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Science is humanity’s ongoing attempt to understand
how the Universe works. Whether in the form of
meticulous research, ingenious insight, or unexpected
discoveries, the search for truth continues to challenge,
often leading to more questions than answers.

hroughout history, humans have

always been driven to understand
the workings of the world. In their
quest for knowledge, philosophers in
ancient Greece were the first to try to
explain what they observed. However,
many of their ideas were inaccurate, as
their philosophical method lacked any
experimental evidence. Thales of Miletus
in the 6th century BCE, for example,
proposed that water is the primary
substance of the cosmos, as he had
realized that water is essential for life
and that it exists on land, sea, and in
the air. Two centuries later, Aristotle
wrote widely on scientific subjects,
from physics and biology to astronomy,
laying the foundations for much of the
work that has followed. However, he
also made fundamental errors, such as
arguing that heavier objects fall faster
than lighter ones, because he relied
on thought and argument rather than
empirical proof.

Despite being some distance from a

reliable scientific method—in which
a hypothesis is proposed, systematically
tested, and evaluated on the strength of

the results—the early thinkers made
vital findings. Halley’s comet was
observed in China in 240 BCE, and some
300 years later, Zhang Heng explained
eclipses and drew up an extensive
catalog of stars.

Scientific dawn

While European progress in science
stalled during the Middle Ages, the shift
of knowledge to the Islamic world
inspired rapid advances in scientific
thinking. The move of most of the
important writings from Greece and India
to The House of Wisdom—the library of
the Abbasid caliphate in Baghdad—in
the 8th century Ce nurtured scholars. The
scholars included the mathematician
al-Khwarizmi, whose works included
trigonometry, algebra, and astronomy,
and Alhazen, an innovator in the field of
optics, whose studies of dissected bulls’
eyes were the first scientific experiments.

Progression of ideas

A mark of a true scientist is the ability
to evaluate and revise previously held
truths. Today, scientists understand that



science is never finished and that their
work might be superseded. In 1590, a
major revision occurred when Galileo
Galilei disproved Aristotle’s theory of
falling bodies, instead asserting that
objects fall at the same finite speed
regardless of mass. Galileo’s support for
Copernicus's radical idea of a heliocentric
universe, where the Earth rotates around
the Sun, led to Galileo being declared a
heretic, but it also paved the way for the
modern understanding of the Universe.

Science comes of age

During the 17th century, Isaac Newton
precipitated the scientific revolution of
the early modern period with his laws

of motion and law of universal gravitation,
which fundamentally changed the way
that humans understood the world.
Progress gathered pace during the 18th
century in diverse fields, such as geology,
with James Hutton’s theory of the ancient
age of the Earth, and chemistry, with John
Dalton’s discovery of the nature of atoms.
Alessandro Volta’s electric battery
immediately benefited society and
provided a new tool for scientists. Michael
Faraday’s study of electromagnetism led
to the invention of the electric motor,

a utilitarian and epoch-making device.

In search of truth

Science increasingly changed the course
of everyday life through the 20th century.
Alexander Fleming’s discovery of penicillin
in 1928 saved at least 200 million lives

“The important
thing is not to
stop questioning.”

Albert Einstein, 1955

during World War Il, while Marie Curie’s
work in the field of radioactivity has had
a lasting impact on medical and scientific
research. Meanwhile, Albert Einstein’s
theories of relativity rewrote the rules of
classical physics and introduced entirely
new concepts to the study of the nature
and origins of the Universe.

Advances, such as even more powerful
computers, as conceived by Alan Turing,
and better connected ones, realized by
Tim Berners-Lee’s World Wide Web, have
enabled scientists to move faster and
further in the pursuit of knowledge.
Frederick Sanger unraveled the chemical
sequence of DNA, while Stephen Hawking
used relativity and quantum theory to
predict the physics of black holes.

