tFUCt ural f O rmUIaS Structural formulas are a simple way for

chemists to write down the molecular geometry of a chemical compound. It works by breaking
the chemical formula for a molecule down into groups that represent how its component
atoms fit together. So, for example, ethanol has the chemical formula C,H,O. However, its
structural formula is CH,~CH,-OH. In other words, it looks like CH, (a ‘methyl’ group carbon)
bonded to CH, (a ‘methylene’ group carbon) bonded to OH (hydroxyl group oxygen).

The structural formula can also be drawn out graphically. In the case of ethanol, it looks
like the first diagram below. This kind of representation is sometimes called a ‘Lewis structure’.

Lewis structure of ethanol H H
I |

H—Q—CID—O—H
H H

Drawing structural formulas for 3D molecules is harder. One method is known as a Natta
projection, and uses a triangular-shaped bond line to show atoms sticking up out of the plane
of the paper and a stripy or dotted bond line to show atoms that are behind the paper. A Natta
projection for methane (CH,) is shown below.

Natta projection 3D representation
of methane of methane

/C‘IUH

H
H

mr_‘_s Isomers are compounds that have the same chemical formula but different
molecular geometry and, therefore, a different structural formula. Ethanol and dimethyl ether
(DME) have the identical chemical formula C,H,O. Yet whereas ethanol has the structural
formula CH,-CH,-OH, DME is very different, looking like CH,-0-CH,.
Chemical properties can vary radically between isomers of the same compound. Different
isomers arise through different chemical reaction processes, which make the constituent atoms
and molecules bond together in different ways.
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g lllr al 1 l — Take alook at your hands - they're mirror images of one another. There’s no

way you can physically position both hands so that they look identical. Some molecules have
this property too - scientists call it chirality.

Two molecules which are mirror images of one another - and so have opposite chirality -
are called optical isomers. These have an interesting property in that they rotate the plane of
polarization of light that passes through them. These substances are also known as optically
active. Those that rotate light in a clockwise direction (as seen if you're looking towards the light)
are given the label '+’ Their optical isomers, which rotate light counter-clockwise, are labelled
‘~". Many biological molecules can exhibit chirality, including amino acids - the basic units from
which proteins are made.

o . . ‘ ]

C h cni Cdl I) Ql drgx The distribution of electric charge within a
molecule, owing to the way the atoms are arranged, can give parts of the molecule positive
charge while others are more negative. This asymmetry is called chemical polarity.

Perhaps the most common polar molecule is water. Its bent structure places an excess of
negative charge around the oxygen atom and an excess of positive charge on the side where the
two atoms of hydrogen are attached. In the diagram below, the positively charged end of water
is shaded pale grey, and the negatively charged end is dark grey.

Because water is polar, other polar molecules tend to dissolve easily in water to form a
solution. Polar molecules are also able to bond with other polar molecules through dipole-
dipole intermolecular forces - with the positively charged end of one molecule attracting the
negatively charged end of another, and vice versa.

Negative charge

!
|

Positive charge

73



CHEMICAL CHANGE

C hemi C al re aCti ons Different chemical elements and compounds

bring about changes to one another to produce new compounds, a process known as a

chemical reaction. The simplest are combination and decomposition reactions, where
chemicals come together or break apart to form new compounds. But chemical reactions can
take a variety of forms, including combustion and the neutralization of acids and bases.

The substances put into the reaction are the ‘reactants’, while those that come out are
known as the ‘products’. Sometimes the reactants only need to be put together in order to
react. At other times they may need some sort of stimulus, such as stirring, or heating - as is
the case for the chemical reaction between petrol and oxygen in a motor car engine.

Some reactions even require a little chemical help, from a ‘catalyst’, which is a substance
that speeds the reaction along, but emerges at the end unchanged. For example, the catalytic
converters in cars pass exhaust fumes through a filter impregnated with a platinum catalyst.
The precious metal encourages poisonous carbon monoxide in the exhaust to bond with
oxygen to form carbon dioxide which is then released, leaving the platinum unaltered.

ReaCllOIl , en 9£g,y_ Chemical bonds store energy and so breaking or

creating them, respectively, releases or absorbs energy. Reactions that absorb energy are called
endothermic, while those that give it off are called exothermic. As suggested by the suffix
‘thermic’, the energy manifests itself as heat. Photosynthesis is an example of an endothermic
reaction. Here, plants absorb heat from the Sun and use it to react carbon dioxide with water
to make glucose and oxygen. An example of an exothermic reaction is combustion - when a
material combines with heat and oxygen to give off even more heat. The energy in or out of a
reaction can be gauged by calorimetry.

A more dramatic exothermic reaction is the reaction produced by burning a powdered
mixture of aluminium and iron oxide (rust). The powder is very hard to light, but once you do
the reactants rapidly heat to produce a blob of molten iron and aluminium oxide at 2,500°C
(4,532°F). This ‘thermite’ reaction is used in military incendiary devices and for welding.

(] herrllcal C (‘l u al—i OI1S Chemists write down the reactants and

products involved in a chemical reaction as a chemical equation. Equations are written using
an arrow with reactants to the left and products to the right. So, for example, if compounds A
and B combine to make a third compound, C, the reaction is written A + B — C. If a reaction
is reversible, meaning it can proceed in the opposite direction as well, then a double arrow is
used, A+B=C.
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S 101 Ch 10me l’r}/ _ The relative proportions of reactants and products in a

chemical reaction are determined by a branch of chemistry called stoichiometry. Sometimes
a reaction will involve more than one molecule of one reactant. For example, the equation
Al + O, = AL O, describes the formation of aluminium oxide. Except this equation is unbalanced
- one atom of aluminium and two atoms of oxygen go in but two atoms of aluminium and
three atoms of oxygen come out. The balanced form of the equation is 4Al + 30, — 2A1,0,.
The numbers in front of each element indicate how many molecules of each element are
involved in the reaction. Now equal amounts of each element are present on both sides,
and the equation is said to be balanced. The numbers are called ‘stoichiometric coefficients’.
A ‘stoichiometric compound’ is one formed from reactants combined in whole-number
proportions.

Stoichiometry determines the optimum air-fuel mixtures for the internal combustion
engines that power motor cars, ensuring there is just the right amount of oxygen to burn all
the fuel. For petrol, the optimum air-fuel proportions are 14.7:1.

Combination and decomposilion .,

kind of chemical reaction is the combination reaction, also known as synthesis. Here, the
reactants are two or more chemical elements or compounds that join together by forming
chemical bonds, to create a single product.

Decomposition is the reverse process, where a single reactant breaks down into two or
more products. Often, this happens through the action of some kind of stimulus, such as
heating or the passage of an electric current. For example, passing a current through water
leads to a kind of decomposition known as electrolysis, where the current breaks water
molecules apart into hydrogen and oxygen. The chemical equation for the reaction is
2H,0 - 2H, +O,.

&(1—0)& A chemical reaction that adds and/or removes electrons from the reactant atoms
or molecules is known as a redox reaction, short for reduction-oxidation. Specifically, oxidation
is a loss of electrons, while reduction refers to a gain of electrons. The two reactions occur
together, resulting in the transfer of electrons from one element or compound to another.

For example, a redox reaction occurs between dihydrogen (H,) and difluorine (F,) to form
hydrogen fluoride, with the chemical formula HE The chemical equation for this reaction is
H, + F, — 2HE This can be broken down into the oxidation of hydrogen (H, — 2H" + 2e) and
the reduction of fluorine (F, + 2e- — 2F’) culminating with the formation of hydrogen fluoride
(2F + 2H* - 2HF).

Oxidation is so named because it was originally thought that only oxygen was capable
of bringing about this sort of chemical change. Similarly, the word ‘reduction’ referred to the
resulting depletion of oxygen as it reacted. Now there are other known oxidants, such as fluorine
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and chlorine — as well as reducers, such as hydrogen. The rusting of iron is a redox process,

whereby electrons are transferred from iron to oxygen before the two bond together to form a
flaky red compound called iron oxide.

ACI dS all d b dSE€S An acid is a compound that contains hydrogen so that

when dissolved in water the hydrogen is released as positively charged ions, H*. These hydrogen

ions can bond to other substances and have a corrosive effect on them. Acids conduct electricity
and have a sharp, sour taste.

On the other hand, a base — sometimes known as an alkali - is the opposite of an acid. It
soaks up H* ions, thus reducing the acidity of a solution. Negatively charged hydroxide ions,
OH’, are a simple example of a base. They react with hydrogen ions to form ordinary water,
chemical equation H* + OH" — H,0. The combination of an acid and a base in this way is called
a neutralization reaction. More complex acidic solutions usually produce some kind of salt
in addition to water when they are neutralized. For instance, when hydrochloric acid (HCI) is
neutralized by the base sodium hydroxide (NaOH), it forms water and table salt (NaCl).

C oI l) us [I on Combustion is an example of a chemical reaction where the

reaction energy is exothermic. Heat given off helps the reaction to continue, or even speed up.
For some materials, rapid combustion can lead to an explosion. Normally a combustion reaction
is a form of oxidation (see Redox), combining the combustible
P fuel with oxygen to create reaction products and heat. When
i butane gas (C,H, ) burns, it goes through the combustion
reaction 2C,H  + 130, - 8CO, + 10H,0.

47710

This is smoke-free burning. Some compounds produce
other solid and liquid residues when they burn, leading to the
formation of ash, soot and clouds of smoke - made of gases
along with solid and liquid particles. For example, aluminium
powder will ignite in a Bunsen burner flame, according to the
chemical equation 4Al + 30, — 2Al,0, to form aluminium
oxide particles.

Rotating

autae  Bunsen burner

collar ~ ABunsen
burner is an essential piece of laboratory equipment,
widely used for heating mixtures to stimulate
chemical reactions — and for other tasks such as
sterilization of equipment. It was invented in 1852 by
German chemist Robert Bunsen. His university was
constructing a new building with piped-in gas, and

Bunsen decided to make the most of it by designing a

Air inlet
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gas-powered burner that delivered a hot, clean, controllable flame suitable for scientific work.
The Bunsen burner consists of a vertical metal tube. Gas is fed in at the base and then rises

to the top where it undergoes combustion. Bunsen's stroke of genius was to add an air inlet

at the foot of the tube, adjustable by a rotating collar, allowing the gas to suck in air before it

is burnt. With oxygen from the air mixed in, the gas burns very efficiently - giving an intense,

clean blue flame with no soot to contaminate equipment. By contrast, closing the air intake

puts the burner into safety mode - for use in between experiments. Without the extra oxygen,

the flame is yellow and much cooler, and leaves a sooty deposit on any glassware placed in it.

C h emlC al pre C i pi tati orn A chemical reaction that causes solid

particles to form in a liquid, and then sink to the bottom, is known as precipitation. When
two solutions are mixed together and a chemical reaction occurs between the solutes that
produces an insoluble compound, particles of the new compound drop out of the liquid. Some
metathesis reactions have this effect. The new compound is called a precipitate and, once it
has settled out, the layer of liquid above it is known as the supernate.

Precipitation can also occur when a solution is mixed with a liquid in which the solute has
low solubility. Such liquids are known as antisolvents. Chemical precipitation should not be
confused with the process of meteorological precipitation, which is another name for rainfall.

M etat}]e S1S Sometimes a chemical reaction is more about the bonds holding the

reactants together than it is about the chemicals themselves. In a metathesis reaction, the
bonds between two reactant compounds swap over to create new products. An example is the
reaction given by the chemical equation NaCl + AgNO, — AgCl + NaNO,. Here, sodium chloride
and silver nitrate swap bonds to form silver chloride and sodium nitrate.

Metathesis reactions involve reactant molecules that are joined together by ionic bonds
- where pairs of ions are held together by the attraction of opposite electric charges. The
reactions happen when the ions from which two reactants are made become more stable
by breaking their ionic bonds and re-bonding with different ions from another reactant.
Metathesis reactions crop up in chemical precipitation and the neutralization of acids
and bases.

(]h eIIll Ca] e q u] ] i l) rl u m When a reversible chemical reaction — a

reaction indicated by a double arrow in its chemical equation - proceeds in both directions at
the same rate, and the quantities of reactants and products are both constant with time, then
the reaction is said to be in chemical equilibrium.

If for any reason equilibrium of a chemical reaction is upset, then the reaction rate will
increase in the direction needed to counteract the change. For instance, let’s say the reaction A
+ B = C has reached equilibrium. Now if someone adds a quantity of compound C, upsetting
the balance, the reaction rate from right to left will increase, converting C into A + B more
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quickly than it is converted back. The process continues until equilibrium is re-established:; it is
known as Le Chatelier’s principle.

N .
r rec radl Cals Electrons orbiting in atoms and molecules tend to pair up

with other electrons that have opposite quantum spin. Free radicals are a group of extremely
reactive atoms and molecules that have an unpaired electron in their outer valence electron

shell. It's the tendency of this electron to bind with electrons in other chemical elements and
compounds that makes free radicals so reactive. Indeed, they contribute to some destructive
chemical reactions, including combustion, food spoilage and depletion of the ozone layer in
the Earth’s atmosphere. Examples include dioxide (O,) and hydroxyl ions (OH").

In biology, free radicals are cited as one cause of the process of ageing, and are implicated
in the onset of dementia, cancer and many other diseases. Action of free radicals on the body
can be combated by ‘antioxidants’, chemicals that soak up free radicals and block the oxidation
reactions in the body (see Redox) that produce them. Examples of antioxidants are vitamin E,
beta-carotene and the polyphenols found in wine and chocolate.

CHEMICAL ANALYSIS

An alytl C al Ch € ml S tr,y, Faced with an unknown chemical compound

or solution, how do chemists go about finding out what’s in it? This is where chemistry meets
experimental science - it's called analytical chemistry. Broadly speaking, analytical chemistry

is a two-step process. The first stage is ‘qualitative’ analysis. This involves applying general
chemical tests to ascertain what the mystery substance is made of. What does it look like? What
colour is it? Is it an acid or base? Does it undergo combustion when heated, and if so, with what
colour does it burn? All these tests — and others — allow chemists to build up a picture of which
chemical elements and compounds are present.

The next stage is to determine the relative abundance of these elements and compounds
—and this is where the second step, ‘quantitative’ analysis, comes in. Its aim is to apply specific
chemical tests — such as titration, gravimetry and spectrometry - to determine the exact
proportions of elements present. A substance measured in such a procedure is referred to
as an analyte.

pH 11 d 1 Cator S Indicators are chemicals used to test for the presence of acids

and bases in a solution. The standard measure of acidity or basicity is the solution’s pH, which
stands for ‘potential of hydrogen’ It's measured on a logarithmic scale defined as -log, ¢, where
-log, ¢ is the opposite of raising 10 to the power ¢ (so for any variable x, log, (10) = x). In this
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case, the number c is the amount of hydrogen ions (H*) in a 10cm cube of the solution, measured
in moles. Water has neutral pH of 7. A pH level of less than 7 indicates an acid, while a pH of more
than 7 indicates a base.

A solution’s pH level can be measured electrically or by using a chemical indicator, a solution
that changes colour in response to the presence of acids or bases — acid turns the indicator red,
while bases turn it blue. Indicators are a cocktail of many chemicals — although the juice obtained
by steeping a chopped-up red cabbage in boiling water for 20 minutes is a good substitute.

Gr aVv i me tr i C allaly S i S A quantitative technique in analytical

chemistry, gravimetric analysis is used to determine the mass of solute in a solution or suspension
(see Mixtures). It works by physically or chemically extracting the solute as a solid and then
weighing it. In the case of a suspension or colloid, the extraction might be done by filtering.

For solutions, chemical precipitation reactions are often used to bring the analyte out of the

solvent. This might involve adding another compound to make a new solvent in which the analyte
is not soluble. Once solid particles are collected, they are washed to remove impurities, dried by
heating, and finally weighed on a high-precision balance. Gravimetric analysis is a simple yet
effective procedure that doesn't require expensive equipment.

e
Tltr Cltl on Titration is a way of determining

the concentration of a chemical element or

R . . . Burette
compound in a solution, by adding a reactive

chemical and noting how much of the chemical must
be added before the reaction is complete.

For example, the chemical reaction describing
the neutralization of hydrochloric acid and sodium
hydroxide into water and salt is given by the
chemical equation HCI + NaOH — H,O + NaCl. Let’s
say we have a beaker of HCI solution of unknown

NaOH solution of
known concentration

_' Stopcock

. . . to control
concentration. A chemist could determine the amount
concentration by dripping in an NaOH solution added

of known concentration and noting when the
reaction has reached its endpoint. From the reaction
equation, the amounts - that is the number of
molecules — of HCl and NaOH must be equal at this
point. The number of molecules of HCl in the beaker
is then given by measuring the volume of NaOH
delivered and multiplying by its concentration
(see Solutions).

So if the concentration of NaOH is 0.5 moles per
litre and 0.025 litres of it must be dripped into the

Solution of HCL
of unknown
concentration
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HCI then the number of HCl molecules in the beaker is 0.025 x 0.5 = 0.0125 moles. If the volume
of the HCl solution is 0.05 litres then its concentration can be calculated as 0.0125/0.05 = 0.25
moles/litre.

During titration, the reactant is delivered from a burette — a long glass tube with a stopcock
at the bottom and graduations up the side to make volume measurements easy. The tricky part
of titration is measuring when the reaction has reached its endpoint. This is usually done by
adding an indicator to the analyte (see Analytical chemistry) - such as a pH indicator - that
changes colour when the reaction is complete.

E b u] ] 10ImMe tr_}l Measuring the boiling point of a solution in an effort to

determine the molecular mass of the solute is called ebulliometry. Dissolving any substance
in a solvent will raise its boiling point - that is, the temperature at which the solvent turns into
vapour. Chemists call this phenomenon boiling-point elevation.

When the temperature of a liquid is raised to its boiling point, its atoms or molecules
escape from the liquid’s surface as a gas (see Solids, liquids and gases). But solute particles

get in the way of the escaping gas, knocking it back into the liquid. Energy of the particles has

to be given extra ‘oomph’ to barge past the solute and escape, and this is done by increasing

the temperature (see Kinetic theory). The resulting boiling-point increase tells chemists how
many solvent particles are present. The final step is to measure the mass difference between the
solution and the same volume of pure solvent which, combined with number of solute particles,
gives each particle’s weight.

R
épe Ctrometry, Spectrometry is done using a device called a spectroscope,

which measures the chemical composition of a sample by measuring the brightness of the light
it gives off at different wavelengths. Compounds and chemical elements each absorb light at
specific wavelengths, corresponding to the energy of the gap between their various electron
shells. Similarly, when a sample is heated it can become incandescent, giving off radiation at a
wavelength that corresponds to the energy gap between two of its electron shell levels.

When the intensity of the light from a sample is plotted against its wavelength, this
absorption and emission shows up as dips and peaks, respectively. And particular patterns of
dips and peaks correspond uniquely to particular elements and compounds.

I) 1S tlllatl on One way to separate out liquid components of a mixture is

distillation, a process relying on the fact that different liquids have different boiling points. Once
a chemist knows what liquids are present, they can heat the mixture to the respective boiling
points of those liquids, collect the vapour produced and then re-condense it into liquid form by
cooling. Distillation is used to produce spirit beverage drinks such as whiskey. This is possible
because alcohol boils at 78.5°C (173.3°F). Meanwhile, chemical engineering plants use a form
of distillation to refine crude oil.
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C r y S tallo gr aI) l ])7_ Determining the interatomic and intermolecular structure

of a solid is an area of analytical chemistry known as crystallography. Atoms and molecules can
be bolted together in different ways (see Allotropes), giving the resulting material quite different
properties. The simplest structures have a cubic form, with atoms or molecules forming the nodes
of a three-dimensional lattice of horizontal and vertical lines. There are more complex variations,
such as body-centred cubic and face-centred cubic (see Crystals), as well as many more.
Crystallographers probe this structure by firing short-wavelength radiation through the
sample — such as X-rays, or subatomic particles such as neutrons and electrons (which have
an effective wavelength owing to wave-particle duality). The regular spacing of the atoms and
molecules in the solid then acts like a diffraction grating, so that the emerging radiation, or
particles, cast a diffraction pattern of bright and dark spots that reveal the form of the
structure within.

Chromatograph

- _Chromatography is a technique for separating out

different solutes from a solution.

It works by passing the solution through a tall column packed with solid particles. Different
chemicals cling to the particles to varying degrees — a process known as ‘adsorption’ As the
solution is poured into the column at the top and then flushed down with more solvent,
chemicals that are strongly adsorbed by the particles take a long time to trickle down the column.
Conversely, those which experience little adsorption will move down rapidly and reach the
bottom first. This way, the different chemical components in the solution can be separated and
their composition analyzed using, say, spectrometry.

The name chromatography comes from an experiment conducted by botanist Mikhail
Tsvet, who invented the technique in 1906. He passed plant pigments down a chromatography
column, finding them to separate into different coloured bands on their way down. In addition
to analysis, chromatography can be used to separate or purify compounds before they are used
in further chemical processes. A variant called gas chromatography can be used to separate the
components of gaseous mixtures.

C alorlmetl ;_ Calorimetry, a branch of analytical chemistry, determines the

amount of heat produced or absorbed during a chemical reaction. The energy is measured using
a device called a calorimeter; the most common variety used in laboratories is the so-called
‘bomb’ calorimeter consisting of a sealed chamber (the ‘bomb’) in which the reaction takes
place. The bomb is immersed in an insulated vessel of water, and a remote system enables

the experimenter to initiate the reaction inside. Energy produced/absorbed then heats/cools

the water, producing a rise/fall in temperature that can be measured using accurate
thermometers. The well-known heat capacity of water then enables chemists to calculate

the total energy difference.
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E le Ctro Cheml C al analys 1 S A battery works using two

electrodes made of different metals, separated by a conducting liquid called an electrolyte.
Chemical reactions between the electrolyte and the electrode metals cause an electric current
to flow. Electrochemical analysis works by replacing the electrolyte with a mystery substance
—and uses the resulting electrical behaviour to draw conclusions about the substance’s
properties. Electrochemical analysis consists of tests such as measuring the voltage across

the two electrodes, measuring the electric current flowing through the analyte (see Analytical
chemistry) or applying a current to the analyte to induce a redox reaction.

IJ ab on a Chlp The miniaturization of devices, brought about by fields such

as molecular engineering and microchips, has enabled apparatus that are just a few square

centimetres in size to perform chemical tests. This technology, known as ‘lab on a chip’, can
analyze the smallest volumes of fluids, sometimes less than a picolitre (see Scale prefixes).
These tiny labs can perform tasks such as determining the composition of a sample, and run
tests on human body fluids — such as blood, saliva and urine - looking for the biomarkers that
warn of illnesses including influenza and cancer.

The microscopic scale of these devices means that gone are the days when carrying out
chemical tests required bulky apparatus in a large, immobile laboratory. A laptop computer
connected to a few handheld pieces of kit can perform literally thousands of tests — in tandem
if need be. Lab on a chip devices are of use to paramedics, field scientists operating in remote
locations and for planetary probes sent to explore distant worlds.

Chemo n]etr] CS It’s easy for a human observer to spot a link between one

or two data variables in a chemistry experiment, say the temperature and concentration of a
solution, and the rate at which a chemical reaction takes place — but when there are hundreds,
or maybe even thousands of variables, human brains simply aren’t up to the task. And that's
where the computer-based discipline of chemometrics comes in - rather like datamining
applied to libraries of chemical data.

The idea is to use computers to search for correlations between the data and the
observed properties of chemicals and their reactions, giving chemists additional insights
when confronted by similar patterns in newly gathered data. Chemometrics researchers at
the University of Bristol, in England, have used the technique to figure out how the likelihood
that someone is involved in drug crime is linked to the degree of drug residue found on
the banknotes (dollar bills) in their pocket. The findings of their research have already been
used in court.
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Th ermo Ch C mi S tr ‘}/_ How does heat affect chemical reactions? The

interplay of temperature with chemistry is a field known as thermochemistry. Heating a
substance can break the bonds between molecules (see Intermolecular forces), leading

to phase transitions between solid, liquid and gas - that is, melting and boiling. Extreme
heating can also break the bonds within molecules, turning molecules into individual atoms
- water heated to above 3,000°C (5,430°F) begins to ‘dissociate’ into hydrogen and oxygen.

Thermochemistry is also used to calculate properties such as the latent heat, heat
capacity and the temperature at which substances undergo combustion, all from chemical
considerations. Scientists working in the field of thermochemistry use calorimetry for
experimental work.

P h Oto C}l €111s tI:y_ Paint, ink and dye all fade after prolonged exposure

to sunlight. Such fading is an example of photochemistry, the interactions of atoms and
molecules with electromagnetic radiation. In the same way that applying heat can activate
and accelerate chemical reactions, so absorbing photons of light can raise electrons in
reactants to higher electron shells, increasing their reactivity. Energetic photons of light can
also break chemical bonds, splitting molecules into their components. But it’s not just visible
light - infrared, ultraviolet, X-rays and radio waves can also influence chemical processes.

Photochemistry describes the process of photosynthesis — by which plants extract
energy from sunlight - and photography. A photographic film is made by coating plastic
with silver halide, a compound that undergoes a chemical reaction when exposed to

light, converting some of it into atoms and ions of silver. In this way, the light imprints a
faint image on the film which is then amplified when the film is developed. The analytical
technique of spectrometry is also a consequence of photochemistry.

Q uantum C }l e@StIy_ Chemical reactions are caused by the

movement and interaction of electrons between atoms and molecules, a process governed
by the laws of quantum theory. Using quantum theory to make chemical predictions is a
field called quantum chemistry. Quantum laws describe the electrons around the nucleus
of an atom as wave-like entities, with the peaks of the waves giving the locations where the
electrons are most likely to be found.

The theory predicts the energy levels and electron shells occupied by electrons. And
this in turn leads to the prediction of physical quantities such as how reactive an atom is,
how much energy it takes to remove electrons to create an ion, and even simple concepts
like how big an atom or molecule is. A hydrogen atom has a diameter of about 0.1nm (where
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nm is nanometres — see scale prefixes), an atom of oxygen is 1.2nm across, and when one
atom of hydrogen and two of oxygen combine the result is a water molecule, 0.278nm in size.
Quantum chemistry also underpins the group and period structure of the periodic table of the
chemical elements.

E le Ctro C}I CINIS tr}z_ Electrochemistry is a discipline that has alot in

common with electrochemical analysis. It deals with the chemical reactions of electrolyte
solutions with conducting metals. Simple electrical battery cells are an example of
electrochemistry, operating through redox reactions. The electrodes of the battery are made
from different metals — zinc and copper are common choices. Zinc reacts with an acidic
electrolyte through oxidation, causing the metal to lose electrons and become positively
charged. Conversely, the copper reacts with the electrolyte through reduction, causing it to
gain electrons and become negatively charged. An electric current will then flow through any
conductor connected across these positive and negative electrodes.

Electroplating is an electrochemical process to plate metals. It works using a similar
arrangement but applying an external voltage source across the two metal electrodes. Using as
electrodes a piece of silver and an iron spoon, suspended in a silver nitrate electrolyte, would
result in the iron acquiring a thin plating of silver. Silver ions are formed through oxidation
which are then electrically conducted through the electrolyte and deposited on the iron by
reduction - creating a silver-plated spoon. Galvanization - plating metals with zinc to prevent
them corroding - is another application of this process.

Battery s
L Electrons

Silver block

Electrolyte
(solution of silver nitrate)

Iron spoon

Silver ions ——

S ono Ch c¢mis L[‘ ‘)/_ The interaction of sound waves with chemical systems is

called sonochemistry. Technically speaking, it’s not the sound waves themselves that interact
with chemical elements and compounds, but rather the energy released during the collapse of
bubbles seeded in a solution by the passage of sound, a process known as ‘cavitation’. It happens
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when a sound wave briefly lowers the pressure of a small volume of liquid enough to vaporize
it, forming bubbles of gas. The bubbles then collapse supersonically, triggering shock waves
that heat and compress the liquid. And it is these effects that can influence chemical reactions.
Ultrasound is the principle source of sound waves for sonochemistry, delivering high-intensity
sound that can induce considerable cavitation in solutions. The frequency of the sound is
several tens of kilohertz, kHz, just above the highest frequency a young human ear can detect -
approximately 20kHz.

One phenomenon that’s baffling sonochemists is ‘sonoluminescence’. Here, collapsing
cavitation bubbles in a liquid give off faint flashes of light. Some kind of interaction is taking
place between the bubbles and the electron structure of molecules in the liquid to create the
light - but so far, no one is quite sure what.

MATERIALS CHEMISTRY

C Oll Ol d S A mixture of a liquid with solid particles which are bigger than individual
molecules yet small enough not to sink is known as a colloid. Unlike a solution, passing a colloid
through a filter will separate the liquid from the particles. Common colloids are blood and ink.
The liquid part of the colloid is known as the ‘continuous medium’ while the solid particles are
called the ‘dispersed medium’.

There exist other kinds of colloids where the continuous and dispersed media aren't liquid-
solid. For example, an ‘emulsion’ is a colloid where both media are liquids - such as milk (fat
droplets in water) and some paints. Aerosols are another - these colloids are made of solid
particles dispersed in a gas. And foam is a colloid made of gas dispersed into a continuous
liquid. In fact, the only kind of colloid that doesn't exist is gas-gas, as all gases can be mixed
freely with one another.

Auxetl CS stretcha lump of solid Original

height

material and you would expect it to become

thinner around the middle as you tried to

pull it apart. Not so with auxetic solids — these

solids actually get fatter as you stretch them

out. The secret to making them is to engineer )

the bonds between molecules so that when I:fe;g;rht
the structure is stretched it also expands in stretching
a direction perpendicular to the stretching.

Imagine each line on the diagram, right, is

Structure
a length of wood and at each corner there is “——  stretched

horizontally
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a hinge. If you pull this structure apart horizontally, then the horizontal lengths of wood at the
top and bottom move vertically outwards. Now replace the pieces of wood with intermolecular
bonds, and the hinges with molecules, and you start to see how an auxetic material might look on
the smallest scales.

The field of auxetics is still in its infancy, but there are already minerals and manmade
macromolecules known that exhibit auxetic behaviour. Future applications for these amazing
materials could include body armour, pipes that can be unblocked simply by pulling on them
and building materials that self-heal cracks.

S
S urfac td[ 1 tS Wash your windows and the water’s surface tension causes it to

contract into beads on the glass, leaving some areas dry. A surfactant is a chemical that lowers
the surface tension of water, and other liquids, allowing them to spread out and form an even
film over the glass. That's why surfactants are used in detergents, where the reduction of surface
tension enhances the ability of the water to wet surfaces that it comes into contact with.

A surfactant - short for surface active agent - is made up of elongated molecules, one end
of which is attracted to water (hydrophilic) while the other end is repelled by it (hydrophobic).
When a surfactant is added to water, the molecules form a layer on the surface with their
hydrophilic ends pointing into the water and the hydrophobic ends pointing outwards. With no
water at the surface to create surface tension, the liquid is now able to spread out and coat the
glass of your windows evenly. Common surfactants used in detergents include sodium laureth
sulphate and cocamidopropyl betaine.

Allo § An alloy is a mixture of a metal and another chemical element or compound,

formulated to give desirable engineering properties. If an alloy is made from two metals (see
Metallic bonds and Ionic bonds) both components are usually melted into a molten state, and
then mixed to form a solution, which is then solidified. Brass, an alloy of copper and zinc, is made
this way. Some alloys are made from a metal and a non-metal. Steel, for example, is made by
mixing iron (metal) with a precisely controlled amount of carbon (non-metal).

Whereas pure metals have well-defined melting points, this isn't the case with alloys. They
usually have a range of temperatures for which they begin to soften, as the lower melting-point
components become liquid, only becoming completely molten when the temperature rises
higher. Alloys are tailored to their intended purpose, with different elements and compounds
added to give just the right properties such as tensile strength, corrosion resistance and elasticity.

™
(“I , S tal S When the atoms or molecules of a solid bond together to form a regular, rigid
lattice the resulting material is called a crystal. Diamond and quartz are examples, although the

atoms and molecules of most metals also form a crystal lattice, the formation of which depends
on conditions such as temperature and pressure. This can result in different crystal structures,
known as allotropes, being formed from identical chemical elements or compounds. On the
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other hand, solids that retain the same crystalline structure when they go through a chemical
reaction are known as ‘allomers’.

Particles can be held in a crystal lattice by all kinds of intermolecular forces, including
the attraction of opposite electric charges and hydrogen bonds. Arrangement of atoms or
molecules within crystals can take various forms (see diagram). As particles are added to a
crystal, they can amplify this underlying structure, giving some chunks of crystal a striking
angular or polygonal shape. Studying the crystal structure of solids is a field known as
crystallography.

s S
| Eam— e

Simple Body-centred Face-centred
cubic cubic cubic

Amo rphou S S Oll d S At the opposite end of the scale from crystals, which

have a well-ordered atomic and molecular structure, are the amorphous solids, which have a
highly disordered structure. Common examples are glass, amber and many plastics. Technically
speaking, it’s incorrect to say amorphous solids are totally lacking in structure. For example in
glass, silicon dioxide (SiO,), individual molecules bond to their neighbours according to well-
defined rules - the silicon in one molecule will bond only to an oxygen part of other molecules.

Crystal structure Amorphous solid Gas



But in glass there is none of the structure across large groups of molecules that’s present in
crystals, and this is typical of all amorphous solids. Amorphous materials are also sometimes
called ‘vitreous’.

71y ro ph oric s Oll d S Pyrophoric solids are materials that will ignite

spontaneously upon contact with air.

All materials have what'’s called an autoignition temperature, above which they will undergo
combustion. Most materials commonly encountered have a high autoignition temperature,
meaning that a flame or other intense heat source must be applied to start them burning.
Pyrophoric solids, however, have an autoignition temperature that is room temperature or below.

The autoignition temperature of a material is determined by its readiness to undergo
oxidation reactions (see Redox), combining with an oxidant (normally oxygen in the air) to
release heat through combustion. Pyrophoric materials are extremely hazardous to handle
and they are usually stored in tightly sealed containers that have had all the oxygen inside
replaced with an inert gas such as helium. Examples of pyrophoric solids include plutonium and
phosphorus (used in military incendiary bombs and tracer bullets). Some gases and liquids are
pyrophoric too, such as hydrazine rocket fuel.

Macr Om O le C ll] CS Large molecules, each containing hundreds or even

thousands of atoms, are called macromolecules and are built up from smaller units called
‘monomers’. Each monomer is a molecule in its own right but, unlike crystals — which are joined
by intermolecular forces - macromolecules join their molecular components together by means
of covalent bonds. A macromolecule is made from these repeating building blocks ‘bolted’

together over and over again.

Because macromolecules are built from many monomers, they are sometimes known as
‘polymers. Polyethylene, a polymer used to make disposable plastic shopping bags, is made
from a large number of monomer molecules called ethylene (C,H,), bolted together to form long
polymer chains. Indeed, all plastics are polymers. Macromolecules also play an important role in
biochemistry. Proteins, carbohydrates, lipids and nucleic acids such as DNA and RNA are
all polymers.

P laStl CS Plastics are synthetic materials made from hydrocarbon macromolecules.
The name ‘polymer’, an alternative term for macromolecules, has become largely synonymous
with plastic, however not all polymers are plastics. Plastics come in two principle varieties.
‘Thermoplastic’ materials re-soften each time heat is applied, allowing them to be remoulded
and reused many times. However, ‘thermosetting’ plastics can only be heated and softened once,
after which they will remain solid when reheated.

Bakelite was an early thermosetting plastic developed in the first decade of the 20th

century, and used to make casings for electrical goods. It is made by mixing phenol (C,H,OH)
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and formaldehyde (CH,0). Most plastics are made of molecules built up from the same basic
chemical elements — hydrogen, carbon, oxygen, nitrogen, chlorine and sulphur. Common
plastics you may encounter are polyvinyl chloride (PVC), used in plumbing; polyamides, used
to make nylon stockings; and polystyrene, used for plastic cutlery and, in its expanded form,
foam packaging.

C On] b lnalo ri al Cheml Str_}f_ Combinatorial chemistry is all

about making tiny tweaks to the structure of a complex molecule to see how its properties
change. This is done using computer-controlled robotic lab systems to synthesize and assess
huge numbers of molecules en masse.

Components of large molecules can be put together in thousands of different ways and
combinatorial chemistry allows this huge parameter space to be rapidly explored. It has
proved especially fruitful in the hunt for new pharmaceutical drugs, where combinatorial
chemistry techniques now turn out 100,000 new compounds every year. The properties of these
compounds are added to a computerized database that can be queried whenever researchers
are looking for a new chemical with specific properties. One drug developed this way and now
approved for clinical use is Sorafenib, used to treat cancers of the liver and kidneys.

Computational chemistry o aiona chomisuyise

application of computers to chemistry. Chemometrics is one branch - along with its big brother
‘chemoinformatics’, an area using datamining techniques to trawl through the vast libraries and
databases created through the course of combinatorial chemistry research. Say, for instance,
chemists are looking for a compound with specific properties but it isn’t in their database.

How can the properties of the closest compound they have be tweaked to make it fit the bili?
Chemoinformatics researchers can help by applying algorithms to find cases in the database
where the properties of other compounds have been shifted in the same way — and thus advise
experimentalists on new approaches they can try.

Other computational chemists are involved in ‘molecular modelling’, using computer-
based theoretical calculations to unlock the properties of molecules. Many applications of
molecular modelling lie in biochemistry research, building the theoretical understanding of
molecules including proteins and DNA.
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THE THIRD OF THE BIG THREE SCIENCES (after physics
and chemistry), biology is about applying the principles of
chemistry to explain the science of living things. It covers
everything from the operation of the smallest biological
units — cells — through to microorganisms, the structure and
behaviour of plants and animals, as well as explaining how |
these organisms arose and evolved in the first place.

The history of biology begins with the ancient Greeks, N
who were inveterate studiers of fauna and flora. The real
theoretical understanding of biology, however, didn’t begin
until much later, with the invention of the microscope in the
late 16th century; this enabled the discovery of cells and later
became instrumental in fathoming their structure and how ;
they work together inside organisms.
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The big biological breakthrough of the 20th century
was genetics. This was the discovery that all of the information
determining the structure of our bodies - such as how many
fingers we have and how our organs work - as well as our
identifying features such as hair and eye colour, is all encoded -
on a molecule called DNA that lies at the centre of every single
one of our cells.

Now genetics is promising further exciting discoveries.
While the 20th century was the golden age of physics, some are
predicting that the 21st century will turn out to be the golden
age of biology.



BIOCHEMISTRY

Amlno dCl d S Biochemistry is the study of the chemical make-up of living

organisms and the interactions between the chemicals that are responsible for sustaining life.
Some of the fundamental chemical building blocks of life are a group of organic compounds
known as amino acids.

Amino acids join together into short polymer chain molecules (see Macromolecules)
known as ‘peptides’, or longer ‘polypeptides’, which consist of several hundred amino acid
molecules. A common kind of polypeptide playing a major role in biology are protein
molecules. Amino acids also contribute in other areas such as metabolism and neurobiology;
consequently, amino acids are an essential part of any animal’s diet. They also have applications
in technology, including chemical engineering.

PrOteln S Proteins are polypeptide molecules made up of long chains of amino acids
bonded together. They are built from basic amino acids ingested by an organism and assembled
according to the instructions encoded within the organism’s DNA. The resulting different types
of protein create the different types of tissue that serve a multitude of different roles within the
organism (see Cellular differentiation).

A protein’s properties can be quantified by a number of factors that describe its structure.
The sequence of amino acids making up the protein is known as its ‘primary structure’, and the
resulting molecule can then coil around itself like a telephone wire - the form of this coiling is
called its ‘secondary structure’. The overall 3D shape of the resulting coil is the ‘tertiary structure’
and the process by which the molecule assumes its 3D structure is known as ‘protein folding’.
Interactions between a number of protein molecules can form a final structural type called the
‘quaternary structure’. Study of proteins and their role in living cells is a field of science called
‘proteomics’.

-

Primary structure Secondary structure
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E n Ly mes An enzyme is a special kind of protein that acts as a catalyst to speed the

rate of a biological chemical reaction. Like other proteins in a living organism, enzymes are
created according to the instructions within DNA; this enables DNA to make different kinds of
cell, serving different biochemical purposes through their different enzyme concentrations.
Enzymes are important in a great many biological processes such as the digestion of nutrients,
muscle action (see Musculoskeletal system) and in propagating chemical signals through cells.

Changes in acidity (see Acids and bases) and temperature (see Heat) also influence the
activity of particular enzymes in a process called ‘enzyme inhibition’. Enzymes are named by
adding the suffix ‘ase’ to the substance which they act on - for example, lactose is broken down
by the enzyme lactase.

Enzymes aren't exclusive to natural biology. They are used in technological applications
such as biological washing powders, where they help to increase the rate of chemical reactions
involved in the breakdown of stains caused by biological matter such as fat {see Lipids), blood
and plant pigments.

C arb O hydr ate S Carbohydrates are organic compounds made of carbon

bonded to molecules of water; they include sugars and starches. Organisms use them primarily
as a source of energy, though carbohydrates also play a role in the operation of cells and are
important in the structure of plants and the hard shells of some invertebrate animals (see
Vertebrates). Carbohydrates often carry the suffix ‘ose’. For example, the simplest carbohydrates
are sugars, such as sucrose, fructose and glucose. These sugars are bonded together to form
larger molecules, called ‘polysaccharides’, to form ‘complex carbohydrates’ such as starch and
glycogen, which is used by living creatures for energy storage.

Despite the popularity of low-carb diets, most experts in food science recommend that
adult humans get most of their dietary energy from complex carbohydrates, by eating foodstuffs
such as pasta, potatoes and bread.

L] I) 1_d__§ Another group of organic compounds important for energy production and
storage in organisms are fats. And these are part of a broader group of molecules known as
lipids, which also include waxes, steroids such as cholesterol, and certain kinds of vitamins
(see Nutrients) that can form solutions in fat. Like carbohydrates, lipids are a component of
cell membranes and important for energy production and storage — and for chemical signalling
processes that assist in the functioning of biological cells.

Fat-based lipids are an essential nutrient in the human diet, needed to dissolve the vitamin
groups that are only soluble in fat - namely, vitamins A, D, E and K. Meanwhile, certain fatty
acids, such as omega-3, are believed to have beneficial properties of their own in staving off
disease. However, excessive intake of saturated fats (chiefly animal fat) and so-called ‘trans fats’
(such as partially hydrogenated vegetable oils, which have had hydrogen added to increase their
shelf life) have been shown to lead to an elevated risk of heart disease.
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Nl’ltr lentb Nutrients are organic chemicals essential to the survival of biological
organisms; they provide organisms with energy, material with which to repair damaged tissue,
as well as chemicals needed for life processes.

Animals, including human beings, require three main groups of nutrients — proteins,
carbohydrates and fats (see Lipids). These are supplemented by various vitamins — chemicals
that promote healthy bones, skin, vision and nervous system — as well as minerals such as
iron, which is essential for making the red blood cells needed for transporting oxygen around

the body. Proteins, carbohydrates and fats are examples of ‘macronutrients’ — chemicals
needed in large quantities — while vitamins and minerals are ‘micronutrients’, only needed in
small amounts.

M etab 011 Sm An organism’s metabolism is the set of chemical processes by which

it both extracts energy from the nutrients it consumes and then uses this energy for basic life
functions and for growing new cells. Metabolism is governed by enzymes; the particular set

of enzymes an organism possesses determines which are the most effective chemical routes

- known as ‘metabolic pathways’ - to produce energy and put it to use. A metabolic pathway
consists of a series of chemical reactions, each one sped along by a particular enzyme catalyst.
In this way, the particular suite of enzymes at an organism’s disposal determines which foods
are nutritious to it and which are poisonous.

The metabolic pathways that break down molecules - for example, to digest food - are
referred to as ‘catabolism’, while the pathways that manufacture new molecules - such as
proteins and other components of cells — are known as ‘anabolism’. The metabolism requires
its own source of energy to run, which it spends at a pace known as the ‘basal metabolic rate’
(BMR). Someone with a fast BMR
- sometimes known simply as a

‘fast metabolism’ - can eat more I N
food without gaining weight than .
Dissolved carbon
someone who has a slow BMR. dioxide —= Hydrogen
Water y .*' sulphlcie .
Chemosynthesis  ydrotnerm

Whereas animals derive their
energy and nutrients from
the digestion of organic
compounds, and plants make
energy through photosynthesis, !
some microorganisms have a ~— : 55K s
third method at their disposal + +

- chemosynthesis. These o0 oo S 7 G0 T IO,
microorganisms - known as

Carbon + Water + Hydrogen —  Sugar + Sulphur
dioxide sulphide compounds
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‘chemoautotrophs’ - are able to ingest inorganic chemical compounds and convert them to
organic compounds through oxidation chemical reactions (see Redox).

Chemoautotrophs inhabit environments where there is little natural sunlight or organic
matter to feed on, such as in the dark depths of the ocean. Here, hydrothermal vents in the
sea floor can provide a source of inorganic chemicals, such as hydrogen sulphide, to sustain
chemoautotrophic bacteria.

Bioenergetics

field called bioenergetics, which involves calculating the energy budget for the organism, and
balancing the energy intake — from food and/or sunlight - against the energy expenditure in
terms of metabolism, growth, waste and heat losses.

Organisms store energy through the chemical bonds (see Ionic bonds) between their
constituent chemicals. When weakly bonded atoms and molecules are rearranged into more
strongly bonded chemical compounds, the extra energy in these bonds can be released and
used at a later time by breaking the bonds. In the body the main molecule serving this purpose
is adenosine triphosphate (ATP).

Study of the energy flowing through living organisms is a

- : O

Re ce p IOI S Similarly to the radio receivers of biochemistry, receptors are molecules
that sit on the outside of cells and bond to other chemicals. The other chemical acts like a
messenger, altering the chemical properties of the receptor and in turn triggering a response
within the cell. Receptors are proteins found in the outer ‘plasma membrane’ of the cell and
each receptor is tuned to respond to a specific kind of messenger chemical. These might be
chemicals produced by other parts of the organism, such as hormones or neurotransmitters
(see Neurobiology), or they may be engineered chemicals designed to have a beneficial effect
on the cell (see Pharmacology) - or even a detrimental one (see Toxicology). The chemicals
that bond to a receptor are sometimes known as ‘ligands’; they change the 3D structure of the
receptor protein and that is what triggers the cell’s response to the ligand’s arrival. The response
is normally a secondary chemical process within the cell.

- " :

1 101 Imones Hormones are chemical messengers that carry signals from one part
of an organism to another, and regulate everything from your mood to telling you when you're
hungry. They work by binding to receptors within cells; for example, when receptors in liver or
muscle cells bond to the hormone insulin they stimulate the cells to absorb the carbohydrate
glucose from the bloodstream and store its energy as the molecule glycogen.

Hormones can either be transmitted via the blood (known as ‘endocrine’ hormones)
or through a dedicated network of ducts — called ‘exocrine’ hormones. Some hormones
also carry messages within cells, and these are called ‘intracrine’ hormones. Glands made
up of specialized groups of cells produce hormones. Examples of these glands include the
thyroid gland, which produces thyroxine - which controls metabolism — and the adrenal
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Pituitary gland
Pineal gland

gland, responsible for producing stress Hypothalamus
hormones such as epinephrine, which

increase the body'’s performance at times

of increased demand. All large organisms,

such as plants and animals have a

Thyroid gland

Parathyroid glands
_—"(black spots)

hormone system.
Thymus gland

Adrenal glands

Homeostasis g

(on top of
the processes essential for life to exist kidneys)
requires careful regulation of the
conditions inside an organism, to ensure
that parameters such as temperature
and chemical composition, remain

within acceptable bounds. Regulating

Pancreas

these parameters is a process known Ovary
. (female)
as homeostasis. ‘
Perspiration and panting to regulate Testicle
. estic
temperature are examples of homeostasis (male)

at work. Similarly, chemical processes keep
the chemical balance of cells in check;

for example, ‘osmoregulation’ controls

the balance of fluids and salts in animal
cells through osmosis. Meanwhile,
chemical waste products are filtered from the blood by the kidneys and excreted as urine. Other
mechanisms moderate blood glucose, food intake, acidity in cells and the operation of the
immune system. Nearly all biochemical homeostatic processes are controlled by hormones.

Re S p 1r atl on Respiration is the name given to a set of chemical reactions that

occur within cells to turn biochemical energy from nutrients in food into the molecule ATP
(see Bioenergetics). ATP can then be shipped around the organism and tapped into whenever
energy is required at a later time.

Respiration takes one of two forms. ‘Aerobic respiration’ involves oxygen - here, nutrients
such as amino acids from protein, as well as carbohydrates and lipids, undergo oxidation
reactions (see Redox) to form ATP. When energy is needed ATP reacts with water, breaking
chemical bonds to form adenosine diphosphate (ADP) and releasing the bond energy.
‘Anaerobic respiration’, on the other hand, generates ATP without the input of oxygen, a process
also known as ‘fermentation’. One type occurs in human muscles when there is insufficient
oxygen in the blood - for example, during extremely strenuous exercise such as sprinting. Again,
blood sugars are converted into ATP, but this time there’s a by-product - lactic acid, the acid that
produces the familiar burning sensation in the over-worked muscle.
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CELL BIOLOGY

Cells

—~—~~~~% The basic unit of all living organisms is the cell and large animals and plants
contain trillions (10 - see scientific notation) of them. These organisms are called
‘multicellular’, however, there are life forms - such as bacteria - that are composed of
just one, and these are called ‘unicellular’. Cells are made of protein material and are the
fundamental machines of biology, where all the processes responsible for sustaining life
take place: energy production, tissue growth, homeostasis and hormone production. Each
kind of cell has a particular function determined by the cocktail of enzymes within it, which
influence the rate of particular biochemical reactions. Cells come in two principle types:
prokaryotes and eukaryotes, and individual components of cells are called ‘organelles’. The
cell theory of biology was first put forward in 1839 by German biologists Matthias Jakob
Schleiden and Theodor Schwann. However the term ‘cell’ is much older - first used by the
17th-century English scientist Robert Hooke.

E Ukary Ote S Eukaryotes are the most common of the two main types of cell,

and form the constituents of almost all multicellular plants and animals. However, some
single-cell organisms are also eukaryotes, known as protists. Sometimes the term eukaryote
is also applied to the complete organism as well as its component cells. Eukaryotic cells
measure from around a few microns (thousandths of a millimetre) up to about a millimetre
in size and are more complex and therefore larger than the other main cell type, the
prokaryotes.

. Nucleus
A typical animal eukaryote cell Endoplasmic /
has an outer sheath, known as the reticulum /
plasma membrane. The body of the Plasma
cell within is referred to collectively memtiane
as the ‘cytoplasm’, and consists of a \

watery liquid, called ‘cytosol’, immersed

in which are the various organelles, each
enclosed in their own membranes. Each
organelle carries out a specific function
within the cell. Mitochondria generate
most of the cell’s energy, in the form of ATP;

enzymes are stored in cavities known as
vacuoles, vesicles and lysosomes; while
ribosomes are the protein factories

of cells, manufacturing new tissue
according to the blueprint stored in

Cytosol
Mitochondria
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the organism's DNA. The DNA itself resides within the cell nucleus. Just outside the nucleus is
a porous structure called the ‘endoplasmic reticulum’ which handles the transport and folding
of newly made proteins. And supporting the whole cell is a scaffold-like structure known as the
‘cytoskeleton.

Pr()kéll , ) ();I‘e_s Prokaryotes are the simpler of the two major kinds of cell. The

principle difference distinguishing them from their cellular cousins, the eukaryotes, is the
total lack of a cell nucleus - instead, their genetic material is in a free-floating bundle called
the ‘nucleoid’ at the centre of the cell. Whereas eukaryotes can be multicellular (see Cells),
prokaryotes are always unicellular - the chief examples being bacteria and archaea (see

Prokaryote microbes). Nucleoid

Prokaryotes have fewer organelles in their (free-floating DNA)

cytoplasm (see Eukaryotes). Like eukaryotes, Capsule
they have ribosomes and a plasma membrane;

they also have an outer casing beyond the

membrane, called the ‘cell wall’. Most bacterial Ribosome
prokaryotes are also home to plasmids -
lengths of DNA not connected to the nucleoid.
Some prokaryotes also have a tail, called a
‘flagellum’, which they use for propulsion.
Their simplicity means prokaryotic cells tend
to be much smaller than eukaryotes - indeed,
they can be as small as a tenth of a micron
across (0.0001 of a millimetre).