From the makeup of our chromosomes
to the deepest reaches of space-time,
scientists will always strive for truth.
Building on previous work and theories,
they will continue to shape history and
seek to answer the most essential
questions about the Universe.
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Astronomer and mathematician Thales of Miletus is the first
person in Europe known to have turned away from mythology
and used observation to understand the natural world. He
effectively invented empirical science and has since become
known as the founder of Western philosophy.

hales was born in the affluent city-state of Miletus on the coast of
modern-day Turkey during the 7th century BCE. Little is known about
RADICAL THINKER his life, and what is known derives from ancient Greek scholars writing
Establishes a new scientific  centuries later, such as Aristotle (see pp.14-17); the historian Herodotus;
way to explain phenomena; ~ and the 3rd-century biographer of the Greek philosophers, Diogenes
founds the Milesian School | agrtius. There are no surviving records of Thales’ own work or writings.
of philosophy. However, according to available source material, Thales was the first of
a new generation of thinkers who established a rational, scientific

BASIC SUBSTANCE approach to explaining the natural world.
Concludes that everything
in the Universe derives
from a single substance;
namely water.

MILESTONES

Forging new paths
During Thales’ lifetime, superstition and a fear of the gods dominated
Western civilization—catastrophic events were ascribed to the wrath

FLOATING EARTH of deities who had to be appeased. Yet in an unprecedented break
Proposes that the Earth with convention, Thales sought rational explanations rather than
is a disk surrounded by religious ones for natural phenomena. He believed that every event,

water, which solidifies

to form the land. Thales was one of the Seven C )

Wise Men of antiquity—a group “ Eve ryth I n g I S
of intellectuals and orators from

APPLIED GEOMETRY the 7th and 6th centuries BCE,

g?iisc?pigg‘:(:rigitl:ulate esteemed for their wisdom. m ad e Of w ate r.’ ’

the height of one of the
Egyptian pyramids.

Thales of Miletus, 7th-6th century BCE




such as a crop failure or a flooding,
resulted from natural causes that could
be identified through observation and
reason. Further, he believed that if
events could be rationally explained and
understood, they could also be
predicted. This approach to life marked
a significant shift in human thinking.

The nature of the Universe

Another fundamental leap made by
Thales was to question the nature of the
Universe and what constitutes matter.
He believed that there must be a single
substance from which

everything in the
cosmos derives.
Thales reasoned
that water was

the most likely
candidate

because it was vital
to all forms of life, was capable of
motion, and existed in different forms

(solid, liquid, gas). He concluded that the

substance in question must be water.
He also questioned the position of
the Earth in the Universe and made the
cosmological proposition that it must
exist as a flat disk floating on water.
His theory rested on the logic that
every land mass is surrounded by water
(the sea) and that animals, plants, and
the Earth itself all absorb water. The
significance of both theorems lies not
in Thales' conclusions, which were
incorrect, but in his desire to question
the world and explain it rationally.

Applying science to life

Thales is praised for his grasp of
mathematics and geometry. In an
example cited by Herodotus, he
calculated the height of an Egyptian

“PDay became night, and
this change.. Thales the
Milesian had foretold.”

Herodotus, 5th century BCE

pyramid by measuring the length

of his own shadow and that of the
pyramid at the same time of day, then
applying the ratio he found between his
shadow length and his height to that of
the pyramid’s shadow.




Thales also used geometric principles
to determine the distance of a ship from
the shore. One of his most impressive
yet controversial feats, as alleged

by Herodotus, was to have correctly
predicted a total solar eclipse, which
took place on March 28, 585 BCE. This
prediction would have required Thales
to identify an 18-year cycle in the
movements of the Sun and the Moon
(the Saros cycle), which many believe
casts doubt on Herodotus's claim.

Legacy

The first person in Western society
recorded as having engaged in rational
and scientific thought, Thales inspired
others to follow his approach through
his questioning mind and his application
of deductive reasoning. He initiated

a new wave of thinking; his teachings
sparked debate and counter-
theorems, and form the origin

of modern scientific thought.