Cell wall

Flagellum

Cytoplasm

Cell nucleus

L A E g A principle purpose of the nucleus is to control the other functions
of the cell. The nucleus is the centre of a eukaryote cell, and is home to the chromosomes
of DNA that carry the organism’s genetic code. Surrounding the nucleus is a double-walled
membrane called the ‘'nuclear envelope’, which is perforated by tiny pores through which small
protein molecules and RNA can cross, serving as chemical messengers between the nucleus and
the rest of the cell. However, it cannot be crossed by larger protein or DNA molecules.

Whereas the body of a cell is supported by the cytoskeleton structure, the nucleus is

built around a fibrous framework called the ‘nuclear lamina’; the contents of the nucleus are
sometimes referred to collectively as ‘nucleoplasm’. A class of microorganisms called protozoa
have two nuclei - one to control cell division and another to regulate the cell’s other functions.

C hrom osomes Chromosomes are lengths of DNA inside the cell nucleus of

eukaryote cells that carry the genetic information (see Genes) to build identical copies of the
cell through cell division, and to manufacture proteins through gene expression. Humans have
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a total of 22 distinct chromosomes, called ‘homologous chromosomes’; however, each cell of
the body — known as the ‘somatic cells’ — contains two copies of each chromosome, arranged in
pairs. These 44 chromosomes are supplemented by one pair of sex chromosomes, determining
whether the organism is male or female (see Reproductive biology), giving a total number in
the nucleus of 46. For other species this figure can be quite different - for example, cats have 38
chromosomes while maize has just 20.

Each chromosome is of a different length and carries distinct genes — in humans, the
gene for brown eyes is on chromosome 15, while chromosome 2 is thought to play a big part
in determining intelligence. Some diseases are caused by chromosomal abnormalities; for
example, people with Down'’s syndrome have an extra copy of chromosome 21.

) .
]' 101 d __ The number of copies of each chromosome found inside a cell nucleus is

determined by the ploidy of the cell. In humans, the ‘somatic cells’ comprising the body are
‘diploid’, meaning that there are two copies of each chromosome present inside every cell.
Gametes, on the other hand - male sperm cells and female egg cells (see Reproductive biology)
— are ‘haploid’, which means each cell contains only one copy of each chromosome. When a
sperm and an egg combine at conception, a chromosome from each parent will make up each
chromosome pair in the resulting zygote cell.

Other types of organism may have more than two copies of each chromosome in their cell
nuclei - a situation known as ‘polyploidy’. Durum wheat, for example, is ‘tetraploid’ - every
somatic cell has four copies of each chromosome in the nucleus.

Te .
Mitochondria
eukaryote cells. They are responsible for generating most of the cell’s energy from nutrients

through the formation of the molecule adenosine triphosphate (ATP) - see bioenergetics.
They also manufacture ribosome RNA, messenger RNA, and various proteins, as well as
controlling the metabolism inside the cell. Mitochondria measure between a half and a few
microns (thousandths of a millimetre) across, and are about ten microns long. A cell may
contain between one and thousands of mitochondria depending on its type (see Cellular
differentiation).

Like the cell nucleus, mitochondria also contain DNA - arranged as a single chromosome
joined at both ends into a loop. Mitochondrial DNA (mtDNA) makes up less than 1 per cent of
the total DNA in cells. It is only inherited from an organism’s mother, and is passed on virtually
unchanged from generation to generation. This has led to the idea of ‘Mitochondrial Eve’, the
common female ancestor of all humans from whom all of our mtDNA is directly descended. It’s
currently believed she lived in Africa around 200,000 years ago (see Out of Africa).

Mitochondria are another kind of organelle found within

Rlb osome b Ribosomes are factories where proteins are made from amino acid

building blocks. These spherical components of cells, measuring just 20 nanometres across
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{see Scale prefixes) and made of RNA and protein, take so-called messenger RNA (mRNA) and
use the information it stores to manufacture long polypeptide protein molecules. Messenger
RNA is produced in the cell nucleus, where it takes a copy of the genetic information on the
DNA of chromosomes and encodes it in the sequence of nucleotides making up its own
structure, a process called ‘transcription’. The mRNA then travels through the pores in the
nuclear envelope surrounding the nucleus to carry the blueprint of the proteins to a ribosome
site. There, the ribosome moves along the mRNA chain, reading off the sequence of information
and bolting together amino acids accordingly; this manufacturing process, whereby proteins are
made from mRNA, is called ‘translation’. Some antibiotic drugs work by selectively knocking out
the ribosomes inside bacteria (see Prokaryote microbes), destroying their ability to function.

) ids

} dasImias These are circular pieces of DNA most commonly found within prokaryote
cells, especially bacteria (see Prokaryote microbes). Thousands of them can exist in a single
cell. Plasmid DNA typically stores a few thousand base pairs (see Nucleotides) of genetic
information. Its genetic code stores instructions for functions to be carried out by the cell, often
defensive processes such as building resistance to toxins, breaking down potentially harmful
chemical compounds or manufacturing proteins that attack other organisms.

Plasmids are used in genetic modification as a way to insert modified genetic code into

an organism'’s cells, and as a method for mass-producing particular proteins - by inserting the
genetic code for the protein into the plasmid DNA and inserting the plasmid into a bacteria cell,
the cell can be fooled into replicating many copies of the new protein.

Alltop hagy This is a cannibalistic process that cells sometimes undergo, whereby

they literally eat themselves. Autophagy plays a vital role in the overall health of the host

organism. The cells sacrifice some of their non-essential parts to provide nutrients to fuel
cell components needed for essential processes. Cells may do this when their usual source of
nutrients is in short supply, or to dispose of damaged organelles (see Eukaryotes), or even to
rid themselves of bacterial infections (see Prokaryote microbes). A double membrane forms
around the part of the cell to be devoured, forming a packet known as an ‘autophagosome’,
which merges with another cellular component called a lysosome, infusing enzymes through
the double membrane wall to digest the contents.

C € 11 le 15101 The process by which biological cells make copies of themselves

is called cell division and proceeds in different ways depending on the type of cell - eukaryote
or prokaryote. Eukaryotic cells divide through a two-step process of ‘mitosis’ followed by
‘cytokinesis’. Mitosis starts with DNA replication inside the cell nucleus so that the double-
helix structure of each DNA molecule unzips along its length. Then the nucleotide bases (see
DNA) along each half join with new bases to form two copies of the original strand. Mitosis is
followed by cytokinesis, where the cell nucleus divides in half to form two nuclei, with one copy
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One eukaryotic
cell

Cytokinesis
Mitosis

of each DNA strand going to each one. Finally the rest of the cell’s cytoplasm splits to create two
eukaryote cells where before there was only one.

The equivalent process in prokaryote cells, which have no nuclei, is called ‘binary fission’. In
this case the long stringy mass of DNA at the centre of the cell unzips and replicates in a manner
similar to mitosis to form two copies. The cell then begins to expand, separating the new DNA
strands and stretching the cell’s plasma membrane until it breaks in half to spawn two new
prokaryote cells. Colonies of cells grow by these processes — as do entire organisms, developing
from that first fertilized cell through to adulthood (see Reproductive biology).

Galnete S Organisms that

reproduce sexually (see Reproductive
biology) have germ cells known

as gametes. In animals, including
humans, the male gametes are called
‘sperm’ and the female gametes are
‘eggs’ or ‘ova. Whereas ordinary body
cells in a human are ‘diploid’ (see
Ploidy) - that is, they have two copies
of each chromosome, one from each
parent — gametes have only one,

they are ‘haploid’ At the moment of
conception, the gametes from both
parents fuse to form the first cell of

Chromsomal crossover
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the offspring - called a ‘zygote’, which has two copies of each chromosome, one taken from
each parent’s gamete.

Gametes are made in a process called ‘meiosis’ which works rather like cell division,
except that rather than making two cells it makes four — each one with just a single copy of
each chromosome. During meiosis, a secondary process called ‘chromosomal crossover’ takes
place; this effectively shuffles the DNA between each of the two chromosomes in the cell that
is dividing, so that the chromosomes in the resulting gametes aren't direct copies.

rpe
l 1Ssues Organisms are made up of a multitude of different cell types, each performing
a specific function. In humans there are around 210 different cell types accounting for the
properties of different body components. A large ensemble of cells of one type is known as
tissue. Different tissue types can then combine to form the body's internal organs, such as
liver, heart and brain, as well as blood, bone, skin and immune system.

In animals, there are four major classes of tissue: ‘nervous tissue’ pipes electrical impulses
to and from the brain, carrying sensory information and muscle signals; ‘muscle tissue’ is
able to contract in response to nerve impulses, enabling animals to move; ‘connective tissue’
is responsible for holding other tissue types together and includes bone and the cartilage in
joints; lastly, ‘epithelial tissue’ makes up the skin as well as protective coverings for internal
organs and ducts.

Plant tissues are simpler, with three principal components: ‘epidermis tissue’ which forms
the plant’s outer covering, ‘vascular tissue’ which is responsible for circulating plant nutrients,
and ‘ground tissue’ which manufactures and stores energy from photosynthesis.

C € 1 l UIar (J 1 f[ e I'erl tl atl O 1N In addition to the ‘somatic cells’ that

make up an organism’s tissue types, the body manufactures other cell types. ‘Germ cells’, or
gametes, are used in reproductive biology for passing the parents’ genes to their offspring. A
third type are the ‘stem cells’, which can grow into any of a wide range of more specialized cells
in the body. The process, where stem cells change into other types of somatic cell, is called
cellular differentiation; it first takes place in the embryo stage of an organism’s development
when so-called embryonic stem cells first differentiate. Adults possess a supply of stem cells
too, which can differentiate on demand into the cells needed to repair tissue damage.

Some creatures, such as freshwater hydras, can even differentiate one type of somatic cell
into another - first converting the cell back into a stem cell and then re-differentiating it into
the type needed to patch up injuries. This is how a hydra that’s cut in two can grow into two
new hydras.
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MICROBIOLOGY

Ml croor ga 1SINS Microbiology is the study of organisms made of a single

cell, or a small cluster of cells still too small to be seen with the naked eye. These life forms are
known as microorganisms, or sometimes ‘microbes’, and can be observed with the help of a
microscope. Microorganisms can be made from either prokaryote or eukaryote cells, and they
can live in all parts of the Earth - from the depths of the ocean to high up in the atmosphere.
Most of the species of life on Earth are microbes. Prokaryote microbes are divided into two
groups - bacteria and archaea. Eukaryote microbes exhibit greater variety, being split into

a number of categories: ‘protists’ are single-cell eukaryote microbes; there are also animal
microbes, as well as micro-plants and fungi.

Microorganisms confer both hazards and benefits to larger creatures. Some bacteria
species, such as anthrax and E. coli, can cause harmful infections. However, microbes are
essential to the healthy operation of animal gastrointestinal systems and for the well-being of
the environment as a whole, breaking down and recycling waste organic material.

P ro kary()t(} IIli CrOb CS Microorganisms made from prokaryote cells

occupy two principal domains: bacteria and archaea, and both of these domains are made up of
microbes that are single-celled. Bacteria are able to replicate (see Cell division) in just minutes.
They are classified according to their shape, or ‘morphology’; spherical bacteria are known

as ‘cocci’, while elongated, rod-shaped

bacteria are called ‘bacilli’. These base 0 “ / 90
names then take a prefix depending on Coccus Diplococci ‘

how the cells in a bacterial colony group
together: species that tend to pair up with
another cell take the prefix ‘diplo’; those .
. p ’ Staphylococci
that form long chains take ‘strepto’; those . .
.. Streptococci
that cluster in triangular groups have the

prefix ‘'staphylo’ These are the main types,
but others exist too.

Archaea, while being of similar
size and shape, have a subtly different
chemical make-up to bacteria; for years,
until 1990, their differences were not
recognized and the two were believed to
be part of the same kingdom. Archaea

are believed to have been the earliest life W
forms on the Earth.
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P rOtl S tS Protists are a kingdom of eukaryotic microorganisms and form an umbrella term
for single-celled eukaryotes. In some alternative classification schemes, there are now a number of
kingdoms classifying what used to fall under the banner of protists. The ‘chromalveolata’ kingdom
includes dinoflagellates, which can form so-called red tides in the oceans and are toxic to marine
life. This kingdom also includes the microbes responsible for the disease malaria. Many other
parasites are included in the kingdom ‘excavata’; while the kingdom ‘rhizaria’ are highly mobile,
using primitive feet, called ‘pseudopods’, to move around. Various species of algae are in the
‘archaeplastida’ kingdom — many algaes, surprisingly, are not classed as plants. There are thought
to be as many as 40 distinct phyla (see Phylum) of protists. Some biologists also use the term
‘protozoa’, which refers to the subset of protists that feed on organic compounds.

A[llm al mi C PO b e S Multicellular animal life forms that are too small to

be visible to the unaided eye are known as animal microbes. They include many members of
the ‘arthropod’ phylum, such as dust mites — from the arachnid (spider) class — which thrive in
human homes and are implicated in some allergic conditions, including asthma. Spider mites
are another micro-animal in the arachnid class, measuring up to a millimetre in size.

Other animal microbes come from the arthropod phylum’s ‘crustacean’ subphylum, a
group of marine animals — which includes crabs and lobsters — and is home to millimetre-size
microorganisms such as ‘cladocera’, better known as water fleas. It also includes ‘copepods’,

a species that makes up some of the mass of animal microorganisms in the ocean known as
‘zooplankton' Further examples of animal microbes are tiny worms from the ‘nematode’ phylum,
and ‘rotifers’ — tubular marine animals that measure up to half a millimetre in length.

Mi Cro- plan LS an d fungi Eukaryote microorganisms that aren’t

animal microbes can occupy the kingdoms of either plants or fungi. Tiny microorganism species
of plant are known as plant microbes. Chlorophyta, for example, is a ‘division’ (see Phyla) of the
plant kingdom and includes microbes that live in water as algae. Phytoplankton in the oceans are
also plant microorganisms.

Like plants, fungi are a common form of organism on land - growing in the wild, for example,
as mushrooms. However, fungal microbes also exist. These include yeast, single-celled microbes
used in brewing and baking, and the wide variety of moulds — multicelled microorganisms that
can often be found growing on food that has passed its expiry date. The earliest fossils from this
kingdom hail from the Proterozoic aeon, some 1.4 billion years ago.

Symbiosis between species of fungal microbes and plant microbes of the chlorophyta
division leads to lichen — moss-like growths that can be found on trees and stones.

Chemotaxis
1€ 111013)(] S The mechanism that bacteria and other microorganisms use to guide
their movement in response to their chemical environment is known as chemotaxis. Organisms
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are able to sense concentrations of particular chemicals and then either move towards them
- for example, if the chemical serves as a nutrient for that particular microorganism - or away
from it, in the case of a toxin.

Using receptors tuned to detect sources of both food and poison, organisms sense their
chemical environment; their receptors tell the organism whether it's moving towards or away
from the chemical source. For propulsion and steerage, prokaryote bacteria cells use a flagellum
- along, flailing tail. Eukaryote microbes are thought to use different propulsion methods, such
as hair-like ‘cilia’ on their bodies, or by growing foot-like protusions - called ‘pseudopods’. Other
forms of ‘taxis’ also exist, enabling microorganisms to direct their motion according to stimuli
including light levels (‘phototaxis’), heat (‘thermotaxis’) or electric fields (‘galvanotaxis’).

Viruses
than a few hundred nanometres in diameter (see Scale prefixes). Not strictly life forms in their
own right, they consist of just a strand of genetic material (DNA or RNA) surrounded by an

outer protein jacket and are usually too small to be seen in an ordinary microscope, requiring a
scanning electron microscope instead.

Viruses are smaller than bacteria and other microorganisms, typically no bigger

Viruses replicate by invading cells and hijacking their protein-copying machinery, using
it to build new viruses. The new viruses then burst forth, destroying the cell in the process;
each new virus can then go on to infect a new cell and the process repeats. Their destructive
nature means viruses are often the cause of life-threatening illnesses, such as influenza, rabies,
hepatitis and AIDS. Viral diseases can be treated or prevented using vaccines and antivirals.
Not all viruses are bad though. So-called ‘bacteriophage’ viruses can selectively target harmful
bacteria cells, and viruses are also used in gene therapy.

1. Virus RNA enters cell

2. Virus RNA is
transcribed

4, New viruses
assemble within
cell and then

burst out 3. Virus RNA is

translated into
proteins
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Nano b CS Discovered in 1996, nanobes may well be the smallest form of life known
— measuring just 20 nanometres across (see Scale prefixes), one tenth the size of the smallest
microorganism. Nanobes were first found by Australian scientist Philippa Uwins, of the
University of Queensland, in samples of rocks laid down during the early- to mid-Mesozoic era.
The finger-like tendrils resemble the microscopic structure of some micro-fungi (see Micro-
plants and fungi) and Uwins claims they represent a new form of life. However, the claim has
attracted controversy with some researchers arguing the structures are not life forms at all, but
simply crystalline growths in the rock. In 2001, Uwins announced the results of new research
which seems to reveal the presence of DNA within the nanobes.

MOLECULAR BIOLOGY

»| e
N U(JI(J Otl de S Molecular biology is about applying the principles of biochemistry

to explain genetics (see Genes) - how the blueprint of an organism is stored inside its cell
nuclei, and also how this information is passed down to offspring during reproduction,
known as heredity.

Cells store and process information on molecules called ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA). These are polymers (see Macromolecules) made of long chains of
sometimes hundreds of millions of smaller molecules, known as nucleotides. Each nucleotide is
made of sugars, either ribose (found in RNA) or deoxyribose (found in DNA), bonded to various
phosphate molecules — compounds of hydrogen, oxygen and phosphor. But there’s an all-
important third ingredient — nucleotide molecules also contain chemicals called ‘bases’, which
are organic compounds of hydrogen, nitrogen and carbon. There are five nucleotide bases
relevant for molecular biology: adenine (A), guanine (G), thymine (T), cytosine (C) and uracil
(U). It is the bonds that form between these bases, making so-called ‘base pairs’, that build up
the characteristic double-helix structure of DNA, storing the information that underpins life.

D N_A DNA, short for deoxyribonucleic acid, is a polymer macromolecule made of a
long chain of nucleotides each built from deoxyribose sugar, phosphates and one of the four
nucleotide bases adenine (A), guanine (G), thymine (T) and cytosine (C). In large eukaryote
organisms, such as humans, the DNA is arranged in the cell nucleus in lengths known as
chromosomes. They can be extremely long - the longest human chromosome is a chain of over
200 million nucleotides.

The sequence of the nucleotide bases along a DNA molecule’s length, for example

CTTCGTA. ... ., encodes all of the information about the organism’s make-up, rather like bits
of binary data. Each group of three bases in the sequence makes up the equivalent of a byte of
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genetic information, called a ‘codon’. Each organism’s DNA is unique - a fact that’s turned out to
be useful in paternity testing and forensics.

D Olll)le I ] el IX Chromosomes aren't made of a single strand of DNA but two,

intertwined around each other in a double-helix structure. Nucleotide bases on one strand bond
to bases on its opposite number to hold the helix together. Each type of base can only bond to
one other type — G bonds exclusively to C, and A to T. This means that the two strands are not
identical, yet either one specifies the organism’s genetic code uniquely, a crucial fact in DNA
replication — a key stage in cell division. Here, the helix unzips into two separate strands and

the bases on each strand re-bond one by one to new counterpart bases to form two complete
new double helices. The double helix structure of DNA was discovered by molecular biologists
Francis Crick and James Watson in 1953.

M RNA, or ribonucleic acid, is the molecular cousin of DNA. It too is a long-chain
macromolecule of nucleotides, but RNA is based on ribose sugar, rather than deoxyribose. Like
DNA, each nucleotide incorporates one of the bases adenine (A), cytosine (C) and guanine (G)
- but also uracil (U), rather than DNA’s thymine (T). Where DNA exists as a double helix, RNA is
usually single stranded.

With the exception of viruses, RNA e DNA
is not the principle carrier of genetic ‘

information but serves a host of v
secondary purposes. So-called "; 1“', ‘(w. “llb(l“’ o ;?En,:ﬁription

‘messenger RNA' (mRNA) is used

for the production of proteins AD () w O MRNA
within cells, carrying genetic ‘

information from the nucleus to ’ :

ribosome sites. Here, ‘transfer RNA’
(tRNA) guides amino acids together

in the sequence dictated by the mRNA

chain. The ribosome itself, tRNA

meanwhile, is made from Messenger RNA

‘ribosomal RNA' (rRNA). is transported
out of nucleus
to ribosome

_G% A gene is a section of the DNA sequence in the cell nucleus of an organism
containing the information needed to make a particular protein used in the organism’s body.
Each codon (see DNA) specifies a particular amino acid in the chain making up the protein. In
this way, genes are nuggets of data that record everything about the organism - from the colour
of its skin, through the layout and functions of its internal organs right down to the workings
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of individual cells. But they don't just define the organism - the genes of two parents merge to
compose the genetic make-up of their offspring. Our children inherit characteristics from us
- such as facial features, intelligence and blood type - and our genes are responsible for this
(see Heredity).

In between the genes are stretches of so-called ‘non-coding DNA. Some of this is thought to
play a role in regulating gene expression. However, the function of the rest is largely unknown,
leading to it sometimes being called ‘junk DNA. DNA was first observed in 1869 by Swiss biologist
Johannes Miescher, and its double-helix structure was discovered in 1953. But it was a team led
by scientist Oswald Avery working in New York in 1944 who first realized that DNA was the carrier
molecule for genes.

(Jelle GXPI‘G SS101 Using the information stored as genes on strands of DNA

to manufacture proteins in an organism is a process known as gene expression. It is carried out

in one of the cell’s ribosomes. Every cell in an organism contains a copy of its entire genetic code,
but any particular cell only uses a small part of this code. For example, skin cells don't need to
know how the pancreas works. Cells regulate which portions of the genetic code they express by a
process called ‘DNA methylation’, where a methyl compound - chemical formula CH, - is added
to cytosine nucleotides in genes that aren't needed to prevent them from being expressed.

All C le S Alleles are different variants of the same gene. Take two copies of the same
chromosome of DNA. Now look at a sequence of nucleotide bases at exactly the same point
on each chromosome corresponding to a particular gene - if they are different then the two
chromosomes are said to possess different alleles of that gene. An example would be human
blood groups, the gene for which is located on chromosome 9. Different sequences of nucleotides
along the stretch of chromosome 9 where this gene is located correspond to different alleles,
which manifest themselves as the different human blood groups - A, B and O.

Z,Xgo S1 _ When a sperm cell and an egg cell combine during sexual reproduction,
the single copies of each chromosome found within the cell’s nuclei come together to give
the pairs of chromosomes that reside in the resulting zygote cell (see Gametes). Zygosity is
about comparing the alleles of different genes found on the chromosomes in each pair. The
combination of alleles from the two chromosomes is known as the ‘genotype’ of the organism,
while the physical proteins - that is, the features or ‘traits’ of the organism - that this translates
into (see Gene expression) are referred to as the ‘phenotype’.

When the two copies of a chromosome have the same allele of a gene for a particular trait,

the genotype is called ‘homozygous’, and when they are different it’s ‘heterozygous’. If one allele is
absent they are called ‘hemizygous’, while if both are missing the genotype is ‘nullizygous’.
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Genetic dominance

in a pair are heterozygous (see Zygosity), it's not clear which one gets expressed (see Gene
expression), which is where genetic dominance comes in. An example is given by the genotypes
that produce different blood groups in humans, determined by a gene on chromosome 9. The
alleles for blood groups can take on one of three forms — A, B or O. When allele A is present

on both copies of chromosome 9 (a homozygous genotype) or when it has the heterozygous
combination of A and O, the resulting phenotype is blood group A. Here, A is called ‘dominant’

When alleles of a gene on two chromosomes

while O is ‘recessive’. B is dominant ) )
Aileles inherited

over O in the same way. Only ABO genotype from the mother
when both chromosomes have the in the offspring R

0O homozygous genotype is the
resulting blood group O. A special
case arises for the AB genotype
which leads to the phenotype
blood AB - alleles A and B are then
said to be ‘co-dominant’. Another
case is blue and brown eyes in
humans - the allele for brown eyes
is dominant while blue is recessive.

Alleles inherited
from the father

Genetic mutations

DNA sequence of an organism are known as genetic mutations, and the shifts in the organism’s
genotypes (see Zygosity) that they produce can cause shifts in the corresponding phenotype
—the organism’s physical traits. Sometimes these changes can be beneficial; for example,
evolution by natural selection is driven by natural mutations introduced by the shuffling of an
organism’s DNA by ‘chromosomal crossover’ when it forms its reproductive gamete cells.

Other mutations are less beneficial. Those introduced to DNA by certain chemicals and by
ionizing radiation such as that from radioactive decay can lead to cancer (see Radiobiology).
Further mutations can be caused by renegade stretches of DNA known as ‘transposons’, but are
sometimes given the nickname 'jumping genes’ after their ability to hop to different locations in
the DNA sequence of a cell. Transposons are known to cause serious diseases including cancer
and the blood-clotting disorder haemophilia.

R ccom bJHallt D NA Genetic mutations are a way in which the DNA

code of an organism can become altered in an uncontrolled way, either by natural causes or
by the effects of pollutants in the form of chemicals or radiation. But there’s another more
deliberate way to tamper with an organism’s genes, and that’s recombinant DNA. It works
by synthesizing DNA sequences artificially, in a laboratory, and then splicing them into the

Changes introduced to the genes stored on the
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organism'’s existing genetic sequence to bring about physical changes to the organism once the
new DNA is expressed (see Gene expression).

The new DNA can be inserted into the organism using various techniques. Viruses work
by injecting their genetic material into a host organism, and so replacing the viral genetic code
with the recombinant DNA and infecting the host with the virus is one way to do it; bacterial
plasmids can also be used in much the same way. Techniques for making recombinant DNA
were first developed in the early 1970s, and now form the basis for genetic modification
technologies such as GM food and synthetic biology.

G €Nomics The entire genetic code of an organism - the sequence of A, G, T and C

nucleotides you get when you lay all of its DNA chromosomes end to end, and the map of how
this sequence divides into the chunks that make up the genes - is referred to as the organism’s
‘genome’. The scientific study of the genomes of different organisms is called genomics, the goal
of which is to be able to analyze the complete gene sequence of any given organism in order to
predict its physical traits.

Genomics breaks down into three areas: ‘structural genomics’ uses chemical processes and
amounts of computing power to try to map the genome of organisms; ‘functional genomics’
is about gene expression — how exactly genes translate into traits — and how this relationship
changes under different conditions; finally, ‘comparative genomics’ tries to draw parallels
between the genomes of different species in a bid to try to gain a better understanding of one
species by analyzing the genome of another.

The first organism to have its genome sequenced was a bacteriophage virus in 1977.
Genomics really began to take off in the 1980s, and in 2001 the first draft of the genome of
human beings was completed - the Human Genome Project.

G cne se q uence A key tool in genomics is gene sequencing — using chemical

methods to read out the sequence of nucleotide bases making up a strand of DNA. There are
two principal methods. The Maxam-Gilbert method involves chopping up the DNA strand
using enzymes and then treating the pieces with various chemicals that each react with only
one of the four DNA nucleotide bases in order to deduce the sequence.

The Sanger method is the other technique, whereby a new strand of DNA is synthesized
from the test sample. Synthesis of the new strand can be stopped at any point by adding a
chemical that reacts with one of the four nucleotide bases. Observing which chemical stops the
synthesis reveals the next base, and by repeating the process the entire DNA sequence can be
obtained. As it can be applied to RNA as well as DNA, and can be fully automated, the Sanger
method is generally considered superior.

Human Genome Project

Genome Project was an international effort to map the human genome, cataloguing base pairs

Beginning in 1988 the Human
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that comprise each gene in the DNA sequence of human beings. The genome of human beings
is a huge 3 billion base pairs long (see Nucleotides); a typical human being, however, only has
about 24,000 useful genes. Costing a total of $3 billion dollars, the rough draft of the sequence
was completed in 2001, and the full sequence in 2003.

Researchers are now trying to gain further insight into the functionality of all the genes that
make up the human genome - a project that will bring considerable health benefits through
genetic medicine. Other projects aim to map variations in the genome between different ethnic
groups, and to map the DNA sequences of individuals — in 2007 American biologist Craig Venter
published his entire DNA sequence, becoming the first person in history to do so.

BIOLOGICALTAXONOMY

Biological classification e

There are currently more than 1.5 million species of
animals, plants and microorganisms known to science.
Biologists split up this teeming diversity of life into
categories depending on each organism’s shape and

appearance (see Morphology) and its anatomy using

a scheme referred to as ‘biological taxonomy’. Life on
Earth is organized into a hierarchical structure by a
modern classification system using eight ‘taxonomic
ranks’, or taxa (singular ‘taxon’). The top rank is known
as a domain, each of which is divided into several
kingdoms, which then split into a number of phyla.
These in turn break down into class, then order, family,
genus and, finally, species.

Carl Linnaeus, the Swedish botanist and zoologist,
laid down the foundations of this system in the early
18th century. He also introduced the convention
of two-part biological naming, known as ‘binomial
nomenclature’, by which modern organisms are
named. [t uses two words — the first being the genus Kingdom
of the organism, which is capitalized, followed by the
species name in lower case — both words italicized.
For example, modern humans — Homo sapiens — are Domain
of the genus Homo, species suffix sapiens. A number
of intermediate classes have also been added to the
system, such as ‘subspecies’ and ‘infraclass’.
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D omalns Domains are the highest taxonomic rank of organisms in the natural world.
In the modern classification scheme there are three of them, based on the genetic make-up of the
organism’s cells — Archaea and Bacteria, both comprised of prokaryote cells, and Eukarya, which
are organisms made up of eukaryote cells.

Klngdo ms The next group down from domains in biological classification is

kingdoms. In Carl Linnaeus’s initial scheme of classification there were just two kingdoms: animals
and plants. However, this view has evolved gradually and there are now a total of six kingdoms

of life recognized to science. The domain of Archaea is home to the kingdom of Archaebacteria,
which derive their nutrients from chemosynthesis; the domain of Bacteria also holds just one
kingdom: Eubacteria, which feed via many processes other than chemosynthesis. The remaining
four kingdoms all fall within the Eukarya domain — they are: Animals, Plants, Protists and finally
Fungi - which are distinguished from plants by the fact that they don't photosynthesize.

P h}jh The taxon of phylum lies below kingdom and above class in the current biological
classification scheme. In the animal kingdom there are nearly 40 phyla. These include Mollusca
(marine molluscs), Nematoda (nematode worms) and Chordata - the phylum that contains birds,
reptiles, amphibians and mammals (including human beings).

In botany - the study of plants and fungi - phyla are instead known as ‘divisions’. Divisions
of the plant kingdom include Angiosperms (flowering plants), Pteridophyta (ferns) and
Bryophyta (moss), and many others. The fungus kingdom, meanwhile, is split into six divisions:
Basidiomycota, Ascomycota, Aycophycophyta, Zygomycota, Deuteromycota and Glomeromycota
- all different types of mushroom, classified according to differences in their reproductive
organs. There are phyla of microorganisms too. The Archaebacteria kingdom has five phyla:
Crenarchaeota, Euryarchaeota, Korarchaeota, Nanoarchaeota and Thaumarchaeota, and there
are many more phyla in the kingdom of Eubacteria.

C lab SES Class is the name given to the groups of life in the natural world directly below
phylum. This is where the number of groups in our scheme of biological classification starts to get
really large. And yet the names of classes become slightly more familiar too — including reptiles
(Reptilia), mammals (Mammalia), birds (Aves) and amphibians (Amphibia).

’ B Y
O r d Ccrs The taxon in biological classification that lies below class and groups together

similar biological families is ‘order’. Examples include Carnivora, which are the meat-eating order
of the mammal class, rodents (Rodentia), which are small members of the mammal class, and
Rosales, which covers roses and orchids in the plant kingdom. Humans are in the order Primata

- primates, which includes monkeys and apes.
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F anllll €S Family is the level of taxonomic classification one down from order. Family
names obey a strict syntax, with animal names ending in ‘idae’ - for example, Felidae (cats)
and Crocodylidae (crocodiles) — and botanical names, i.e. plants and fungi, ending in either
‘aceae’ or just ‘ae’ - such as, Aceraceae (maples) and Bambuseae (bamboo). Humans occupy the
family Hominidae, also known as the ‘great apes’, and which also includes chimps, gorillas and
orangutans. Pigeons occupy the family Columbidae, which is now the sole occupant of the order
Columbiformes, following the extinction of its other family, Raphidae - including the dodo.

Genus

called genus.

In the binomial naming of species the first of the two words used is always the genus of the
organism, and it is always capitalized. For example, domestic cats carry the name Felis catus
— where Felis is the genus. Whereas other taxa in the scheme of classification of life on Earth are

The category of biological classification lying between family and species is

determined by rigorous biological considerations, partitions between genera are determined
in a relatively arbitrary way - by looking for natural gaps between obvious groupings of species.
Some researchers have suggested a definition of genus with a little more scientific merit - in that
it should constitute a group of organisms that can interbreed to form hybrids. Lions and tigers,
for instance, can breed to create ‘ligers’ Though at present this scheme is only a proposal.
Common names of organisms often bear a similarity to the name of the genus - such as the
genera Acacia (acacia trees) and Elephas (elephants). This is especially true when the distinction
between individual species of a genus is very subtle.

ﬁp@le_s Species is the final and most specific taxon in the biological classification of
life on Earth. It is commonly regarded as a group of organisms whose biology is similar enough
to enable them to breed with one another to produce fertile offspring. Species that are similar
but not identical though which are able to interbreed to produce hybrids (most of which are
sterile) are still usually members of the same genus.

Even so, biologists argue over the exact definition of species and how to assign species
names to newly discovered organisms. This is known as the ‘species problem’ and there are
numerous proposed solutions, from organizing species according to their genetic heritage to
their physical form, or morphology, to classifying them according to the particular niche they
occupy in their environment.

The number of species on the planet - microorganisms, as well as plants, animals and fungi
- could run to hundreds of millions. There are 1.25 million species of animals alone, hundreds
of thousands of plants and millions more bacteria. Over time, organisms of the same species
in different geographical locations adapt to their different surroundings and evolve through
natural selection to ultimately create new species (see Speciation).
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N atu ral hl S tO I'X Taken together, the gamut of life on the Earth’s surface — from

domains down to species — forms an area of science known as natural history. Dating from the
time of the ancient Greek scientists in the 4th century Bc, early detinitions of the term also include
non-living aspects of the Earth, such as geology, though nowadays it is normally reserved for the
study of animals, plants and fungi.

Natural history breaks down broadly into two disciples: botany (the study of plants and fungi)
and zoology (the study of animals, including, birds, insects, reptiles and amphibians) - usually
with the emphasis on observational fieldwork rather than on hard scientific study. For this reason,
some scientists regard natural history as a branch of popular science - the province of television
documentaries and magazines - rather than of true scientific endeavour.

7.001.0GY

A nlma] S Animals are the members of the biological kingdom Animalia. They include birds;
cold-blooded reptiles; amphibians, which can live in water as well and on land; insects with their
hard exoskeletons; and mammals, which give birth to live young.

Animals are multicellular eukaryote organisms that procreate by sexual reproduction
- fusing gamete cells from two parents of opposite sex to create offspring. Having no capacity for
chemosynthesis or photosynthesis, they are unable to manufacture their own food and so must
ingest other organisms in order to acquire nutrients. The scientific term for this is ‘heterotrophy’. For
this reason, most animals are mobile, enabling them to seek out food and this has also necessitated
the development of a nervous system (see Neurobiology), enabling them to recognize food sources
and respond to other stimuli from their environment, and to coordinate their movements. The first
animals appeared on Earth during the ‘Cambrian explosion’ of life, during the Paleozoic era.

M or phOlO gy Studying the shape or form of an organism - both the internal

and external features - is a biological discipline known as morphology, a science used in the
classification of organisms according to biological taxonomy. Morphology breaks down into two

main areas: ‘eidonomy’, taking stock of the external appearance of an organism, and ‘anatomy’,
which looks at the structure of a creature’s internal organs.

Variations in the form of different species are quantified by a field called ‘morphometrics’
that involves making detailed measurements. It's a more scientific approach to morphology than
comparing sketches and verbal descriptions, allowing hard and fast comparisons of different
morphological types through the application of rigorous mathematical analysis and computer
techniques. Usually, morphology is supplemented by DNA analysis when trying to identify an
unknown species.
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ve r te b r ate S Put simply, vertebrates are animals that have backbones. In the

scheme of biological taxonomy, they form a so-called ‘subphylum’ - called ‘vertebrata’ — placed
just below the phylum of Chordata. Backboned animals began with early creatures that had

a so-called notochord, a rod-like bone running along their length, which evolved, with the
notochord dividing up into a number of smaller jointed bones - the vertebrae - to form a
flexible ‘spinal column'. This bony linkage also carries the spinal cord - a bundle of nervous
tissue that is the central information highway for nerve impulses to travel between the brain
and the rest of the body (see Neurobiology).

Most of the classes of large animal life forms in the world today are vertebrates: mammals,
birds, reptiles, amphibians and fish. Vertebrates arose soon after the first animals during
Earth's Paleozoic era. Invertebrates — animals without backbones — also exist today; the most
prominent group is the Arthropod phylum, which holds among its number insects, spiders and
crustaceans. Other invertebrates include worms, corals, anemones and jellyfish.

Be P r 0 du C tlve b i O 1 O g:)i Animals reproduce sexually, which means

that a gamete cell from a male and a female parent animal combine in the mother to form a
‘zygote’ — the first cell of their offspring. The zygote then grows by cell division and cellular
differentiation to eventually form the baby animal.

The sex of the child is determined by the Male Female
combination of ‘sex chromosomes' in the two gamete XY XX
cells; in a human gamete there are 22 chromosomes . ‘
that carry forward the parent’s genes, together with
a sex chromosome, which is labelled either X or
Y. Female egg cells can carry only the X type; male
sperm can carry either X or Y. When the two come

together to form an XX combination a female child
is created; and when the combination is XY the result

is a male.
In other organisms, such as birds, the
situation is reversed, with variations in sex
chromosomes in the female parent determining
the sex of the child. Other species have different, Y

and often more complex, sex-determination

systems — the platypus, for example, has no less
than ten sex chromosomes.

D evel Opmental biOIng_ Once the first cell of an organism has

been produced from a zygote cell (see Gametes) its subsequent growth is governed by a field
known as developmental biology. First, the zygote undergoes cell division and grows into a blob
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of cells known as a ‘blastocyst’ — in humans this can be made of up to 100 cells. The blastocyst,
which forms a few days after conception, then grows on to become an embryo. Here, chemical
processes regulate the expression of genes into proteins across the body of the growing embryo
to create the first basic structures. The embryo grows inside the mother animal, gaining cells and
transforming these via cellular differentiation into blood, bones, nerves and internal organs.

In mammals the stage after embryo formation is called the ‘fetus’, which is brought to full
term (nine months, in the case of humans) and delivered live. Other classes, such as birds and
reptiles, deliver their young as eggs which later hatch. Some offspring go through an additional
‘metamorphosis’ stage after birth, during which their appearance changes radically - the
pupation of larvae into butterflies is an example.

Etho 10 g}i The field of ethology is concerned with the behaviour of animals - in

particular, instinctive behaviours such as acquiring food and protecting their young. A mother
graylag goose, for example, will automatically try to roll an egg it sees back to those in its
clutch - even if the egg isn't actually one of its own. And some animals will offer themselves as a

distraction to divert predators from their offspring (see Altruism). Other instinctive behaviours
are learned. Russian psychologist Ivan Pavlov famously trained dogs to salivate on the sound of a
bell ringing, by ringing the bell each day just before feeding time (see Behaviourism).

Ethology draws upon aspects of evolution, neurobiology and environmental science to explain
the behaviour of animals in the natural world. It is closely related to sociobiology, which attempts to
ascribe not just survival instincts but also animal social behaviour to biological processes.

B rarl Ch €S O f 70 OlO g’}i The huge number of animal species in the

world means zoology is a massive subject. To make this field of science more manageable,
zoologists divide their studies up into a number of sub-disciplines. Ethology, ecology, and
evolution are all fields that contribute. But most zoologists who choose to specialize do so
according to considerations of biological taxonomy — in other words, they concentrate on
particular groups of animal species. For example: mammologists study mammmals; ornithologists
study birds; herpetologists amphibians; entomologists insects; arachnologists spiders;
ichthyologists fish; and helminthologists worms. One final group of zoologists is concerned with
animals that aren't even alive — palaeozoologists study animal remains recovered from fossils.

~
("Iyp tO 700 l O gx The study of animals not recognized by science is called

cryptozoology, which sounds something of a contradiction and, indeed, many serious scientists
believe cryptozoology to be nothing more than pseudoscience. Cryptozoologists base their
studies on eye-witness reports, investigating the claims of people who believe they have made
sightings of ‘cryptids’ - beasts ranging from the Loch Ness monster to the Yeti (Bigfoot) to the
Orang Pendek, a diminutive primate believed by some to inhabit the forests of Sumatra. Critics
argue, however, that the methods employed by cryptozoologists are unscientific.
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Nevertheless, the field was lent some support in 2003 when archaeologists working on the
island of Flores in Indonesia uncovered skeletal remains of a new race of hominids just a metre
tall, and dating from as recently as 12,000 years ago — proving, argued cryptozoologists, that
there are unusual species that have evaded the eye of science. Botany also has scope for its own
mythic species — through the field of ‘cryptobotany’.

BOTANY

ﬂ@& Botany is the study of plants and fungi. Plants,
members of the kingdom Plantae, are multicellular eukaryote
life forms that produce nutrients from sunlight through
photosynthesis — which is what gives them their
green hue. They include organisms such as
flowering plants, trees, bushes, grasses and mosses.
Because plants have no need to pursue prey or
actively seek out other sources of food, they are
immobile organisms with no nervous system and

Flower

Lateral shoots

are slow to react to stimuli from their immediate
(branches)

environment. Their cells have a tough outer
coating of cellulose — known to diners as ‘dietary fibre’

Plants are usually composed of a main stem growing
out of the ground, where it is anchored by a root
system that grows through the soil to suck up
water and chemical plant nutrients. Lateral
shoots, also known as branches, grow outwards
from points on the stem called nodes; the lateral
shoots are adorned with leaves, which collect
sunlight for photosynthesis. Plants of the division
(see Phyla) Angiospermae, of which there are
more species than any other, also produce
flowers. The earliest plant remains are fossilized
green algae, dating from the Cambrian period of
the Paleozoic era.

Nodes <

Main stem

Root -~
system

{ I

Eﬂggl Fungi are members of the kingdom of eukaryote organisms containing moulds,
yeasts and mushrooms and can be either single-celled or multicellular. Unlike plants, fungi lack
chlorophyll in their tissue and so do not photosynthesize - instead, they get their energy and
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nutrients as parasites (see Parasitism), by growing on other organisms. This is why mould grows
on spoiled food. The fungus kingdom is believed to be home to some 1.5 million species and the
scientific study of these organisms is known as ‘mycology".

Fungal reproductive biology works by producing spores that then grow into new fungi;
these can be produced both sexually or asexually, depending on the particular species of fungus.
A single mushroom can release billions of spores at a time. Fungi have proven extremely useful
to humans; we can eat them as they are, or use their microbiology properties to make bread
- along with beer and wine to wash it all down. Blue cheese is made by infusing cheese with
strains of mould. Perhaps most important of all is their role in antibiotic drugs - which began
with the discovery of penicillin mould.

P }1 OtO Synth e S 1 S Plants produce energy from sunlight, water and

atmospheric carbon dioxide by photosynthesis. It occurs in green plants, algae and some

bacteria species (see Prokaryote microbes). Photosynthesis is, arguably, the most important
chemical reaction on Earth and its by-product is oxygen — planet Earth’s plant life is literally
what enables animals and other aerobic organisms to breathe. Photosynthesizing plants
also form the basis of the food chain, and even serve as fuel for heating and cooking through
wood burning.

The reaction takes place within parts of plant cells known as ‘chloroplasts’. Here light-
absorbing plant pigment - the green-coloured chlorophyll — uses the energy from the Sun to
power the combination of water drawn up through the plant’s roots with CO, taken in through
pores in the leaves called ‘stomata’ The chemical equation for the process is:

CO, + H,0 + sunlight — CH,O + O,, where CH,0 is energy-producing carbohydrate.

r . .
F rans p lratl on The pores in the leaves of plants, known as ‘stomata’, through

which they take in carbon dioxide for photosynthesis, also act rather like pores in the skin of
an animal, allowing water vapour to escape in a process known as transpiration. It serves to
keep the plant cool, and also encourages the root system to take up new water from the ground
bringing with it minerals and plant nutrients.

Roots take in liquid from the ground via osmosis, which is then circulated around the plant
in the ‘xylem’ — porous tissue through which watery sap can flow. Xylem tissue can also be quite
rigid, and this is what forms wood in bigger plants. A second type of vascular tissue, known as
‘phloem’, is responsible for transporting the carbohydrates manufactured in photosynthesis
from the leaves to the rest of the plant.

P lant HUtrlentS Plants require a different set of nutrients from animals;

as with animals, these are divided into macronutrients — those which are needed in large
amounts - and micronutrients, effectively the ‘vitamins’ a plant needs. Plant macronutrients
include nitrogen, phosphorus, potassium, carbon, hydrogen and oxygen. Carbon is essential
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for building the structure of the plant and is extracted from carbon dioxide in the atmosphere
through photosynthesis. Oxygen and hydrogen are used in the formation of carbohydrate
during photosynthesis; phosphorus is involved in energy transport. Potassium helps to regulate
the opening and closing of the ‘stomata’ through which CO, goes in for photosynthesis and
water vapour leaves via transpiration. Nitrogen is used in protein building — although the

air is 78 per cent nitrogen, plants must extract it from the ground through their roots. Plant
micronutrients include minerals such as zinc — needed for gene expression - and chlorine,
which is used to drive osmosis in the plant's roots.

(j ar lllVO rou S_ l) l dll tS Not content sucking in carbon dioxide through

their leaves and nitrogen through their roots, some plants instead have a taste for flesh and
these are known as the carnivorous plants. Probably the best known is the Venus flytrap, which

boasts a jaw-like trap that can spring shut on hapless insects, allowing the plant to feed on

the organic matter in their bodies. But there are many other species. The ‘sundews’ use sticky
flypaper-like traps to snag unsuspecting insects. Others still, such as the pitcher plant, brandish
long funnels, down which insects fall and are unable to escape.

Carnivorous plants are thought to have evolved independently six times; however, it takes
special circumstances for such an adaptation to be useful to a plant. Trapping insects and then
digesting them takes energy and resources that could be used to find plant nutrients in the
usual way. Unless it can guarantee a steady influx of prey, a carnivorous plant could find its
energy budget in the red.

M Plants reproduce by scattering seeds, tiny plant embryos, from which new
plants can grow. Seeds are produced by flowering plants, also known as ‘angiosperms’,

and non-flowering varieties that scatter seeds from sti
igma

_~"(traps pollen)

cones or directly from a central trunk, known as Petal
‘gymnosperms’. These plants reproduce sexually,
scattering pollen from the male ‘anther’. This

is then received by the ‘stigma) the female
reproductive organ, of another plant of the same
species to fertilize an egg that then develops into
a seed.

Other plants reproduce using spores, which
are scattered from the plant like seeds. Plants
that do this include mosses and liverworts, as
well as ferns and algae. Fungi reproduce this way

\ Anther

Sepal (makes pollen)

too. Spores are just a single cell containing the

genetic blueprint of the organism. Seeds, on the - . Stamen
other hand, contain not one but a bundle of germ Ovary (supports
(contains egg) anther)

cells, together with a supply of plant nutrients and
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usually a hard protective shell, maximizing their chances of survival. This is why the evolution
of seeds was such a revolution in plant biology. Seeding plants first appeared in the Devonian
period, during the Paleozoic era of Earth’s prehistory.

Plant pigments
chemical pigments. Primary among these is chlorophyll, the green pigment that colours the
stems and leaves of plants and is responsible for photosynthesis by which they generate their
own energy. But other pigments exist too. Carrots and some related root vegetables get their
distinctive orange colour from ‘carotene’. Other related compounds - known as ‘carotenoids’

— are ‘lutein, a yellow colouring found in kale and peppers, and ‘lycopene’ which is what gives
tomatoes their red hue. Meanwhile, various ‘anthocyanins’ are responsible for the colorations
in the petals of flowering plants. And ‘betalains’ give beetroot its redness. Plant pigments can be
extracted and used to make dyes.

Plants get their spectrum of colours from a range of

P hﬂo Che miIis “'y, Plants are cooking pots of chemical activity and the study

of these chemicals and the reactions between them is a field known as phytochemistry. Certain
chemicals in plants afford them protection against insects and diseases, and help in pollination
(see Seeds). For example, flying insects called thrips feed on the pollen produced by the male
part — the ‘cones’ - of the cycad plant. In response, the cones give off a toxic odour, driving out
the pollen-covered insects. At the same time, the female parts waft an enticing scent to draw the
fleeing bugs in - so pollinating the plant.

Plants also have a suite of hormone chemicals at their disposal to carry messages from one
part of the organism to another. These hormones flow through the plant’s vascular channels to
transmit the cues that trigger flowering, shedding of leaves and ripening of fruit. Some of the
chemicals cooked up inside plants are toxic; others can have therapeutic effects and are used in
the field of phytopharmacology.

ﬂlylo p}l armac 010 g:y_ Phytopharmacology is the use of plant

chemicals as medication. Plants have been used as a source of herbal medicine for thousands

of years; however, this is often regarded as something of a pseudoscience. The aim of
phytopharmacology is to put plant-based medicines through the same rigorous selection
procedures and clinical trials as other drugs to fully understand their benefits and side effects
before approving them for use in patients.

Notable examples of effective clinical drugs extracted from plants are digoxin, which
is used to treat heart conditions (made from the foxglove plant); quinine, which is an anti-
inflammatory drug used to treat malaria and other ailments (extracted from the bark of the
cinchona tree); and the anti-clotting agent aspirin, which also has applications as an analgesic
and anti-inflammatory (and was originally derived from the willow tree). Recently concern
has arisen over ‘biopiracy’ — where pharmaceutical companies plunder the natural fauna
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and folk medicines of developing countries for new drugs, while offering little in the way of
remuneration.

) O
Hortl(’llltu re The many applications of plants and their chemicals, through

phytochemistry, and for food, have led to the scientific field of horticulture - the study of how
to cultivate plants for human use. It includes the study of soil quality, fertilizers to provide extra
plant nutrients, pesticide chemicals to control harmful insect species, the treatment of plant
diseases, and selective plant breeding to improve the quality of specimens - both naturally and
through deliberate genetic modification.

Horticulture is normally concerned with developing techniques for cultivating plants and
applying them on small scales, whereas agriculture deals with their larger-scale application.
Some amateur horticulturalists cultivate their home gardens for food, growing fruit and
vegetables, which has become popular with environmentalists as a way of reducing the ‘food
miles’ on produce. Modern horticultural techniques include hydroponics and tissue culture
- growing clones of strong plant specimens from slivers of cells.

Leaf section

How tissue culture works

P lant b C hav lour It's easy to think of plants as sessile, inert life forms that

simply sit in one place, soaking up sunlight and water. Yet plants are capable of some complex
behaviours. For example, time-lapse photography of plants growing reveals them moving over
time towards light sources — to maximize the amount of energy they generate by photosynthesis,
a motion referred to as ‘tropism’. Root systems also undergo a kind of tropism too, growing
preferentially towards nutrient sources.

Another kind of plant behaviour is known as ‘nastic movement’, where the motion is rapid
and - unlike tropism - bears no relation to the direction in which the stimulus causing the
movement has come from. The snapping shut of a Venus flytrap (see Carnivorous plants) is a
good example of nastic movement. Plants achieve these movements by shifting fluids within
their foliage - taking fluid from one side of a stem and transferring it to the other causes the
stem to bend. Venus flytraps achieve their rapid motion using changes in acidity to bring about
a split-second reduction in the size of the cells holding the trap open, causing it to snap shut.
Plant behaviour is closely linked to the field of plant intelligence.
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l lant 11 le lllge N (t(’ Plant behaviour - the ability of plants to adapt

and respond to stimuli from their immediate environment - has led some botanists to

suggest that plants possess a primitive form of intelligence. Several pieces of evidence have
drawn them to this conclusion; for example, acacia trees are able to sense when a herbivore
is chewing on their leaves and give off bitter-tasting tannin in response. Other acacia trees
seem able to smell the tannin of nearby trees and start producing their own long before the
hungry herd arrives. Even the Venus flytrap (see Carnivorous plants) is smarter than you
might think. Its trap is triggered by tiny hairs on its surface, but each hair must be touched
twice in a short space of time for the trap to spring - to prevent it from being accidentally
triggered by, say, raindrops. In other words, the plant must remember which hairs have been
touched recently - it has a primitive memory. Plants have no brain or nervous system (see
Neurobiology). Instead, the researchers believe these basic cognitive abilities are arising
through chemical interactions in their hormone systems.

ECOLOGY

{ " :
E IlVerIlment Ecology is the study of the interaction between organisms

and their natural environment. An organism’s environment is defined as the chemistry,
physics and biology that make up the surroundings in which it lives. For an ocean fish,
the environment is the water around it, the seabed and the other life forms it must share
this space with. In recent years ecology has focused on the interaction of human beings
with their global, planetary environment — humans can influence, and be influenced by,
pretty much any part of the Earth. At the other end of the scale, the environment of a
microorganism might solely consist of the innards of another organism that it inhabits.

Ecology and the environment is also an important consideration in evolution.
Darwinian natural selection causes an organism to adapt to its environment over
progressive generations. Change the environment and the organism ultimately changes too.

A
»
C arb on Cy(] C Animals give out carbon in the form of carbon dioxide as

they breathe. Natural wildfires and deforestation take carbon from trees and transfer it to
the atmosphere. On the other hand, plants take in carbon to create carbohydrate through
photosynthesis, while other processes, such as the death of organisms, both on land and in
the sea, return carbon to the ground. These competing factors work together to create the
‘carbon cycle’ - a constant circulation of carbon from the ground, through living plants and
animals, to the atmosphere and back to the ground again.

Ordinarily, the amount of carbon in the cycle would remain roughly constant. But
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human beings are dredging up carbon in the form of fossil fuels - such as coal and oil — from
underground. This is steadily adding extra carbon to the cycle responsible for climate change and
the greenhouse effect.
Atmospheric
Carbon from fossil fuel 3 carbon dioxide

burning in industry
and transport

Photosynthesis
takes carbon from
atmosphere
Carbon from

deforestation Oceanic photosynthesis

and respiration

Carbon from
animal and human
respiration

o a‘%‘
Organic matter
from life

_Dead marine
life becomes

sggﬁment :

Biomass

The total mass of living organisms within a particular ecological niche at a
given time is referred to as biomass. On the Earth the total biomass is believed to be as much
as 2,000 billion tonnes. Of these, crop plantations make up approximately 2 billion tonnes,
domesticated animals 700 million tonnes, and human beings somewhere around 400 million
tonnes. Most of the Earth’s biomass — around 1,600 billion tonnes - is locked up in the planet’s
forests.

Different terrain types generate biomass at different rates. Wetlands are the fastest
producers, cranking out around 2.5kg per square metre every year, closely followed by rainforests,
reefs and estuaries at the coast. The principle driver for biomass growth is photosynthesis
- developing plant mass and thus providing food for other organisms. Biomass is often used as a
measure of the food stocks available to particular organisms at each stage in the food chain.

B 10 leGFSl t 5_ Biodiversity is the range and richness of different species found

in a particular ecological niche. It's the product of evolution filling the planet with different
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species — up to 100 million of them, according to an estimate by the National Science Foundation.
Biodiversity is important because it regulates the chemistry and biological interactions of the
natural world. It keeps the environment in balance - if one species dies out, say because of
disease, then high biodiversity makes it likely there will be a similar species that can step into

the breach.

Cropland has perhaps the lowest biodiversity on Earth - especially ‘monoculture’, when a
single crop species is planted over a wide area. On the other hand, forests and jungles hold the
greatest biodiversity. And there has been much concern over the impact that the deforestation of
these regions for agricultural land will have on their biodiversity, and on the planet as a whole.
Biodiversity is closely related to the idea of ‘genetic diversity’ (see Conservation genetics).

B 10 ge O graph}i The interaction of biodiversity with the different and ever-

varying forms of Earth’s terrain - or ‘biomes’ as they’re also known — is a field known as
biogeography. It deals with charting the distribution of species across the face of the Earth and
how the distribution evolves with time due to factors such as ice ages and continental drift.

Biogeography is especially useful when applied to island communities, where geographical
isolation has produced species that can be wildly different from those on mainland locations.
This phenomenon can apply to islands but also to organisms in geographical areas isolated by
landforms such as deserts or mountains. Biogeographical study began in the latter years of the
19th century with the work of British biologist and geographer Alfred Russel Wallace.

B i ) 1 ) gl C al lnte raCti on Environments occupied by living species are

delicately balanced, with the life cycles of all the species in an ecosystem interlinked, interacting
with one another through processes such as competition and predation. A number of different
interactions can occur between organisms. Amensalism’ is the name given to behaviour of

one species conferring no advantage to it but inhibiting the development of another - for
example, the roots of some walnut trees exude chemicals that are toxic to the roots of other
trees. ‘Commensalism’ is the opposite, where one organism benefits from another at no cost to
the other; barnacles, for example, attach themselves to large creatures, giving them a place to
live at no cost to the host. ‘Competition’ is interaction between two species that works to the
detriment of both; while ‘mutualism’ is a mutually beneficial relationship between two species
such as symbiosis. ‘Neutralism’ leaves both species unchanged. And, finally, both predation and
parasitism involve one species benefiting at the expense of another.

Ey m b 10818 When two species work closely together to their mutual benefit, the

relationship is known as symbiosis, an extreme form of mutualism (see Biological interaction)
whereby the two species interact closely. An example is found in the convoluta worm, which
lives in shallow ocean waters and gives a home to photosynthetic algae. The algae live under the
worm'’s skin, generating carbohydrates from sunlight, which the worm feeds on; in return, the
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algae get a safe haven to live in, away from predators. This is an example of ‘endosymbiosis’

- when one species lives inside the other. When a species lives on the surface of the other, the
relationship is known as ‘ectosymbiosis’, an example of which would be the small ‘cleaner fish’
that attach themselves to the skin of larger species, a relationship providing the cleaner fish with
a source of food and also helping keep the host free from dead scales and parasites.

Par as ]tl Sm Parasitism is a form of interaction between two species where one
species feeds off a host to the host’s detriment. An example is Plasmodia, a genus of protist,
which is transmitted by the bite of the anopheline mosquito and causes the deadly illness
malaria. Perhaps the strangest is the cordyceps fungus, a species infecting the brains of ants,
that compels the ant to climb to the top of a tall plant stem, at which point the ant’s head then
explodes, scattering new fungal spores {see Seed) over a wide area.

As with symbiosis, biologists draw a distinction between parasites that live within their host
(so-called ‘endoparasitism’) and those that live on the surface (‘ectoparasitism’). And there are a
further two classifications: ‘obligate parasites’ can only exist via parasitism of living organisms;
whereas ‘facultative parasites’ can also survive by soaking up dead organic material. Parasitic
species often exhibit ‘coevolution), evolving through natural selection in lockstep with their
host species (see Red Queen hypothesis).

~N .
(”‘ onsery atl on Using our understanding of the Earth’s natural environment

to try to preserve it is an area of science known as conservation. It includes the careful use of
natural resources, preserving biodiversity, reducing air pollution and making efforts to protect
endangered species and the ecology.

There are a great many threats to our environment such as deforestation, overfishing and
wetland draining. Many of these threats are brought about through industrial and economic
considerations. As a result, much effort on the part of conservationists goes into convincing
governments to pass legislation to protect species and habitats, even if that means curtailing
economic growth in the short term. In the long term, having a strong economy will rely on us
also having a stable and thriving environment.

Conservation biologists keep tabs on whether a species is endangered by rating its

Extinct Threatened Least concern
| ]
EX = extinct; EW = extinct in the wild; CR = critically endangered; EN = endangered;
VU = vulnerable; NT = near threatened; LC = least concern
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‘conservation status’ on a scale that runs from ‘extinct’ (EX) through ‘endangered’ (EN) and
‘vulnerable’ (VU) to ‘least concern’ (LC) at the opposite end. In 2004, an international team of
researchers, writing in the journal Science, estimated that up to 50 per cent of the species alive
today will be extinct by 2060 — prompting suggestions that the Earth is in the grip of a sixth
mass extinction.

EVOLUTION

N atll ral S e] C Cthll The British ship HMS Beagle reached the Galapagos

Islands in September 1835; onboard was a young naturalist called Charles Darwin. As the Beagle
sailed from island to island, Darwin gathered samples of the species that he found. And very
soon a picture started to emerge — on each island, Darwin found similar species but with subtle
differences. He began to theorize that identical species had acquired these small differences

as they adapted to the slightly different conditions on each island. According to his theory
random mutations (see Genetic mutation) would be introduced to each new generation of a
species. Any mutations that proved to be beneficial would increase that individual’s likelihood

of living long enough to reproduce and so pass those characteristics on to its own offspring. This
tendency was called ‘survival of the fittest’, and the theory as a whole became known as natural
selection. All that was needed now was a mechanism of heredity, by which characteristics could
be handed down from one generation to the next.

He re ({lt‘}i In the late 19th century, at around the same time that Charles Darwin was
developing the theory of natural selection, Gregor Mendel - a monk at the Augustinian Abbey
of St Thomas in Brno, in what is now the Czech Republic - found something interesting. Mendel
discovered how we pass characteristics on to our children.

Between 1856 and 1863, he grew and cross-pollinated some 29,000 pea plants in the
monastery’s garden. In one experiment, he crossed a smooth, yellow variety of pea with one that
was green and wrinkly, expecting a new, slightly wrinkly strain of pea, with a colour somewhere
between green and yellow. But Mendel was in for a surprise. The peas in the new generation
were either just as smooth or just as wrinkly as their parents, and either green or yellow - there
was no middle ground. More surprising still, in some cases the traits had become jumbled up,
making some peas yellow and wrinkly while others were green and smooth. It was as if traits
were being passed from one generation of pea to the next in indivisible, discrete chunks. Long
before the discovery of DNA, Mendel had discovered genes. His work wouldn't be noticed by
the scientific community until the 20th century, but when it was it gave natural selection the
mechanism its supporters had been looking for.
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Pe pp ere d mo ll] One of the most striking examples of natural selection

in action is the evolution of the peppered moth. The species originally had light-coloured

wings with dappled markings that helped camouflage it from predators in its natural habitat,
where it would settle on light-coloured lichens growing on trees. However, during the

Industrial Revolution in mid-to late-19th century England, rising levels of air pollution killed
many species of lichen, and left the bark of the trees blackened with soot. The light-coloured
peppered moth then became easy prey for birds. As a result, any natural mutations (see Genetic
mutation) that made the wings of any particular moth darker increased that individual’s
chances of survival. The environment changed, so natural selection switched from favouring
moths with light wings to those with dark wings. Before long all the peppered moths living in
pollution-stained England had inky-black wings.

Post-industrial
peppered moth
markings

Original peppered
moth markings

Red Q ucecn h‘y [) o Ll 1€S l S The Red Queen hypothesis is the

name given by biologists to the evolutionary ‘arms race’ that takes place between two species
‘coevolving’ - that is, whose characteristics each evolve in response to the characteristics of the
other. For example, in the case of a predator feeding off a prey species, the prey might evolve
new markings to camouflage it better in its natural habitat, making it harder for the predator
species to spot. This will simply spur the predators to evolve better eyesight through natural
selection - those animals with random genetic mutations making their eyes more able to spot
the new markings will be more likely to survive and pass their genes on, and will eventually
come to dominate the predator population.

The name ‘Red Queen’ comes from Lewis Carroll’s Through the Looking Glass, in which
the Red Queen muses that Alice must run as fast as she can to stay in the same place - like two
competing species who must evolve as fast as they can to maintain the same level of relative
Darwinian fitness. Scientists have argued that the Red Queen hypothesis also explains why
so many organisms reproduce sexually (see Reproductive biology) — because the substantial
reshuffling of the genes from one generation to the next in sexual reproduction maximizes the
rate at which evolution takes place.

S . . .

~ i)ec 1d ll on Evolution has driven different populations of the same species to
develop traits that make them better adapted to their home climate. For example, humans
with dark skin are better able to exist in hot climates than those with white skin. But when the
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changes brought about by natural selection become so great that a population can no longer
interbreed with other members of its species then a new species is said to have been created, a
process is known as speciation.

There are two major types of speciation - ‘allopatric’ and ‘sympatric. In allopatric
speciation, species diverge because of geographic differences that isolate one or more
populations in different environments to which they then adapt differently. This is the
mechanism by which the subtly different species observed by Charles Darwin on the Galapagos
Islands emerged. On the other hand, in sympatric speciation new species are created from
populations inhabiting the same region. Here, it is behavioural differences that emerge between
populations that leads to the creation of new species. For example, one population might
discover a new source of food and become adapted for seeking out that food source instead of
the food eaten by the rest of its species.

C onve rge Ilt €VO l Utlon Evolution seems to favour specific

solutions to the problems thrown up by the natural world. Particular traits — such as flight and
eyesight - have emerged multiple times among completely unrelated groups of organisms. This
phenomenon is known as convergent evolution.

Wings have emerged independently in birds, insects and bats. Meanwhile, eyes are even
more prolific, evolving on no fewer than 40 separate occasions. Other examples include the
echolocation used both by bats (order Chiroptera), as well as whales and dolphins (order
Cetacea); while leaves have evolved across the plant kingdom. Convergent evolution can be
contrasted with ‘divergent evolution’, when initially similar species evolve apart, and ‘parallel
evolution’, when similar traits emerge in species that are different but have a common ancestor.

O Ut Of Afr 1Ca Modern humans - the species Homo sapiens — are believed to

have evolved in Africa between 100,000 and 200,000 years ago from a species of great ape. From
here, they migrated outwards and around the world, where their large brains gave them the wit

40,000 years ago

15,000 to 35,000
years ago

60,000 years ago

50,000 to 60,000
years ago

100,000 years ago
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to outperform and ultimately replace more primitive hominid species, such as Neanderthals
and Homo erectus. This theory for the evolution of our species is known as ‘out of Africa’. The
theory was first suggested by the father of evolution, Charles Darwin, in his book The Descent of
Man, and since been confirmed by the field of ‘archaeogenetics’, which compares DNA patterns
found in ancient human remains with those of modern peoples. In particular, archaeogenetics
looks at mitochondrial DNA (see mitochondria), which is passed from generation to generation
without change in females, and the Y chromosome which is passed intact to males (see
Reproductive biology). The mtDNA and Y chromosomes of modern humans around the world
have been found to match those of Africa’s ancient population of Homo sapiens.

M] SS lllg l 11 ]k Archaeology, and in particular palaeontology, have allowed the

evolution of species to be traced by unearthing fossil remains of organisms from different time
periods from Earth’s past. But when a sequence of fossils showing the evolution of a particular
species seems to be missing a step, the gap is sometimes referred to as a missing link. The term
missing link is used predominantly in popular reporting. Scientists tend to prefer the alternative
term ‘transitional fossil’ ~ a fossil of a species that forms a transitional step in the evolutionary
chain. An example is the fossilized remains of archaeopteryx - a dinosaur with feathers, which
provides strong evidence to support the theory that modern birds evolved from dinosaurs. More
recently, in 2009, scientists uncovered the fossilized remains of a 47-million-year-old species

of primate. Dubbed ‘Ida the primate provides a key link between humans and the rest of the
animal kingdom.

L dZarus th() 1 Taxa (see Biological taxonomy) that seem to disappear from

the fossil record and then reappear again at a later time are known as Lazarus taxons - because
they have apparently come back from the dead, just like Lazarus in the story from the New
Testament. Unlike their biblical namesake, however, Lazarus taxons don’t miraculously rise
from the grave. Rather, their existence is down to the patchy nature of the fossil record. For
fossilization to occur requires very specific conditions, meaning that only a proportion of
species that have ever lived leave behind a permanent record - and even fewer of these fossils
are actually found by palaeontologists. A prime example of a Lazarus taxon is the coelacanth - a
fish that was thought to have gone extinct 80 million years ago, until, that is, a living specimen
was found off the coast of South Africa in 1938.

Punctuated equilibrium
selection, as put forward by Charles Darwin, says that evolution is a steady, continuous process.
But a controversial slant on this was proposed in 1972 by American biologists Niles Eldredge
and Stephen Jay Gould. Called punctuated equilibrium, their theory suggested that evolution
takes place in fits and starts with rapid flurries of development - the ‘punctuations’, each lasting
no more than 100,000 years (a heartbeat in geological terms) - interspersed with long periods of

The conventional view of natural
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relative stability, the ‘equilibria. The evidence for punctuated equilibrium is mixed. The lineages
of some species, as revealed through the fossil record, seem to fit the theory well - for example,
ammonite molluscs. Others, however, seem to have undergone a more gradual development.

*1( O
S OCI10 b 10 I ) é.y_ Sociobiology is the contention that we inherit from our parents

not just our physical features, but our temperament, mental outlook and behavioural traits
as well. The theory hinges on the idea that our behaviour is shaped in the same way that our
physical characteristics are shaped by natural selection — with the behaviours that bring the
greatest rewards being the ones most likely to spread through the population.

While few scientists dispute the application of sociobiology to the animal world, its
application to human behaviour is controversial. Critics claim culture is the driving force
behind human behaviour, yet proponents argue that the theory can explain the proliferation of
certain human social behaviours, including criminality. Harvard University biologist E.O. Wilson
coined the term ‘sociobiology’ and has done much of the pioneering work in the field.

« Ny
L amarc kl SIN Do bodybuilders have muscular babies? That was essentially

the thesis of a theory of evolution that pre-dated Darwin’s, put forward in 1809 by the French
biologist Jean-Baptiste Lamarck. The idea was that organisms passed on to their young not

just their innate characteristics, but also those they had acquired in life. So professors have
intelligent children, bodybuilders do indeed have muscular babies, and - as Lamarck actually
theorized - giraffes acquired their long necks from the accumulated stretching of many
generations of animals all trying to reach the leaves at the very tops of the trees. As the evidence
accumulated for natural selection and Darwin’s theory gained in popularity, little evidence
emerged to support Lamarckism and the idea fell from favour. Recently, it has enjoyed a mild
resurgence of interest in the new field of epigenetics.

EVOLUTIONARY
GENETICS

oY
S € lﬁs ll b@lle The Selfish Gene is the title of a 1976 book written by the eminent

British biologist Richard Dawkins, and has since become a metaphor for how evolution by
Darwinian natural selection is driven by a competition for dominance between our genes.
Natural selection favours genes that produce behaviours and physical traits that propagate
those genes most effectively. In this way, organisms effectively function as survival vehicles for
their genes. As well as explaining the overtly selfish nature of evolution - for example, driving
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predators to develop better hunting skills - the theory also explained more altruistic behaviours,
such as organisms sacrificing themselves so that their relatives may live, a phenomenon called
inclusive fitness.

Inclusive fitness

—— ™Y The British mathematical biologist John Haldane once
remarked: ‘Would I lay down my life to save my brother? No, but I would to save two brothers or
eight cousins.’ His point is that you share half your genes with your brother (or your sister) and
to ensure that two brothers survive confers the same evolutionary advantage in terms of passing
your genes on (see Selfish gene) as ensuring that you yourself survive. Similarly, you share one
eighth of your genes with your cousin and so ensuring that eight cousins live at your expense
does the same job. The idea is known as inclusive fitness, and it explains why many species
exhibit altruism towards members of their own family - behaviour which, at first glance, might
seem to be at odds with the selfish gene interpretation of natural selection. A prairie dog, for
example, will sound the alarm if it spots an approaching predator. The whistle-blower warns its

family members of the threat - yet places its own life in danger by drawing attention to itself.

a !

Altl uisil Natural selection, and in particular its genetic interpretation through the
selfish gene, might seem incompatible with the idea of organisms helping each other out;
but, in fact, the natural world is replete with seemingly random acts of kindness. Inclusive
fitness is one such example - where an organism places itself in danger to help members of
its own family. But there’s another form of Darwinian charity that drives the behaviour of
creatures, called ‘reciprocal altruism’. It occurs when organisms help others who are in need,
in the hope that one day, when they themselves are in need, others will help them back. This
behaviour is observed in ant colonies. Ants have extra stomachs to store reserve food to feed
other members of the colony who are hungry, and any ant who fails to help a comrade is starved
by other members of the colony when it needs food itself.

Evolution also drives us humans to this behaviour - even though we may not realize it.
That warm glow we feel inside whenever we give money to charity or help someone in need is
our genes' way of rewarding us, not just for being nice, but for doing something that actually
promotes our own survival. It's the same reward we feel whenever we indulge in other essential
activities - like eating or reproducing. The theory of reciprocal altruism was developed by
Harvard University biologist Robert Trivers in 1971.

PO p lll a ti on ge ne ti CS Population genetics looks at the occurrence of

different alleles of particular genes (for example, ‘brown’ and ‘blue’ are different alleles of the
gene for eye colour) within a population of organisms of the same species, to determine how

this occurrence changes with time.
A key statistic in population genetics is the ‘allele frequency’ - the total number of alleles of
a particular gene, expressed as a fraction of the total number of those genes in the population.
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For example, in a population of N people, if a number X of them have blue eyes and Y of

them have brown eyes, then the allele frequencies for blue and brown eyes are X/N and Y/N,
respectively. The set of alleles of the gene, in this case blue and brown, is called the ‘gene pool’

- and the bigger the gene pool, the bigger that gene's ‘genetic diversity’ (see Conservation
genetics). Evolution manifests itself as variations in X and Y with time. Population genetics is
affected by four main factors: genetic mutations, natural selection, gene flow and genetic drift.

Ge ne ﬂ OW A principle contributor to population genetics is a phenomenon
known as gene flow - the movement of alleles of particular genes through a population due
to the physical migration of organisms within it. Organisms with greater mobility experience
greater gene flow within their populations. Gene flow leads to higher genetic diversity (see
Conservation genetics), giving the population greater stability, but decreases the odds of
new species arising through speciation. Geographical features that impede migration - such
as mountains and oceans - can inhibit gene flow, creating isolated gene pools of the kind
discovered by Charles Darwin on the Galapagos Islands.

In the development of genetically modified organisms, scientists try to actively inhibit
gene flow to prevent engineered genes from jumping to wild populations - genetic pollution —
and this is achieved using techniques such as terminator genes.

N
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Gene LIC (l r lf t Genetic drift is an effect in population genetics that causes
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Dark genes increasing

the frequency of different alleles of genes in the population to vary at random. It is caused

by statistical fluctuations in factors such as whether particular organisms live long enough
to reproduce, and - in those who do get to reproduce — whether alleles make it through the
random shuffling process of chromosomal crossover (see Gametes).
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There is much debate over the importance of genetic drift compared with natural selection
in driving the evolution of species. Generally speaking, genetic drift becomes significant in
small populations of organisms, where the small statistical sample size makes it less likely
that the random variations in allele frequency will average out. In larger populations the
effect is small.

N d l ure vs n url_l_l_r_q Which plays the bigger role in determining the traits

and characteristics of an organism - the genes it inherits from its parents or the acquired traits
it learns and accumulates through environmental influences and its life experiences? This is
known as the ‘nature vs nurture’ debate. The key to answering this question lies in what are
called ‘twin studies’ — where scientists look at the traits exhibited by pairs of identical twins who
have had different life experiences. In theory, any differences between them should all be down
to nurture rather than nature.

Most twin studies conducted to date show neither nature nor nurture to be the sole
determinant - it’s a bit of both. And while some traits are obviously influenced almost entirely
by nature - such as eye colour - others are clearly more open to influence, such as muscular
strength, phobias and even our sense of humour. Nature vs nurture lies at the heart of the
debate over whether sociobiology can be applied to the behaviour of human beings.

1T
EVO d €Vvo Evolutionary developmental biology, or evo devo for short, examines
how factors such as genes and evolution have influenced developmental biology - the subset

of reproductive biology that deals with development from a single fertilized cell to an
adult organism.

One of the most important concepts is how a group of genes - called ‘Hox genes’ — shape
the early development of embryos. They do this by carefully regulating gene expression
in different ways across a developing embryo, to turn the small cluster of cells into a fetus.
Experiments to alter the structure of the Hox genes in fruit flies have caused new generations to
grow extra pairs of wings or to have limbs in the wrong places. The sequence of DNA making up
the Hox genes is an evolutionary antique — having remained more or less the same in organisms
for hundreds of millions of years. So much so that replacing the Hox genes in flies with those
from mice — which both come from the same common ancestor - produces normal insects.

Al . L4
T aY
_Ij_iplg(/ netlc S Epigenetics is a term used by biologists to refer to instances where

traits and characteristics are observed in organisms that can't seem to be accounted for in the
genes written into their DNA. Epigenetic phenomena are thought to be caused by changes

in the biological machinery responsible for gene expression. Some biologists have hailed
epigenetics as ‘the new Lamarckism’, claiming it offers a mechanism by which organisms can
pass on to their offspring non-congenital traits, which they have acquired during their lifetimes.
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Ablogenesis
how biological processes can arise from non-living chemicals is called abiogenesis. The first
fossils of living organisms date to around 3.5 billion years ago — around a billion years after the

Earth formed. They were stromatolites, structures formed by the deposition of sedimentary
rock and microorganisms. However, the very first life forms on Earth, are believed to have been

How did life first get going on Earth? Scientific investigation of

unicellular prokaryote microbes. Conditions on the young planet were harsh and avoiding the
pummelling being delivered by asteroids and comets means life couldn’t have begun any earlier
than 3.7 to 4 billion years ago on the surface, and perhaps 4 to 4.2 billion years ago on the

ocean floor.

The Miller-Urey experiment and others like it have shown how basic biochemicals might
have emerged. And theories such as RNA world, iron-sulphur world and clay theory offer
possible mechanisms by which these chemicals turned into living organisms. But to date,
scientists don't know for sure which, if any, of these theories are correct.

Ml] ] cr - LJ rey ex})crlmCIlt In 1953, Stanley Miller and Harold

Urey at the University of Chicago carried out a famous experiment to find out whether
conditions on the young Earth could

have brought about the chemicals Electrical
needed for life. They cooked up power source \\
water, methane, hydrogen and Electrical
ammonia - chemicals thought spark
to exist on the early Earth — and Primitive
fired an electric current through atmosphere
the mixture to simulate the young a —— (hydrogen,
, . methane,
planet’s stormy conditions. After ammonia)
a week’s continuous running, the

experiment had generated various
organic compounds, including
amino acids — the building blocks condenser
of proteins. A number of follow-up -
experiments have been carried out,

in which scientists have succeeded

in producing not just amino acids Cooled water
containing organic

but also nucleotide bases — the compounds
fundamental units that make up
DNA and RNA molecules.
Heat source
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In 2008, scientists from the USA and Mexico repeated the Miller-Urey experiment, but
with a twist - they tweaked the set-up of their apparatus to recreate the conditions near a
volcanic eruption. This variant of the experiment produced more organic chemicals than any
other - suggesting that volcanoes (see Volcanoes), while deadly to life today, may have played a
central role in its origin.

ENA WO rl d RNA world is a theory for how life might have begun on Earth, in

which the organisms based on DNA and proteins that inhabit the planet today were preceded
by an era during which life was based on DNA's molecular cousin RNA. Organisms in the
modern world use the molecule DNA to store the genetic information (genes) needed to build
proteins, some of which form the enzymes needed to replicate these genes and so create new
generations of organisms. But this has led to a chicken-and-egg scenario: namely, which came
first - protein or DNA? It seems the two would have to come into existence simultaneously,
which seems unlikely. In the RNA world theory, first put forward by American biologist Carl
Woese in 1968 and developed further by Walter Gilbert in 1986, both information storage and
replication are handled by RNA. The idea was suggested after it was discovered that RNA can
have similar catalytic properties (see Chemical reactions) to enzymes. Many biologists believe
an RNA world existed — though the jury is out on whether it represents the first life on Earth.

RNA sequence copies
itself from nucleotides
in the environment
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IrOﬂ—SUlphur World Could life on Earth have begun inside iron-

sulphide rocks? A theory known as iron-sulphur world holds that early life forms didn't rely on

DNA or RNA but instead were first propagated through inorganic chemical compounds around
hydrothermal vents in the ocean floor. Iron-sulphur world was first proposed by German chemist
Giinter Wichtershiuser in the late 1980s and early 1990s. Iron and sulphur are able to set up
chemical cycles that resemble metabolism processes in modern organisms. The theory is especially
interesting because it predicts the transition from inorganic life to organic life, made of carbon-
based protein, of the type that exists today. Iron and sulphur together make acetic acid which, when
it combines with carbon and ammonia, forms amino acids that in turn hook up to make proteins —
a process that Wichtershduser and colleagues demonstrated experimentally in 1997.

D e ep hOt b 108 I)h ere What if life didn't get started at the Earth’s

surface, or even at the bottom of the ocean, but many kilometres underground? This is the theory
put forward by British scientist Thomas Gold in the 1970s, and which he later named the ‘deep
hot biosphere’. According to Gold the first life forms would have been archaea (see Prokaryote
microbes). It’s an appealing theory because underground offers one of the safest environments
for organisms to shelter from the turmoil - asteroid bombardments and volcanic eruptions

- that wracked the Earth during its formative years. Today, it’s known that bacteria and other
microorganisms thrive underground, down to a depth of at least five kilometres.

But Gold had another surprise up his sleeve. If his theory is correct then underground
bacteria, feeding on methane gas expelled from the Earth’s mantle, are what actually generate
underground oil reserves — not the compressed remains of organisms from the planet’s surface, as
in the standard theory (see Coal and Petrol). If he’s right then oil is being continually produced,
and concern over peak oil may be misplaced.

C lay Lhe o1 ,_ Proposed by British biologist Graham Cairns-Smith in 1968, clay

theory is an innovative idea for the origin of life on Earth and says that the first life forms took
shape on the surface of ancient lumps of clay. The theory holds that crystals of clay have chemical
properties that enable them to self-replicate without complex molecules like DNA or RNA. What's
more, clay crystals are able to adapt to their environment by natural selection — with certain forms
of clay being preferentially selected for by particular environments. For example, sticky clays

tend to form riverbed silts, and riverbeds silted with sticky clays attract more sticky clays. Similar
selection processes exist on the surfaces of the clays, enabling them to selectively snag particular
kinds of molecule, and this, believes Cairns-Smith, may be what ultimately transferred the lineage
of clay life to a new molecule: DNA.

EXtrate rre Strl al ori gLn§ Some scientists think life on Earth might

have originated in space - that organic material descending to our planet from the outer reaches
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of space billions of years ago may have been what seeded life here in the first place. In that case,
we are all aliens.

In 2009, NASA scientists announced that they had detected amino acids in material
gathered from Comet Wild 2 by the Stardust spacecraft during a fly-by in 2006. The water of
Earth’s oceans is believed to have been deposited here by comets; now it seems plausible that
the chemical foundations for life may have come with it.

Some researchers even believe that microorganisms themselves may have come from
space, through panspermia. In 1996, NASA scientists announced that they had found what
looked like fossilized bugs in a meteorite from Mars (see Meteors). While this claim is now
largely discredited, other scientists have shown how microbes could survive an arduous journey
through space - even travelling between star systems - locked away inside tiny grains of dust.

BIOPHYSICS

1\1 ath e mati C al b 1 O 1 O gy Biology doesn’t come across as a discipline

heavy in mathematical content - certainly not as much so as physics. However, biologists are
increasingly developing numerical representations of their subject, allowing them to apply
powerful techniques from pure mathematics and applied mathematics, leading to dramatic
new insights. The power of mathematics lies in its ability to help humans visualize and analyze
concepts that are beyond the range of our senses and intuition. Were it not for mathematics,
we would have little chance of making sense of the great pillars of theoretical physics

- relativity and quantum theory. Similarly, biologists are bringing this discipline to bear on

the big problems of biology - such as gene structure and gene expression, neurobiology and
cell biology, and to help them unpick the myriad processes that contribute to the state of the
environment.

Placing biological science on a firm mathematical footing has also enabled researchers to
call on the problem-solving power of computers which are already bringing new results, and
indeed whole new fields of science - such as systems biology. Application of computers to
biology is sometimes known as ‘bioinformatics’.

B 1011 C C}] dliCcs Mechanics is the branch of physics that deals with the

behaviour of objects in response to forces applied to them. Likewise, biomechanics is

concerned with the effect of physical forces on biological systems. It is applied on all scales

throughout organisms - from calculating the dynamics of fluids and organelles within cells

to the stresses on bones (see Musculoskeletal system), applying Navier-Stokes equations to

model blood flow or using aerodynamics (see Fluid dynamics) to understand how birds fly.
A major application has been within sport science, where the use of 3D video capture,
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together with computer analysis, has enabled sports coaches to dramatically improve the
performance of athletes - for example, figuring out how to tweak a golfer’s swing to yield
maximum distance. Biomechanics calculations are typically harder and more complex than
their counterparts in pure physics owing to the imprecise shapes and many degrees of freedom
in biological systems.

Subject
Cameral

Camera 2

B 1oen gln cerin g Whereas biomechanics applies principles from the physics

of moving bodies to solve problems in biology, bioengineering does the same by drawing
upon a whole raft of techniques and technologies from engineering. Examples include the
development of artificial hearts, livers, bones, eyes and a host of other such prosthetic and
cybernetic implants. It also encompasses the development of medical machinery and drug
delivery systems, genetic modification, synthetic biology and biomimetics.

But bioengineering is more than that. It's about applying the ‘engineering method’ to design
and build solutions to problems in biological science. Even the term ‘bioengineering’ itself has

been reverse-engineered to describe the application of biology to engineering - for example,
when civil engineers might use biological materials in the construction of a building, such as
concrete reinforced with plant fibre.

Radl O b 1 Ol O g}i Radiobiology is concerned with the impact of radiation on

biological tissue. That includes ionizing radiation - such as alpha, beta and gamma
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(see Radioactive decay) — as well as thermal radiation (see Black body radiation) and various
wavelengths of electromagnetic radiation. Applications of radiobiology include assessing the
threat posed to astronauts from cosmic rays, as well as particles and waves from the Sun. It has
also been used to investigate the claimed link between cellphone use and incidences of brain
tumours (see Cancer) - though so far the results remain inconclusive.

As well as dealing with the potential hazards of radiation, radiobiology also deals
with the benefits. Radio-imaging techniques are used to diagnose diseases and monitor
their development; these include X-rays, as well as technologies such as SPECT scans (see
Tomography), where mildly radioactive substances are injected into the body to act as a tracer
of blood flow. In cancer treatment, radiation therapy is sometimes used to kill malignant cells by
bombarding them directly with gamma rays.

Ag&ph‘}/& Agrophysics is the application of physics to agronomy

- the science of growing crops and other plants for human use. Agrophysicists construct
mathematical theories of agronomy and test them through rigorous measurement and
experiment — with the aim of ultimately improving crop yield.

There are two major areas of interest — the first is using physical considerations to
improve the delivery of air, water and plant nutrients, through techniques such as irrigation,
hydroponics (where plants are grown in liquid) and aeroponics — where they grow in a nutrient-
rich mist. The second area is the supply of light and heat using, for instance, greenhouses
and artificial illumination. Scientists are using agrophysics today to come up with methods
of sustainable agriculture that maximize production while minimizing the impact upon the
environment.

§y SteIIl S b 10 l O gX Up until recently, biology was a divided discipline.

There were cell biologists, molecular biologists, biochemists, and many others — and never the
twain shall meet. Systems biology is a holistic approach to biological science that looks at each
biological organism as a whole unit - taking care to understand not just the processes inside it
but also the interactions between each process, which can be equally important.

A prime example is the function of the immune system. No single mechanism is
responsible for the immune response of organisms to infection - rather, it's an emergent
response that comes from genes, proteins and other biological pathways all acting in concert.
Systems biology draws heavily on computer power to run simulations of how different
biological systems within an organism function and interact. The first such simulation was a
crude mathematical model of the heart developed by British biologist Denis Noble, at Oxford
University in the 1960s. More recently, he and his colleagues have extended this work to create a
sophisticated ‘virtual heart’ running inside a supercomputer (see Parallel computing).
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OUR HOME WORLD, PLANET EARTH, c
the incipient fragments of the Solar System coalesced around
the young Sun 4.5 billion years ago. Human beings arose only
in the last couple of hundred thousand years If the time since
the planet formed was represented as a 24- hour day, then our
species has been around for about the last tﬁree seconds.

But humans haven’t always realized this much. As
recently as the turn of the 20th century, scientists — notably
the British physicist William Thomson (aka Lord Kelvin) —
believed that the Earth was just 100 million years old. Kelvin
based his claim on cooling times, but had ignored the complex
physics of the Earth’s interior and a new factor that was yet to
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be discovered - radioactivity, an effect that was generating extra
heat in the planet’s interior.

Today, the Earth remains a complex dynamical system that
scientists still cannot claim to fully understand. The big unknown
is climate change. The Earth’s climate is an extraordinarily
sensitive system, the behaviour of which is determined by many
factors — not just man-made pollutants, but cloud cover, volcanic
activity, ocean currents and more.

While we know global warming is taking place and that
it’s probably our fault, quite how bad it’s going to get or what (if
anything) we can do about it will only become clear in the years
and decades to come.



EARTH SCIENCE

B
ITaAY S »
Cur\/ C (1 h al tll Our planet, the Earth, is a spinning ball of rock, metal, gas and

liquid nearly 13,000km (over 3000 miles) in diameter with a circumference of just over 40,000km
(nearly 25,000 miles). Earth gets its spherical shape due to gravity. This is the force that makes
rivers flow downhill, and it has the same effect on the solid material that the Earth is made

from - tending to smooth out the planet’s surface until everything is the same distance from the
centre. The only shape that allows this is a sphere. Gravity has to a large extent evened out the
lumps and bumps on Earth’s surface to make it smoother than a billiard ball. Yet Earth isn't quite
spherical; the planet is rotating roughly once every 24 hours creating an outward force that
makes the planet slightly fatter at the equator than around the poles, by about 43km (27 miles)
(see Centripetal force). Scientists call this flattened shape an ‘oblate’ spheroid.

-
b_qw The equator is an imaginary line dividing the Earth into two equal-size half
spheres, known as the Northern and Southern Hemispheres. It forms a plane at right angles to
the planet’s axis of rotation. Two further imaginary lines circle the Earth parallel to the equator,
called the Tropic of Cancer and the Tropic of Capricorn, lying 23.5° north and south of the
equator, respectively. The warm region in between these lines is known as the ‘tropics’
(see Seasons).
Outside of these limits lie the North Temperate Zone and the South Temperate Zone, in
which temperatures are much cooler. These extend towards the Arctic and Antarctic Circles
- the Earth'’s chilly polar zones (beginning at 66.5° north and south of the equator), where
temperatures really plummet.

@ Imagine travelling further and further north or south on the Earth’s surface, and
drawing circles parallel to the equator on the planet’s surface as you go. As you move further
from the equator the circles become smaller and smaller, eventually shrinking to two points at
the top and bottom of the planet, and these are known as the poles.

In fact, Earth has two distinct sets of poles. The ‘geographical poles’ are defined by the
planet’s rotation, such that if you could skewer the planet on a giant spindle — upon which it
turns through its night/day cycle - then the spindle would protrude from the north and south
geographical poles. But Earth also has a pair of ‘magnetic poles’, like the poles of a bar magnet
and are caused by electrical currents in the Earth’s core (see Geomagnetism). The magnetic
poles wander from year to year; in 2005, the North Magnetic Pole was about 7° from geographic
north, while the South Magnetic Pole was almost 30° astray.
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Latitude and longitude

knows how a coordinate system works. A two-dimensional space is divided up into a grid and

Anyone who has played ‘battleships’

numbers along each side of the grid form pairs of coordinates that give each square of the grid
a unique reference. This is the basis of longitude and latitude coordinates; the only difference is
that rather than a flat two-dimensional surface, the Earth is a sphere, and so each coordinate is
measured as an angle around the sphere. So, for example, opposite points on its surface are 180°
apart, while moving 360° around the sphere brings you back to where you started.

The first coordinate is latitude, measured along a line
parallel to the Earth’s equator, which is taken
to have latitude 0°. The North and South
Poles then have latitudes +90° and -90°
respectively. Longitude, on the other
hand, is given by the distance around
the equator. The zero point is known
as the ‘prime meridian’, a line
connecting the North and South

Greenwich

Prime meridian

Latitude line

Poles and passing through the

Royal Observatory in Greenwich,
England. Adding a suffix ‘E’ or ‘W’ to

the longitude coordinate indicates
whether the distance is measured

east or west of the prime meridian.
Coordinates on the planet’s surface are
usually stated as the latitude followed by
the longitude. New York, for example, is
at41°N, 73°W.

Longitude line

D ay dll d ye ar The length of the day and year on Earth are determined by the

planet’s rotation and orbit around the Sun. As Earth rotates, the Sun appears to cross the sky
from east to west. One day is defined as the time taken for the Sun to return to the same point
overhead after one complete rotation. Earth turns once on its axis every 23 hours 56 minutes

4 seconds. But in this time the planet has also moved around the Sun slightly due to its orbit,
meaning Earth must rotate a little more to bring the Sun back to where it was the previous day,
and the extra time this takes brings the length of the day up to 24 hours.

The Earth’s orbit carries it around the Sun once every 365.25 days, and this is where our
definition of the year comes from. Ordinary calendar years are just 365 days long, but we make
up the quarter-day shortfall by adding an extra day to the calendar every fourth year - these
are the leap years. Sometimes tiny wobbles in the planet’s orbit must be corrected for by the
addition of ‘leap seconds.
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Tlme Z011€S The rotation of the Earth means that it’s always daytime somewhere,
while on the opposite side of the planet it is night (see Day and year). That is why we have
created time zones, meaning you have to adjust your watch when you fly to faraway locations.
The time zones are usually fixed by longitude — so the time at the prime meridian (see Latitude
and longitude) is considered the zero point. This time is known as Greenwich Mean Time
(GMT) or, more internationally, as Coordinated Universal Time (UTC). Some countries are so
big they have several time zones within their borders; for instance, in the United States where
there is a four-hour time difference between the east and west coasts.

ID te I‘Ilatl ()Ila] d ate llIl C Having time zones around the world

means that not only can the time of day change from country to country, but also the day itself.
After all, a new day must start somewhere — and this point is known as the International Date
Line (IDL). The IDL is a line of constant longitude, passing through both the North and South
Poles, and lies 180° around the planet from the prime meridian (see Latitude and longitude).
The time at the IDL is 12 hours different from that at the prime meridian. So, for example, if at
the prime meridian it's 3 p.m. on December 10, then the time at the IDL is 3 a.m. A fraction to
the east of the IDL it’s 3 a.m. the same day, December 10, but to the west of the line it's 3 a.m. the
next day - December 11. If you're in a plane flying over the IDL the time instantly jumps by 24
hours as you cross it, forcing you to adjust not only your watch but your calendar too.

S CaSOIS As the Earth travels around the Sun, there are cycles of warmth and cold
known as seasons, caused by the tilt of the planet relative to its orbital plane around the Sun.
The tilt is 23.5°, which means that for part of the year the planet’s northern hemisphere leans
towards the Sun - so that the Sun’s light and heat is concentrated on a smaller area than when
the Earth is at the opposite point of its orbit half a year later. The first position corresponds to
summer in the northern hemisphere, and the latter is winter. While the northern hemisphere
tips towards the Sun, the southern hemisphere tips away — which is why those south of the
equator enjoy summer in December and winter in June.

In the north and south temperate zones (see Equator) there are four seasons. However,
within the tropics the climate is constantly warm, and the small variations in temperature
e

More sunlight on

More sunlight on
northern hemisphere

southern hemisphere
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that result manifest themselves as varying levels of rainfall, broadly dividing the year into two
seasons: wet and dry. Also, the high latitudes of the Arctic and Antarctic Circles means Earth’s
tilt plunges these regions into constant darkness for six months during winter, followed by six
months of constant daylight, with no sunset.

C OrlO] 1S ef [ cC r The Coriolis effect is a phenomenon caused by the Earth's

rotation tending to make air in the northern hemisphere swirl in an anticlockwise direction

and air in the southern hemisphere swirl clockwise. Each day the Earth makes one complete
revolution - 360° - but because the equator is the widest part of the planet, the surface there
rotates fastest - 1,670km/h (1,038mph). By comparison, at the latitude of New York (41°N) the
planet’s surface is moving at just 1,260km/h (782mph). And it is this difference in speed that'’s
behind the Coriolis effect, creating swirling motions in the atmosphere which are responsible
for weather systems including cyclones. Often it is said that the direction in which bath water
swirls as it goes down the drain is also caused by the Coriolis effect. However, this is not the case
— as swishing the water in the opposite direction with your finger will quickly confirm.

» Q :
P recession A child’s spinning top wobbles from side to side as it spins, a

phenomenon known as precession. In fact, all spinning objects can exhibit precession — and the
Earth is no exception. Our planet’s rotation axis wobbles about its central position, returning
to its starting point every 26,000 years and this changes the night sky; the rotation of the planet
makes the celestial sphere appear to wheel overhead. At present, the Earth’s axis of rotation
points towards the star Polaris — known as the Pole Star - but 5,000 years ago it pointed towards
the star Thuban, while in Ap 14,000 the role of the Pole Star will fall to the brilliant star Vega in
the constellation Lyra.

Precession is the biggest of several effects that shift the rotation axis of the Earth. Others are
‘nutation’, a small wobble of the axis about its precession path, and ‘polar motion’ - a tiny and
unpredictable variation caused by factors such as ocean currents and winds.

AGES OF EARTH

D eel) tl me Our planet’s history spans a colossal 4.5 billion (4,500,000,000) years.
Just as we break up each year into months, weeks and days, scientists break Earth’s past into
more manageable units. The biggest are called ‘super aeons’ spanning several billion years;
there has only been one super aeon in the history of our planet - called the Precambrian. Next
down are the ‘aeons’ lasting between 500 million and 2 billion years. Aeons are subdivided into
‘eras’, each a few hundred million years long. And these are split down further into ‘periods’,
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each lasting several tens of millions of years, and ‘epochs’, which are usually 10 to 20 million
years long. The smallest unit of deep time is the ‘age’, which lasts typically a few million
years or less.

Whereas our everyday units of time have fixed duration, the precise lengths of units of
deep time are determined from stratigraphy of the fossil record. Each chapter in Earth’s
past corresponds to a layer of rock in the record, which can be identified and dated using
archaeology. The difference in date between the top and bottom of the layer fixes the duration
of that particular aeon, era, period or epoch.

’'s « - « g
H d(] carl 4coll The first aeon in Earth’s history was the Hadean aeon, stretching

from 4.5 to 3.8 billion years ago, a period of time that saw the formation of the solar system and
planet Earth, and the creation of the Moon in a colossal impact event known as the Big Splash.

Earth’s oldest minerals and rock formations were forged during this time, and the earliest life
forms may have been created then as well.

A major event at the end of the Hadean aeon was the Late Heavy Bombardment, during
which a hail of cosmic impacts peppered the inner solar system. Much of the cratering seen on
the Moon today is the result of this ancient cosmic blizzard. The Late Heavy Bombardment may
have been caused by the migration of one of the giant planets - such as Neptune — outwards
through the solar system, disrupting smaller bodies as it went.

(2 0)
*ArCh carl aeon Following immediately from the Hadean aeon, the Archean

aeon stretched from 3.8 billion years to 2.6 billion years ago (bya). Plant life able to carry out
photosynthesis is thought to have emerged at this time, when the continents were also created
and tectonic activity is thought to have begun too. However, the layout of the continents was
very different from the world map of today — with most of the Earth’'s land mass concentrated
into a single supercontinent, which would later break up through continental drift. Surface
water was plentiful. The Archean aeon is split into four eras - the Eoarchean (3.8-3.6bya),
Paleoarchean (3.6-3.2bya), Mesoarchean (3.2-2.8bya) and Neoarchean (2.8-2.6bya). From the
Archean aeon’s Paleoarchean era come the oldest known fossilized remains of life.

l) r()t(\ r() ZOi C ac O 1 Longest of all aeons, the Proterozoic, during which

the first multicellular microorganisms emerged, extends from 2.6 billion years to 0.57 billion
years ago (bya) and is divided into three eras. During the Paleoproterozoic era (2.6-1.6bya),
Earth’s early atmosphere became oxygenated through the action of bacteria performing
photosynthesis. There was also the appearance of the first eukaryote life forms. Following this
was the Mesoproterozoic era (1.6-1.1bya), bringing the evolution of sexual reproduction. Finally
the aeon ended with the Neoproterozoic era (1.1-0.57bya), when an extreme ice age is thought
to have taken place. Together the Hadean, Archean and Proterozoic aeons together make up the
Precambrian super aeon.
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Pal €COZOIC €er a After the Proterozoic aeon came the Phanerozoic aeon, beginning

0.57 billion years ago (bya) and extending right up to the present day. The Paleozoic was the first
era of this aeon, lasting from 570 million years ago (mya) to 248mya. It is divided into six periods
- the Cambrian (570-470mya), Ordovician (470-438mya), Silurian (438-408mya), Devonian
(408-360mya), Carboniferous (360-285mya) and Permian (285-248mya).

Rocks from the Cambrian period show a marked increase in the number of fossils as a
growth spurt of life took place in the oceans — known as the ‘Cambrian explosion’ - bringing
the appearance of hard-shelled marine animals and continuing into the Ordovician. The
Silurian period saw life begin to move from the seas on to the land - plants at first and later, in
the Devonian period, the first land animals with backboned fish thriving in the oceans. In the
Carboniferous period, much of Earth’s land mass became covered with lush forest giving a home

to the land’s new inhabitants. Insects emerged during the Permian period, growing in abundance
due to the presence of oxygen being churned out by Earth’s forests through photosynthesis. A
mass extinction at the end of the Permian period killed off many of these insect species, paving
the way for the rise of reptiles and amphibians.

/| 2 .
1\ [e SOZO1C €era The second era in the Phanerozoic aeon, the Mesozoic spanned

from 248 million years ago (mya) to 65mya. It’s the time when dinosaurs ruled the Earth and for
this reason it’s often regarded as the ‘age of reptiles. It splits down into three periods beginning
with the Triassic period (248-213mya), during which most of the Earth’s land mass was again
concentrated into a giant supercontinent. Amphibians and reptiles were common on the land;
meanwhile, giant creatures evolved in the seas.

The heyday of the dinosaurs was the Jurassic period (213-144mya). Plant life burgeoned at
this time too — with ferns, conifers and dense jungle embracing the planet. Animals first took to
the skies as well, with the emergence of pterosaurs (flying dinosaurs) and the first feathered birds.
The era ended with the Cretaceous period (144-65mya). Many of the iconic dinosaur species
- including Tyrannosaurus rex and the nimble Velociraptor - lived during this time. The cosmic
impact of a comet or asteroid on the Earth ended the period and wiped out the dinosaurs.

- .
&)
,(J CINOZO1C €ra We are now in the Cenozoic era, which spans the period from the

time of the dinosaur extinction 65 million years ago (mya) up to the present day. After the demise
of the dinosaurs, the mammals inherited the Earth as large warm-blooded creatures developed
from small animals like rodents to fill the evolutionary niches the dinosaurs had left vacant. Birds
evolved into their present form.

The Cenozoic era is divided into three periods - the Paleogene (65-23mya), Neogene (23-2.6)
and Quaternary (2.6mya to present day). At some point during the Neogene, most likely between
5-7mya, it is thought the common ancestor of both chimpanzees and modern humans existed.

Under some naming schemes the Paleogene and Neogene are joined together into one period,
called the Tertiary.
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Q _1’La lg‘ nar _Y_ [) erio (1 Earth’s current period is the Quaternary, the final

period of the Cenozoic era; it began 2.6 million years ago (mya). At the start of the Quaternary
the continents were more or less as they are now. Later, four ice ages gripped the Earth as the
polar caps expanded, encasing large areas of the planet in ice; it was around 10,000 years ago
that the most recent ice age ended.

The Quaternary is broken down into two epochs - the Pleistocene (stretching from 2.6mya
to 11,700 years ago) and the Holocene (from 11,700 years ago to the present day). Perhaps
most significantly, the Pleistocene saw the emergence of modern humans. Our species, Homo
sapiens, first appeared in Africa between 100,000 and 200,000 years ago and quickly spread from
there to colonize the world (see Out of Africa). During the Holocene epoch humans became
skilled in agriculture, leading in turn to the development of civilization.

TERRAIN
rFOp ograp hy The science ~ Profile of surface

terrain

underpinning the ‘lay of the land’ is known
as topography and aims to chart the three-
dimensional shape of surface terrain. A

topographic map of an area, also known as

e

a ‘relief map’, shows the elevation using a
system of ‘contour lines’. Think of these as
a series of equally spaced horizontal slices
through the landscape, the outlines of which
are then projected down onto a flat sheet of
paper (see diagram). Numbers can indicate
the height of each contour and the closer Ny
together the contour lines, the steeper the e Ty
terrain is.

To make accurate relief maps, surveyors

must make detailed measurements of the

land, which is achieved through a host of Map contours tinted

instruments used on-site for measuring according to elevation

the tilt of the land and the elevation angles

of surface features. Aerial photography is also employed, as is data gathered from space. In
February 2000, the space shuttle Endeavour used radar to map the topography of the Earth in
unprecedented detail.
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The continents are the major land masses of the Earth and occupy

Islands

around 29 per cent of the planet’s surface. Liquid water oceans fill the rest of the area. There
are seven continents: Asia, Africa, Antarctica, Australia, Europe, North America and South
America; almost all are either separated by expanses of ocean or have been in the past, because
of continental drift. The exceptions are Europe and Asia, which have always been joined, and
for this reason they are classified in some schemes as a single continent: Eurasia. Antarctica is
a continent because there is dry land beneath the frost; the Arctic is not because it’s just an ice
sheet afloat upon the sea.

The height of ocean water means that the edges of the continents are actually submerged,
boundaries known as ‘continental shelves’, and beyond them the seabed drops precipitously.
Continental shelves vary in width from a few to thousands of kilometres.

Continental shelf
Coast

Continental rise

n L} L

Ocean

Continental
slope

e -

Islands are bodies of land separated from the major continents by water and
they come in three principle types. Continental islands, such as the United Kingdom, are part of
their nearby continental land mass — Europe, in this case - because they are situated upon that
continent’s shelf. Other examples include Tasmania, Sumatra and Greenland (which is part of
continental North America). By contrast, oceanic islands are not connected to any continental
land mass but are normally the result of undersea volcanoes or tectonic plate activity pushing
up the sea floor. Macquarie Island in the Pacific was formed tectonically; the Hawaiian islands
are volcanic. A group of islands formed tectonically is known as an archipelago. A third type

are the atolls, which are grounded on coral reefs, the accumulated skeletons of small marine
creatures formed around volcanic islands that have since subsided. The Maldives, in the Indian
Ocean, are atolls.
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Gb l dClCrs Vast masses of fresh-water ice that cover the landscape are known as glaciers;

they form in low-temperature areas where the rate of deposition of ice and snow has exceeded
the rate of melting and erosion for very many years. Every continent except Australia has glaciers
and stunning examples can be found in New Zealand, Alaska and Tibet. Glaciers make up the
world’s largest reservoir of fresh water and this is why there is such concern over the possibility of
them thawing as a consequence of climate change, causing catastrophic sea-level rise.

When glaciers merge to cover a large area of terrain the result is a featureless landscape
known as an ‘ice sheet’. Ice sheets exist in Greenland and Antarctica, though during an ice age
they can cover a substantial fraction of the Earth’s surface. Glaciers move across the land as the
weight of overlying ice creates pressure, literally making the glacier ooze outwards and spread.
The ice can spread in this way by up to tens of metres per day, leaving scars on the landscape as
it scrapes by, and serving as evidence of past glaciations. Where a glacier meets the coast it can
spread out across the sea to form an ‘ice shelf’. Portions that break away from the shelf to float
freely are known as ‘icebergs..

Sea 1ce

In contrast to icebergs, which break away from a coastal glacier, sea ice forms

when ocean water itself freezes. The salt content of the oceans lowers the freezing point of the
water from 0°C to -1.8°C. Vast crusts of sea ice cover the ocean inside the Arctic circle, forming
the Earth’s northern polar cap. Much of this is a solid mass; however, at lower latitudes, where the
temperature begins to rise, these giant ice fields start to break up into smaller chunks called ‘ice
floes' Sea ice on Earth is a seasonal phenomenon, with ocean ice coverage growing in winter and
then receding again during summer months.

MO untaln S Mountains are tall outcrops of rock that cover 24 per cent of the Earth’s
land mass. They can be formed in several ways. Regions with active plate tectonics churn up
the landscape to create rugged terrain. Similarly, the collision of tectonic plates can cause the
formation of mountain ranges as the ground jackknifes upward in the collision. The Himalayan
mountain range was formed this way, when the Indo-Australian plate crashed into Eurasia
70 million years ago. Other mountains may be volcanoes, formed by the gradual build-up of
erupted lava.

The summits of mountains are cold because of their height above the warm ground below.
Oxygen levels also drop as the density of Earth's atmosphere diminishes with altitude. Technically,
there are many definitions of what makes a mountain. In the United States, the criterion is any
landform over 1,000 feet high (305m), while anything in the range 501-999 feet high (153-304m)
is just a hill.

X / g TQ
_IM Rivers are channels of fresh water running from elevated terrain, such as hills and
mountains, across the land and down to the ocean; they are fed by rainfall, seasonal melting
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of ice, and underground watercourses. There are often flat flood plains running alongside the
banks of rivers, areas that have been levelled over time by the flow of water as the river has
sporadically burst its banks.

Some rivers that carry a large amount of sediment may form a triangular-shaped ‘delta’
where they reach the ocean: as the sediment is deposited in a wide fan-shape and gradually
built up over time, it re-sculpts the river mouth. An example of this is the mouth of the River
Nile in Egypt which has a prominent delta where its waters meet the Mediterranean Sea. Rivers
are also partially responsible for the salinity of the oceans, washing salt and minerals from rocks
as they flow along.

Valley

;S Deep depressions gouged through the landscape, often between hills or
mountains, are called valleys. Three main mechanisms work to form valleys. The first is water
erosion — a river meandering through the landscape wears away at the rock and soil to carve
an ever-deeper channel. Valleys formed like this look V-shaped in cross section. Extreme river
valleys can become very deep and spectacular - such as the Grand Canyon in the United States.
Valleys can also be formed through the action of glaciers — huge walls of ice that creep over
the terrain, pulverizing rock as they squeeze through the narrowest fissures to form valleys with
a cross-section that looks more U-shaped.

The final variety are rift valleys - formed by tectonic processes splitting apart continental
plates, to form two new plates with an ocean between. The Great Rift Valley in East Africa is an

example of a rift valley forming.

l.akes

A large expanse of water fed by a river but not part of an ocean is a lake. Lakes

can form in natural recesses between hills and mountains and in depressions in level ground.

Sometimes rivers can form ‘oxbow’ lakes where a meandering curve in a river tends to deposit

silt and sediment preferentially on

its outer banks, causing the curve to
become cut off leaving a bow-shaped
lake behind (see diagram).

Smaller lakes are known as
ponds; the Ramsar Convention on
Wetlands of 1971 says that an inland
body of water less than 8 hectares
(10,000m?) in size is a pond while
anything bigger is a lake. There are
over 300 million ponds and lakes
worldwide. Canada has the greatest
concentration — with 60 per cent of
the world’s lakes — due mainly to poor
drainage.

Deposition

of silt Meander

Oxbow lake
Erosion of
riverbank

Oxbow lake
forming
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A o
\Ve tl dall (-1 S Lakes and river areas are sometimes surrounded by damp, saturated
terrain called wetland; swamps, fens and marshes are all examples and they can be either fresh
water, salt water or somewhere in between, depending on their proximity to the coast. The
amalgamation of water and land means that wetlands often have rich ecosystems, teeming with
many kinds of plants, fish, mammals, reptiles and amphibians.

And yet their limited commercial value has placed them in jeopardy. In 1993, it was
reported that half the world’s wetlands had been drained to increase the development potential
and productivity of the land. For these reasons, wetland areas are now the subject of widespread
conservation efforts. In the United States the largest wetland area is the Florida Everglades, and
the largest in the world resides in the flood plains of Pantanal, in South America.

B_la_ﬂ_l_b_ Flatlands make up the bulk of the terrain covering the Earth’s land masses. They
come in many shapes and sizes - the grassy meadows and fields of Europe, the arid prairies of
the United States, the wild African savannah and the desolate steppe and tundra of northern
Asia. Each is sculpted by the climate and ecology of its locale. Plains can be formed by erosion,
deposition of sediments in water, or by ice or wind, or simply bulldozed flat by the passage of a
glacier. Plains can exist on barren expanses of land, in between hills, on valley floors, inland or
in coastal areas. As well as playing an important role in natural ecology, plains helped facilitate
agriculture, and the building of roads and cities.

Fore S ts, an d J un gl CS The greatest biodiversity on Earth can be found

in the planet’s forests and jungles; it has been estimated that 57 per cent of all the planet’s
living species can be found in jungles. Together, jungles and forests cover around 36 per cent
of the Earth'’s land mass. At high latitudes, above 53° from the equator, where temperatures
are lower, forests are usually made up of evergreen conifer trees. Deciduous trees, which lose
their leaves in winter, are

more common at lower
latitudes, while within >
10° of the equator

rainforests abound -

literally, forest areas that

receive large volumes of rainfall.
Jungles and rainforests can be
found in South America, Africa and
Asia. High temperatures and humidity
make rainforests thriving hotbeds

of life. And the densest regions of the
rainforests are jungle — a living knot of
trees, creepers and undergrowth.

Equatorial
rain forest
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D eser tb Deserts are the driest, most barren places on the Earth. Found on every
continent, they form when the rate at which moisture evaporates away from the ground exceeds
the rate at which it arrives through rainfall. Perhaps surprisingly, the driest desert on the Earth
is also the coldest; in the Dry Valleys region of Antarctica, rain hasn't fallen in over 2 million
years. Any moisture that does remain is frozen from the air and blasted away by the 320km/h
(200mph) winds that routinely scourge the area. Antarctica is also the largest desert in the
world, with an area of nearly 14 million square kilometres.

Many green areas of the Earth’s surface are being converted to desert through the action of
climate change and careless agriculture — burning forest and jungle to make arable land, and
the over-exploitation of natural watercourses, such as rivers and groundwater. A report in 2008
estimated that a productive area the size of Nebraska is being lost to desert every year.

SUBTERRANEA

-

QJM Natural cavities in the Earth's rock formations are called caves; they can be small
affairs of just a single chamber, or a sprawling network of tunnels and caverns that take the
intrepid explorer deep underground. Caves are formed by a range of different processes. Acids
in groundwater can react with and dissolve base-rich rock (see Acids and bases), leaving behind
a cavity — known as ‘solutional caves'. Erosional effects, such as weathering or the constant wear

of running water, can cut caves into rock too - as can the lashing assault of the sea, explaining
why coastal cliffs are often rich in cave networks. Others, called ‘primary caves), are formed at
the same time as the surrounding rock.

Caves are found all over the world, and they come in all shapes and sizes: Mammoth
Cave, in Kentucky, is the longest at 591km (367 miles) in length; Voronya Cave, in Abkhazia,
Georgia, is the deepest reaching more than 2km (1.2 miles) below ground. The largest single
cavern is the Sarawak Chamber on Borneo, which measures 700m (2300ft) by 400m (1312ft) by
80m (262ft) - big enough to hold 32 aircraft carriers.

'3 [} i g N s B f € - N
Stalagmites and stalacliles .. omed by scic wae

have streams laden with minerals, such as calcium carbonate, running through them. This
water can deposit its rock content throughout the cave, creating spectacular structures such
as stalagmites and stalactites. Stalagmites grow upwards from the bottom of a cave through
the action of mineral-rich water dripping constantly onto the same spot from above. Just as
a stalagmite grows upwards, the drip point above it grows down, as minerals are left behind
before each drop falls — and this is a stalactite.

The biggest stalagmite is over 62m (203ft) high and is located in a cave system in Cuba,

153



while the longest stalactite on record measures 20m (65ft) and hangs in Brazil’s Gruta Rei do
Mato caves. Their growth rates vary wildly, depending on the concentration of the mineral
solution and the rate of flow. Some may grow by a centimetre in a month, others may take
hundreds or even thousands of years to grow by the same amount. Stalagmites and stalactites are
types of liquid-deposited rock formations known as speleothems, that also include ‘flowstones;,
which look like an oozing mass of rock, and delicate spiral stalactites called ‘helictites’.

LLava tubes

of molten lava during a volcanic eruption. The exterior of a flowing channel of lava is exposed to

Lava tubes are a kind of ‘primary cave’ (see Caves) formed by the flow

the air and so cools more rapidly than the interior, forming a hard crust. Cooling from the outside
thickens this crust, while the core of the lava channel continues flowing. Once the volcanic
eruption has ceased, the molten lava inside drains away leaving the solidified exterior — and this
is a lava tube. ,

Lava tubes can also grow stalagmites and stalactites, and other speleothems. Unlike
their limestone cousins, however, these aren't caused by rock dissolved in water but rather the
dripping of residual molten lava before the tube has fully solidified. Up to 15m (49ft) wide, lava
tubes can reach up to tens of miles in length and are found in Arizona, Oregon, Hawaii and at
other volcanic sites around the world.

Underground water

in the depressions and recesses of the rock to form underground lakes. These can be supplied
by rainfall, natural springs or seeping ground water — porous rocks, such as limestone, can store
huge volumes of water in repositories known as ‘aquifers’. Caves beneath Sweetwater, Tennessee,
have the largest underground lake measuring 240m (787ft) by 70m (230ft).

When the flow of water through caves is sufficiently great, lakes and other stationary bodies

Sometimes a cave system can accumulate liquid

of water give way to subterranean rivers. The world’s longest underground river stretches for 153
kilometres (95 miles) in caverns running under Mexico’s Yucatdn peninsula.

N

(JLM If you could saw planet Earth in half, you would find the inside looked rather like
the layers of an onion, with distinct stratified zones of liquid and solid rock stretching from the
planet’s exterior right down to the core. OQutermost of these layers is the Earth’s crust, which is a
thin veneer of solid rock covering the planet’s surface; it is a mixture of igneous, metamorphic
and sedimentary rock that in total accounts for about 1 per cent of the volume of the planet.

The thickness of the crust varies greatly — beneath the oceans it is as little as 5km (3 miles)

thick, whereas the continental crust, which makes up the Earth’s land masses, is much thicker
- between 30km (19 miles) and 50km (31 miles). This is why the continents stick up out of
the ocean, while the sea floors are submerged. Forming the crust is an interlocking mosaic of
tectonic plates that float at the Earth'’s surface because the density of the crust material is lower
than that of the underlying layer - the mantle.
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Md[l L] € Beneath the Earth’s crust is a viscous layer of semi-molten rock — nearly 3,000km
(1864 miles) thick and accounting for more than 80 per cent of the planet’s total volume -
known as the mantle. It splits broadly into upper and lower layers; the ‘upper mantle’ reaches
down to a depth of around 400km (248 miles) and this layer is divided into upper and lower
zones. The ‘lithosphere’ is the rocky top part of the upper mantle plus the crust above it.
Beneath this is the ‘asthenosphere’, which is less solid owing to the higher temperature at this
depth. The entire upper mantle is coupled to the crust at a boundary called the ‘Mohorovicic
discontinuity’, or ‘Moho’ for short.

The ‘lower mantle’, on the other hand, covers the range of depths 660-2900km (410-1800
miles). Here, the rock has become solid once again as the high pressure caused as the weight of
the overlying planet compresses it. Between the upper and lower mantles is a layer called the
transition zone, which interpolates between the two regimes. Temperatures within the mantle
range from a few hundred degrees Celsius at the base of the crust to an estimated 4,000°C
(7,232°F) where the mantle meets the next layer down - the core.

m The central, hottest part of the Earth is the core, which has an inner and an outer layer
and is responsible for the planet’s geomagnetism. The outer core is liquid metal, predominantly
molten iron and nickel, which stretches from a depth of 2,890km (1,806 miles) below the
planet’s surface down to 5,150km (3,218 miles). Temperatures range from just over 4,000°C
(7,232°F) to more than 6,000°C (10,832°F) at the boundary with the inner core. At the inner core,
diameter 2,440km (1,525 miles), the pressure is great enough to squash the nickel and iron back
into solid form - despite the temperature here approaching 7,000°C (12,632°F).
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Ge or Ilagrl e ll SIT] The phenomenon whereby the Earth generates its

own magnetic field (see Magnetism) — and the study of this field’s effects - is known as
geomagnetism. At the Earth's surface the field has a strength of between 30 and 60 microteslas,
depending on location, which is about 1,000 times weaker than the field of a fridge magnet.
The field is generated by the dynamo effect of electrical currents within the Earth’s outer core of
swirling molten metal (see Induction).

Earth's magnetic field is a dipole, meaning it has two poles of opposite magnetic polarity
- labelled north and south. Other magnetic dipoles, such as a bar magnet, tend to align

themselves with the Earth’s field and this is how a navigational compass works, using a needle-
like bar magnet that can swing freely to indicate the direction of magnetic north.

OCEANS

~to
Q&bté Coastlines offer a transition zone between the land and the ocean depths, and
present some of the most varied natural habitats in the world. From cliffs and beaches to bays
and estuaries to exotic coastlines such as fjords and lagoons, the coast has been shaped by the
ocean over millions of years through erosion, deposition of sediment and the shifts in sea level
brought about by climate change. Coasts have transpired to be important for the development
of our civilization, facilitating fishing and sea travel.

€ Yr€) | 2R
O ceano gr d ‘)lly_ The total volume of the world’s oceans has been estimated at

1.3 billion cubic kilometres. There are five major oceans in the world: the Arctic, which freezes
over to create the north polar cap; the Atlantic, which is flanked by Europe and Africa to the

= Arctic

" Solithern
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east and the Americas to the west; the Indian, which sits between East Africa and Australia;
the Pacific, flanked by Asia and Australia to the west and the Americas to the east; and the
Southern Ocean, which laps around Antarctica and the southern polar cap. The divisions are
arbitrary, however, as all are connected, making it possible to sail to any ocean from any other.
Ocean water is salty, with a salinity of around 3.5 per cent - due to salts washed from rocks by
rivers and the production of sodium and chlorine (the components of salt) by other geological
processes beneath the sea floor.

Earth is quite literally the blue planet, with 71 per cent of its surface area covered by ocean.
Yet the blue tint is not caused by oceans reflecting the colour of the sky - rather, it is because
water absorbs a small amount of red from any white light passing through it, leaving an
overbalance of blue. The effect is very slight and can only be seen when the volume of
water is large.

O cean ri dge S Oceans are not simply large areas of low-lying land that have

filled with water. The crust making up the ocean floor is much thinner than the continental
crust, and whereas the same chunks of continental crust have sat at the Earth’s surface for
millions of years, ocean crust is continually being created by the process of sea-floor spreading.
This is how the oceans themselves were formed and new oceans form where new spreading
sites open up - sites called rift valleys, which are located on fault lines in the crust where two
tectonic plates meet. When the plates move apart they form a rift valley and the effect is to split
continents asunder, creating an expanding basin of sea floor between the two pieces, which in
time fills with water, giving birth to an ocean. The submerged remains of the rift valley becomes
what is known as an ‘ocean ridge’.

Such a process is underway at the Great Rift Valley in East Africa where the African
continental plate is splitting into two — called the Nubian and Somalian plates. As they
move apart, they are opening a rift that will ultimately turn Somalia, Kenya, Tanzania and
Mozambique into an island separated from continental Africa by ocean.

Ocean layers

Oceanographers divide the ocean into distinct zones. The
uppermost layer is known as the ‘pelagic’ zone and covers all the ocean’s surface. Extending
further down to 200m (656ft) is the ‘epipelagic’ zone within which there is sufficient light
for photosynthesis, allowing plants to grow. From 200m (656ft) to 1,000m (3,280ft)is the
‘mesopelagic’ zone, also known as the ‘twilight zone' because of its partial light levels. It is home
to creatures that like cold, dark water — such as squid, octopus and cuttlefish. Beneath this is the
‘bathypelagic’, or midnight zone, extending down to 4,000m (13,120ft); the water is pitch black,
and the pressure is measured in tons per square inch. Some squid and eels live here. Below this
is the ‘abyssopelagic’ which reaches all the way to the ocean floor. Most creatures at this depth
are blind - having no need for eyesight in the unrelenting dark.

The final ocean layer is the ‘hadopelagic’, which is reserved for the depths of oceanic
trenches. Over 10km (16 miles) below the surface, the pressure down here reaches 8 tons per
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square inch. The few creatures that live this deep feed on ‘marine snow’ - detritus drifting down
from the waters above — or on the heat and nutrients spewed out by hydrothermal vents.

&@ In addition to the five major oceans of the world there are numerous smaller bodies of
water known as seas. Like the oceans, most are connected to one another by water. The largest of
them is the Arabian Sea, but at nearly 3.9 million km? it is still dwarfed by the smallest full-scale
ocean, the Arctic (13.2 million km?). Some large lakes are classified as seas, such as the Dead Sea
in Jordan, while others don’t even bear the name ‘sea’ — despite being connected to the oceans -
such as the Bay of Biscay and the Persian Gulf.

Tides

and the Sun acting on the huge mass of liquid water sloshing across the planet’s surface.

High and low ocean tides result from the combined gravitational pull of the Moon

Gravity is an attractive force that increases in magnitude the closer you are to the source of the
gravitational field, which means that water on the side of the Earth nearest the Moon feels a
greater gravitational pull than the planet itself and is thus raised up relative to the planet to create
a high tide. But by the same reasoning, the planet also experiences greater pull than the water on
the side opposite the Moon. Relative to the Earth’s frame of reference, the effect is to raise a high
tide on this side of the Earth too and this is why we get two high tides every day.

It is not only the Moon that raises tides — the Sun’s gravity exerts roughly half as much force
as the Moon, its colossal mass offset by its great distance. When the Moon and Sun both align in
the sky especially high tides can result — called ‘spring tides. But when Sun and Moon are aligned
at right angles to each other, the difference between high and low tide is at a minimum - these are
known as ‘neap tides’.

Tidal bores

the flow of the current — are known as tidal bores. They tend to occur in coastal regions where
there is a wide margin between the heights of low and high tides. On its own this is not enough

to produce tidal bores. A big factor is that rivers hosting tidal bores normally have a funnel-like
shape along their length, so that the further you head inland the narrower and shallower the river
gets, which concentrates the energy of the water into a small volume, causing a wave to rise up

- often by several metres — which then surges upstream. Even so, the best bores only occur when
the ocean tide is at its highest, such as during the spring tides when the Sun and Moon align.

The low-frequency rumble of a bore wave approaching can be heard sometimes from several
kilometres away. Prime locations to see them are the Bay of Fundy in Canada, and the Qiantang
River in China.

Waves that travel from the ocean and up estuaries and rivers — against

2L - » ~
O ceanl &ll rrelltb The water in the world’s oceans is swept this way and that

by a maelstrom of circulating global currents. The best known of these is the Gulf Stream, which
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North Atlantic Drift Cold currents

Gulf Stream iy Warm:currents

carries warm water from the Gulf of Mexico to the mid-Atlantic, where another current — the
North Atlantic Drift — funnels it across to the west coast of Europe. Scientists believe that the
heat delivered by this current is what keeps the United Kingdom and France warmer than other
locations at the same latitude (see Latitude and longitude). Other currents form giant loops

in the Pacific, Indian and South Atlantic oceans - known as ‘gyres’ — and another that skirts
around Antarctica.

These currents run at the ocean’s surface, in the epipelagic zone and the upper mesopelagic
(see Ocean layers). They are driven by factors such as wind, the Coriolis effect, and
temperature. Deeper currents exist too, and usually result from differences in the density and
temperature of the deep ocean water around the world.

() C C dalll C [re 1l Cll CS Oceanic trenches are the deepest, darkest depths of

the sea floor, forming at subduction zones (see Convergent faults), where the oceanic crust is
being pulled back into the bowels of the planet by churning convective motions of the semi-
molten mantle rock below. A trench’s bottom is typically several thousand metres below the
level of the surrounding sea floor. The deepest known is the Mariana Trench in the Pacific
Ocean, west of the Philippines, which reaches a maximum depth of 11km (6.8 miles) - enough
to swallow Mt Everest with 2km (1.2 miles) to spare.

The deepest part of floor of the Mariana Trench is a small valley on its floor is known as
Challenger Deep, after the British navy vessel first sent to study it in the 19th century. Since
then, it has been explored by a number of submersibles - both crewed and robotic.
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Hy drOt}] ¢ rm a] Ve N lS Cracks in the ocean floor near an oceanic ridge

- where two tectonic plates are moving apart to create new areas of sea floor - can give rise to
hydrothermal vents, which spew superheated seawater rich in sulphur and other minerals. The
water is heated by the geothermal energy of the hot rocks beneath. They are also known as
black smokers after the dark clouds of particles they belch out.

Hydrothermal vents are often epicentres of life on the deep ocean floor, thousands of
metres below the surface. With no natural sunlight reaching these depths, the vents provide a
much-needed source of energy and nutrients for creatures living at these depths. Temperatures
around a hydrothermal vent can reach as high as 400°C (750°F). Organisms have adapted to this,
developing extreme levels of heat tolerance which has earned them the name ‘extremophiles’.

TECTONICS

s : Magma is molten rock from the mantle and crust layers of the Earth’s churning
interior. Most of the crust and upper mantle are solid or semi-molten, but liquid magma forms
when this melts in areas where the temperature becomes elevated by geological forces, areas
known as hotspots.

Molten magma has a temperature between 750°C (1,380°F) and 1,400°C (2,550°F),
depending upon its exact composition. Most magma is a mixture of elements such as silicon,
oxygen, iron, sodium and potassium. As the magma cools these elements combine to form
different sorts of igneous rock. Magma can ooze up from fault lines where tectonic plates meet —
in particular at divergent faults where it solidifies to create new sheets of oceanic crust. Magma
pressure is the driving force behind volcanic eruptions, where it seeps from the volcano as
‘lava, or is cast out explosively as fragments known as ‘tephra’.

: ~

H OtS pOté Hotspots are areas on the Earth’s surface where either there is a
concentration of volcanoes or where considerable numbers of earthquakes and other forms of
tectonic activity are experienced. Convection currents (see Conduction and convection) within
the Earth’s mantle cause hotspots. Rather like the convection in water boiling in a pan on the
stove, convection in the mantle transports hot rock to the Earth’s surface while cooler rock sinks
further down. Where two upward rolling convection cycles mesh together, like cogs in a gear
system, heat is focused at a point on the surface creating a hotspot; the stream of hot material
dredged up from below is known as a ‘mantle plume’. Major hotspots exist under Hawaii,
Yellowstone National Park and Iceland.
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Te CtO nic p]' ate S The Earth’s lithosphere - that is, the crust together with the

uppermost shell of the mantle - is broken up into a number of interlocking slabs, called tectonic
plates. They jostle and rub together in response to the roiling motion of the molten rock layers
beneath. Boundaries between plates are known as fault lines and can take three different forms
depending on the relative motion of the plates: divergent, convergent and transform faults.

The chafing together of tectonic plates at fault lines is responsible for earthquakes and
tsunamis as well as important geological processes such as subduction, sea-floor spreading and
continental drift. Volcanoes are also normally situated along fault lines. There are seven major
tectonic plates - African, Antarctic, Eurasian, Indo-Australian, North American, Pacific and
South American - together with a multitude of smaller ones.

. Oc\ean Divergent fault
Divergent faults seatoor/

Neighbouring tectonic plates that

are moving apart from one another
create a so-called divergent fault.
Magma is brought to the surface

by convection currents, in a similar
manner to the formation of a hotspot.
But the viscosity of the material in
the currents causes it to drag on the
overlying crust, pulling the crust
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in opposite directions (see diagram). This can rip open continental land masses, forming rift
valleys. At sea, divergent faults in the ocean crust are associated with oceanic ridges, where
magma rises to fill the gap between the diverging tectonic plates thereby creating new sea floor
- a process known as ‘sea-floor spreading’. Sometimes, so much magma can be spewed up
from an oceanic ridge that it breaks the surface of the water, forming a new volcanic island - an
example is Surtsey Island, off the coast of Iceland.

C onve rge nt f&UltS Convergent faults, the opposite of divergent faults,

occur where two tectonic plates are in collision, and usually lead to ‘subduction’, where one
plate slips under the other and is drawn down into the planet’s interior. The subducted plate
quickly melts once it's under the surface, creating an overdensity of magma and gases, which
then burst up through the overlying plate as a cluster of volcanoes. When both the plates
involved are made of underwater oceanic crust the subduction carves a deep oceanic trench
in the sea floor where the plates meet, and the volcanoes created can often break the water’s
surface to form an arc of volcanic islands behind the fault line. This is the case with the Mariana
Trench, Earth'’s deepest ocean trench, which sits adjacent to the Mariana chain of islands.

When one of the plates involved in subduction is made from continental crust, the
continental plate rides up over the other because of its lower density. However, the force with
which the plates collide usually rucks up the leading edge of the continental plate to form
mountain ranges, interspersed with volcanoes as the subducted plate melts. This is happening
along the California coast, where the Juan de Fuca oceanic plate is slipping under the North
American Plate.

Tr dlls fO rm f aUItS A transform fault is the boundary between two tectonic

plates which are neither diverging nor converging, but instead are sliding past one another.
Whereas convergent and divergent faults destroy and create crust, respectively, neither happens
at a transform fault; however, transform faults can be destructive in other ways. The motion of
the plates past each other is not smooth. Stresses build up over time and when the accumulated
force is great enough the plates make a sudden, discontinuous shift, a stop-start motion

that can spawn violent earthquakes. Perhaps the world’s most famous transform fault is the
San Andreas fault in California - which was the cause of the earthquake that devastated San
Francisco in 1906.

VOl Canoes Convergent faults, divergent faults and hotspots can all lead to the
formation of volcanoes — breaches in the Earth’s crust that allow hot magma and gases to
escape, with sometimes devastating consequences. Volcanoes come in many different types:
‘cone volcanoes’ resemble the peaked form of ordinary mountains; ‘shield volcanoes’ are
much flatter and less peaked; while ‘fissure vents'’ are little more than holes in the ground. All
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volcanoes have a central crater, known as the ‘caldera’, through which they ooze lava - the name
given to the pressurized magma from the crust below once it’s left the volcano.

Volcanoes formed by hotspots sometimes occur in chains dotted along the Earth's surface,
caused by the movement of tectonic plates bringing new areas of crust over the hotspot - which
from time to time punches a hole through the new crust, giving birth to a new volcano. The
Hawaiian-Emperor seamount chain - a sequence of more than 80 volcanoes, islands and sea-
floor mountains in the Pacific Ocean — was created this way.

C Olltll] cn [al dr lf l It doesn’t take a genius to spot that the coastlines of

South America and Africa look as if they might fit together; and, indeed, they once did. Motion

of tectonic plates is constantly reshuffling the layout of the continents; the rate of movement is
extremely small - they move at about the same speed human fingernails grow, roughly 10cm

(4 in) per year. But the process is inexorable - it tore continents apart in the past and will clash

them together again in the future.

The theory of continental drift was first put forward as long ago as the 16th century.
However, it wasn't until the theory of plate tectonics was accepted in the 1960s that scientists
took the notion of continental drift seriously. Now it’s a proven fact; the same fossilized species
are found on opposite sides of the Atlantic Ocean, confirming that the two land masses were
once linked.

Supercontinents

When two or more continental plates come together they form a supercontinent. In
classification schemes where Europe and Asia are considered a single continent, the
resulting land mass - Eurasia - is such a supercontinent. Thanks to continental drift, these
vast concentrations of land have graced the surface of the Earth many times in the past. As
far back as 3.3 billion years ago, all of the Earth’s continental crust existed in the form of a
supercontinent that geologists have named Vaalbara. The precise layout isn't known but
similarities in the stratigraphy of rock layers from this period in both Africa and Australia
suggest its existence.

The oldest supercontinent for which the layout of the plates is reasonably well understood
is called Rodinia, which existed around a billion years ago (during the Proterozoic aeon). Others
have come and gone since. During the Permian period, 225 million years ago, Earth’s continents
were conjoined into a land mass known as Pangea. Then in the Triassic Period, 200 million
years ago, Pangea broke apart into Laurasia (which would become modern-day North America,
Europe and Asia) and Gondwanaland (made up of modern-day South America, Africa, Australia
and Antarctica). The continents look set to converge again 250 million years from now into a
land mass scientists have named Pangea Ultima.
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VOlC anic cru pti OI11S When the pressure of upwelling magma beneath a

volcano reaches breaking point the volcano blows its stack, erupting to blast lava, gas, rock and
ash across a wide area. Molten lava spews from the volcano's caldera and from secondary vents
that form where the pressure of the rising magma ruptures the volcano’s flank. Volcanic bombs
- globules of lava hurled through
the air which solidify in flight to
strike the ground as solid rock -
can be scattered over a wide area
and be up to several metres across.
Meanwhile, clouds of ash and
smoke rise into the air and block
out the Sun near the eruption, Volcanic bor
and can even cause dimming on a '
global scale.

Perhaps the most devastating
kind of eruption is known as a

‘pyroclastic flow’ — a blizzard of Primary vent —_
gas and partially molten rock at
temperatures of nearly 1,100°C
(2,012°F) that rolls down the
flanks of the volcano and across N
the surrounding terrain at speeds /
approaching 750km/h (460mph). Magma chamber N
Pyroclastic flows can devastate a
radius of up to 200km (125 miles).

Secondary vent — - Lava flow

E ar lll qllake S Earthquakes are a deadly and destructive consequence of tectonic

plates grating against each other at fault lines in the Earth’s crust. Boundaries between plates
are not smooth - lumps and bumps in the rock create friction that stops them moving freely.
Friction coupled with elasticity in the rock (see Hooke’s law) leads to the build-up of strain
energy. When enough energy has accumulated to overcome the friction the plates suddenly
slip, creating a jolt that spreads out as a ripple through the crust and can be powerful enough to
knock down buildings and trigger landslides. If an earthquake’s epicentre - the point where the
quake spreads out from - is located at sea, it can generate a tsunami.

There are three varieties of earthquake, depending on the nature of the fault responsible:
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Normal earthquake Thrust earthquake Strike-slip earthquake

divergent faults, where two plates are slipping apart, create ‘normal’ earthquakes; convergent
faults, where one plate is being forced under another, create so-called ‘thrust’ earthquakes; and
transform faults, where plates slip past one another, give rise to ‘strike-slip’ quakes. Earthquakes
are measured on the ‘moment magnitude’ scale, which has now replaced the older Richter scale.
Anything with a magnitude of 7 or more poses a serious danger.

L aIld S 11 d CS Loose material on steeply sloping ground is prone to lose its grip and

slip to the bottom - the result is a landslide, which can be caused by earthquakes, water action
and human activity such quarrying or mining. The effects range from simple inconvenience - for
example, when the debris blocks roads - to destruction and loss of life when the debris sweeps
away or falls on, inhabited areas. Landslides don't only involve soil and rock. Snow-covered
mountains are prone to avalanches — colossal snow-slides — which are a hazard to climbers and
skiers. Lethal mudslides can be caused by heavy rains, melting ice and even volcanic activity.
Landslides into the sea can cause tsunamis and it is thought this may one day happen on the
Spanish island of La Palma, when the western part of the island is expected to slip into the ocean
throwing out a tsunami wave 600 metres (656 yards) high that will threaten eastern America.

L 1MnNIC € ruptl on In 1986, Lake Nyos, in the West African country of

Cameroon, suddenly and without warning belched up an estimated 80 million cubic metres of
carbon dioxide (CO,) gas. Because CO, is heavier than air, the gas cloud settled into low-lying
areas within 25km (15 miles) of the lake - driving out all the breathable oxygen. More than 1,700
people suffocated, along with an untold number of wild and domestic animals. The incident is an
example of a rare yet terrifying kind of natural disaster called a limnic eruption.

The eruptions are caused by CO, dissolved in lake water that is suddenly released. CO,can
be forced into the water by a number of processes, such as the decay of plant material and the
release of the gas from volcanic vents on the lake bed — Lake Nyos sits in a deep extinct volcanic
crater. Like a bottle of cola, the water under high pressure at the bottom the lake is able to hold
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CO, in solution. But when the water is stirred up, for example, by a landslide, earthquake or

is volcanically heated, the gas is spontaneously released. Programmes are now underway to
gradually siphon CO, from the bottom of Lake Nyos to prevent the kind of build-up that causes
limnic eruptions.

F l 00 d S Excessive rainfall causing rivers to burst their banks, ocean storm surges breaking
down sea defences and the melting of winter ice and snow in spring can all lead to flooding.
Despite 21st-century technologies to monitor floods and build defences against them, this form
of natural disaster still presents a deadly and devastating hazard in low-lying areas, destroying
homes and private property, infrastructure — such as roads and bridges — and causing loss of life
through drowning and disease as clean water supplies become contaminated with sewage. The
danger from floods is set to increase as climate change raises sea levels worldwide, and makes
extreme weather phenomena such as cyclones and storm surges more likely.

T SuUnaimis Violent events at sea, such as underwater earthquakes and the cosmic
impacts of comets or asteroids with the ocean, cause huge disturbances in the water that move
outwards as a tidal wave, a tsunami that has the power to obliterate coastal regions. The word
tsunami derives from the Japanese for ‘harbour wave' Tsunamis carry enormous energy, yet
the height of the waves in the deep mid-ocean is small. A boat in the middle of the Atlantic
witnessing the passage of a tsunami would barely feel any effect as the swell of deep water passed
by. However, once the wave crosses onto a continental shelf, and its energy is concentrated into a
shallow layer of water, the wave rears up into a fearsome wall of water often tens of metres high.

On Boxing Day, 2004, a tsunami sped across the Indian Ocean - caused by an undersea
‘thrust’ earthquake at a subduction site off the coast of Sumatra. The huge wave, in places
30m high, killed over 230,000 people as it washed inland, causing widespread devastation
in 11 countries.

TO 't lado €S A tornado is a rapidly rotating column of air extending from the ground
to a cumulonimbus cloud above; the strongest tornadoes generate windspeeds of over 500km/h
(300mph). These savage vortices can tear houses from their foundations, fling cars and trucks
through the air and cut a path of devastation across the landscape over a kilometre wide.
Tornadoes are formed when air at high altitude is moving faster than the air near the ground,
forming a horizontal cylinder of air that rolls over the landscape. If the cylinder rolls over a
warm updraught, the upwardly moving air can sweep the cylinder into an upright position and a
tornado is born.

They are most common in the Tornado Alley region of the United States from the Midwest
down into Texas; the combination of currents of warm, moist air with dry air make the perfect
conditions for tornado formation. Radar stations in this region are used to track the course of
dangerous tornadoes so that advance warnings can be issued.
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Gre at b l’O rnls On 15 October 1987, a terrific storm hit northern Europe, lashing

England and France with winds approaching 220km/h (130mph) - uprooting trees, damaging
buildings, and killing 22 people. While the storm was not considered a full-scale hurricane (an
Atlantic cyclone), it did satisfy several of the criteria, including windspeed and low pressure.

Great storms such as this aren’t confined to Europe. In 1962, high winds, rain and snow
battered the east coast of the United States, causing 40 deaths and damage running to hundreds
of millions of dollars. Thankfully, these storms don't occur frequently because the conditions that
cause them - the collision of exceptionally strong hot and cold weather fronts and mergers of
smaller storms - are rare.

QVVCIOH CS Cyclones are colossal storm systems that form within the tropics
(see Latitude and longitude), where the warm ocean stimulates upward convection currents
(see Conduction and convection), that are then ‘spun up’ by the Coriolis effect to create powerful
vortices with a low-pressure core around which extremely high winds circulate. Cyclones in the
Pacific Ocean are known as ‘typhoons’, while those that form in the Atlantic are called ‘hurricanes’.
Once formed, a cyclone migrates westwards until it hits land. Mercifully, this usually makes
the cyclone start to dissipate, through friction with the land and the removal of its energy source
- the heat in the sea. Very violent cyclones are characterized by sustained winds that blow in
excess of 250km/h (150mph), and throw ocean waves over five metres high at anything in their
path. The most severe winds are found in the so-called ‘eyewall’, a ring of storms surrounding the
cyclone’s low-pressure core, which is called the ‘eye’ Inside the eye, which can range in size from
8km to over 200km (5 to 125 miles) across, conditions are relatively calm.

VV i ld ﬁre S Hectares of blazing forests, threatening people’s homes and natural

habitats for wildlife, have become a common sight on television news. In 2007 flames engulfed
woodland around Athens, Greece, killing 65 people; in 2008 it was the turn of southern Australia;
while in 2009, blazes devastated 1,300 square kilometres of forest in California.

Many experts blame the recent spate of wild fires on our warming planet, arguing that
climate change is rendering vegetation tinder dry. Others say that human efforts to suppress wild
fires have led to an over-abundance of combustible fuel turning what might otherwise be small,
controllable fires into the gigantic conflagrations seen in recent years. Technology is helping to
control and manage the fires; monitoring stations across the United States now gather regular
data on factors such as temperature, moisture and weather to build detailed predictions of where
wild fires are most likely to break out.

H Cda l waves As the world warms up, heat waves - prolonged times when

temperatures in a region become abnormally high — are becoming more common. They are
usually caused by high-pressure weather systems that inhibit cloud coverage, allowing more
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sunlight to reach the ground and lowering the total amount of rainfall. Cities and urban areas
tend to experience some of the worst heat waves, as building materials trap heat more effectively
than natural terrain.

Heat waves and associated droughts, can have a catastrophic effect in the developing world.
But even in the west, heat is a bigger problem than you might imagine. In 2002, a study by Johns
Hopkins Bloomberg School of Public Health concluded that heat waves in the United States kil
around 400 people every year.

C O S mi C lmp aCtS The collisions of asteroids and comets with the Earth

are terrifyingly destructive events — with the power to devastate cities, continents, and even the
planet as a whole. In 1908, a chunk of rock or ice from space struck the Tunguska region of Russia,
exploding with the equivalent energy of a 15-megaton nuclear weapon - that’s 1,000 times as
powerful as the bomb which levelled the Japanese city of Hiroshima at the end of the Second
World War. Over 2,000 square kilometres of forest were destroyed at Tunguska.

The object that caused the Tunguska event is thought to have been relatively small — about 50
metres across. There are comets and asteroids much larger than this — a kilometre across and more.
An impact from a chunk of rock or ice from space a kilometre across could devastate life on Earth,
unleashing firestorms, tsunamis and flinging clouds of ash and debris into the atmosphere blocking
out the Sun for many years, plunging the planet into a severe artificial winter.

Cosmic impacts are believed to be responsible for at least one of the great mass extinctions
in Earth’s history — the event 65 million years ago when the dinosaurs disappeared from the face
of the planet. Astronomers are now combing the skies for these potentially hazardous objects.
Meanwhile, other scientists are trying to work out what exactly we're going to do when we find
one (see Asteroid deflection).

D C ath rays Astronomers have suggested that radiation from violent events in

space can trigger lethal natural disasters and loss of life on Earth. Supernovas and hypernovas
are powerful explosions marking the deaths of massive stars. If one of these occurred within 100
light-years it could severely damage the Earth’s already depleted ozone layer, allowing harmful
levels of ultraviolet radiation from the Sun to poison life on the planet’s surface. Evidence for

the theory was uncovered by scientists at Japan's RIKEN research institute in 2009 who found
signatures of radiation-induced chemical changes in Antarctic ice cores coinciding with the
dates — from astronomical records — of known supernovas in Earth’s history. Some scientists even
speculate that such an event could trigger a mass extinction of life on Earth, arguing that the
theory seems to match the characteristics of the extinction at the end of the Ordovician period,
in the Paleozoic era, around 440 million years ago.

Mas S ethn Ctl 0 n S Mass extinctions are the ultimate natural disaster, when

a large fraction of the species making up life on Earth are wiped from the face of the planet in
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studying the fossil record of Earth'’s
prehistory have found five major
incidents in the past when the
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extinction (all in the Paleozoic era), | : | I

the Late Triassic extinction in the Paleozoic Mesolzoic
Mesozoic era, and the Cretaceous- Millions of years ago

Tertiary extinction which wiped out the dinosaurs. Biggest of these was the Permian-Triassic
—with over 90 per cent of marine species and 70 per cent of land vertebrates dying out. Mass
extinctions are believed to be caused by powerful events from space, such as cosmic impacts and
death rays, as well as terrestrial phenomena such as climate change and supervolcanoes.

EARTH’S ATMOSPHERE

Atmospheric composition

of the gases nitrogen, oxygen, argon and carbon dioxide, in the proportions 78 per cent, 21 per

cent, 0.93 per cent and 0.038 per cent, respectively. At sea level on Earth the atmosphere exerts

a pressure of around 1 bar, under normal circumstances, where a bar is 100,000 pascals (see

Temperature and pressure). Meteorologists usually express pressure in millibars (mb), where

1 bar = 1,000 millibars. Weather systems create substantial changes in pressure — for example, in

the eye of a cyclone it can drop to as low as 870mb. Even in calm weather, pressure decreases with

altitude, halving roughly every 5.6km (3.5 miles) above the planet’s surface. Over 99.99 per cent of the

atmosphere is within 100km (60 miles) of the surface — and this point is taken to be the edge of space.
The atmospheric composition is what gives the sky its colour; chemicals in the air

preferentially scatter blue light in the spectrum of electromagnetic radiation from the Sun across

the sky, giving the sky itself a blue tint.

Earth's atmosphere is a mixture

Atm OS p h cr l CS tr uc tllre Scientists divide the Earth’'s atmosphere

into layers. The lowest is the ‘troposphere’ which stretches up to a height of between 7km

169



Exosphere —

400km altitude

Thermosphere —
Mesosphere \(—
\
Stratosoh - _——50km
ratosphere —___ — 40km
Troposphere ———— ——" £ ————— 10km

and 28km (4.5 and 17 miles) and is defined as the layer heated by the planet’s surface - so
temperature decreases with height. At the top edge of the troposphere is a boundary marked
by a thin layer called the ‘tropopause’. The next level up is the ‘stratosphere’, extending from the
top of the troposphere to 50km (31 miles). Here, convection (see Conduction and convection)
separates the atmosphere into layers of different temperature, the mercury rising with altitude.
Included in the stratosphere is the ozone layer, which shields the Earth against harmful solar
ultraviolet radiation. Above this is the ‘mesosphere’, where temperature decreases again with
height; this layer reaches up to about 85km (53 miles) and it is the coldest of all the atmospheric
layers with the temperature plunging to -100°C (-148°F). Beyond the mesosphere is the
‘thermosphere’, reaching from 80km (50 miles) up into space to around 400km (250 miles).
Here, the dominant source of heat is the Sun, causing the temperature to rise to over 1,000°C
(1,830°F). Finally there is the ‘exosphere’, the atmosphere’s rarefied periphery.

Hadley Cell The Hadley cell is a giant convection current (see Conduction and

convection) that dominates the circulation of air in the Earth's atmosphere. Hot air at the
equator rises to heights of over 10km (6.2 miles) and then migrates polewards, to latitudes (see
Latitude and longitude) of around +/-30° where it cools and falls back to sea level and then
sweeps back in towards the equator.

Air in the Hadley cell tends to lose its moisture due to condensation in the low temperatures
at high altitude. For this reason the air is dry as it returns to sea level, which is a contributing
factor in the formation of deserts around the tropics. Similarly, cool air tends to sink around the
poles of the planet, and migrates to latitudes of +/-60° from where it warms up and rises again, a
circulation current known as a ‘polar cell’ The falling air in the Hadley cell and the rising airin a
polar cell set up a third atmospheric convective current between the two, called a mid-latitude,
or ‘Ferrel cell’ which spans latitudes +/-30° to +/-60°.
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Jet Sl] cams Jet streams are belts of high-speed air that circle the Earth in
an easterly direction in the upper troposphere (see Atmospheric structure). There are
two principle jet streams - the polar jets and the subtropical jets and they form due to the

conservation law of angular momentum from rotational dynamics. As the Earth rotates,

air at the planet’s surface is being swept around in a giant circle, but as the air is transported
polewards by the Hadley cell then the radius of rotation decreases. Just as an ice skater spins
faster by pulling her arms in, as the air moves polewards and its radius of rotation decreases so
it speeds up, and the jet streams are the result. They get their easterly direction from the Coriolis
effect. Aircraft flying eastwards take advantage of the jet streams, using them as a powerful tail
wind to lessen both flight times and fuel consumption.

Subtropical jet

Polar jet

Tropopause

. Equator
North pole Earth's surface

™~ .
11. ad C win (1 S Trade winds are air currents at the surface of the Earth caused

by the Hadley cell, a giant convection current in the atmosphere. In the Hadley cell air moves
towards the equator along the Earth’s surface, but the Coriolis effect deflects this straight-
line flow, creating air that heads towards the equator from the north-east in the northern
hemisphere, and towards the equator from the south-east in the southern hemisphere. These air
currents are the trade winds; where they converge around the equator is a belt of still air, known
as the ‘doldrums’, where the Hadley cell scoops up winds to higher altitudes.

Beneath the Ferrel cell (see Hadley cell) at latitudes of between +/-30° and +/-60° the
same mechanism creates winds, known as ‘westerlies’, which blow from the south-west in the
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Polar easterlies

. . Westerlies g
northern hemisphere and north-west in the -4

southern hemisphere. The polar cells (see
Hadley cell) generate similar winds in = 1.0 4e winds
the opposite directions, known as ‘polar
easterlies’.

Equator

Ozone layer ..,

in the Earth’s stratosphere is a shell
of atmosphere (see Atmospheric Trade winds %
structure) called the ozone layer,
which is rich in ozone - also known
as trioxygen, a molecule made from three Westerlies
atoms of oxygen bonded together. Ozone plays
an important role in the habitability of the planet by
absorbing most of the harmful ultraviolet light from the
Sun. Without the ozone layer rates of skin cancer and eye cataracts would soar.

Earth's ozone layer has been depleted by air pollution in the form of gases known as
chlorofluorocarbons (CFCs), which have been used as propellants in aerosol sprays and
as refrigerator coolants. Ultraviolet light acting on these chemicals forms nitrogen oxide
free radicals that break down ozone, which has led to a serious thinning of the ozone layer

Polar easterlies

over Antarctica — the ‘ozone hole’. The use of CFCs is now banned worldwide, and the ozone
depletion rate appears to be slowing in response - though it could take as long as 100 years for
these pollutants to be flushed from the atmosphere entirely.

IO nos ph ere The upper mesosphere and the lower portion of the thermosphere

(see Atmospheric structure) are home to the ‘ionosphere’, where the atoms and molecules in
the atmosphere are broken into ions by the radiation from the Sun. It is in the ionosphere that
auroras are formed, as high-energy particles from the Sun collide with atoms and molecules
of gas in the atmosphere to create spectacular light shows. The ionosphere is also useful for
global communication. Because its gas is ionized and therefore electrically conductive it

behaves rather like a metal, meaning it can make electromagnetic radiation undergo reflection,
an effect that can be used to bounce radio signals between the ionosphere and the g<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>