Applying observation
and reason to questions
about the natural world,
Thales overturned centuries
of traditional views and
laid the foundations of
empirical science.

PYTHAGORAS

> was a mathematician

The renowned ancient
Greek Pythagoras

and philosopher.

Inspired by Thales, Pythagoras (c.570-500 BCE)
believed that the world is mathematical in
nature. Aged 30, he set up a commune that
pursued mathematical research and mysticism.
While his work is known only through his
disciples, he made key contributions to
Western thought, including the idea that

the Earth and the planets orbit around a
central “Hearth.” He had a profound influence
on both Plato and Aristotle.

CREDITED WITH
DISCOVERING
GEOMETRIC
THEOREMS

CORRECTLY
PREDICTED AN

ECLIPSE,
ENDING A

YEAR WAR

CONSIDERED
10FTHE?7
WISE MEN
OF ANCIENT

GREECE



Known as both a philosopher and a scientist, Aristotle laid the foundations
for scientific methodology by introducing the concept of logic. Using
reasoning to support explanations about natural phenomena, his writings
spanned almost every field of science. His ideas held sway for centuries
and were profoundly influential on both Western and Arabic thinking.

MILESTONES

PLATO’S PUPIL

Joins Plato’s Academy in
367 BCE, and remains there
until his mentor’s death
20 years later.

BIOLOGICAL STUDIES

In 348 BCE, begins to write
On the Parts of Animals and
The Generation of Animals,

naming 500 species.

ROYAL CHARGE
Becomes tutor to 13-year-
old Prince Alexander of
Macedon, later Alexander
the Great, in 342 BCE.

PROLIFIC WORKS
Founds the Lyceum in
335 BCE, and begins
researching and writing
many of his treatises.

“For nature IS
everywhere the

cause of order.”

Originally from Macedonia, northeastern Greece, Aristotle traveled to Athens
at the age of 17 to study at the Academy of Plato, the center of learning

in the Greek world. When Aristotle left, he used what he had learned there to
develop an approach that was based more on observation than on theory. For
Aristotle, facts about the natural world were as interesting as the process of
reasoning; in this way, he was both one of the first scientists and a philosopher.

Aristotle realized that rational thinking was fundamental to science, and he
developed an ordered approach to logical reasoning. Moreover, he understood
that science requires practical data, which is gained by observation. Aristotle
saw that such information can form the premises (starting points) from which
conclusions can be derived about the world by means of logic.

Avristotle’s work was extraordinarily wide-ranging in its subject matter. He wrote
some 200 treatises, which developed the framework for the fields of physics,
chemistry, biology, astronomy, logic, and mathematics. One of his most important
surviving written works, Physics, remained unchallenged until the Middle Ages.
He believed that the science of physics encompassed almost everything there is

Aristotle’s Lyceum was
known as the “Peripatetic
School,” after the Greek
peripatoi, meaning
“walking,” because the
teaching was conducted
while strolling around.

Aristotle
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BELIEVED
THERE WERE
5 ELEMENTS,

INCLUDING
“HEAVENLY
ELEMENT’

QUINTESSENCE

IDENTIFIED

LIVING

SPECIES AND
11 GENERA
OF ANIMALS

LLILL

31

OF ARISTOTLE'S

200

WORKS
SURVIVE

lunar eclipses, he noted that the Earth’s
shadow on the Moon was always curved.
This led him to reason, “since it is the
interposition of the Earth that makes

the eclipse, the form of this line will be
caused by the form of the Earth’s surface,
which is therefore spherical.”

In the subject of physics, Aristotle laid
the groundwork for later advances by
Galileo (see pp.54-55) and Newton (see
pp.76-81). Although Galileo disproved
many of Aristotle’s theories (for example,
that the Moon and celestial bodies were
perfectly smooth and unchanging),
Aristotle’s writings were the starting
point for Galileo’s investigations into
physics and astronomy. Galileo adapted
Aristotle’s principle that force is required

THEOPHRASTUS

A student and close
colleague of Aristotle’s,
Theophrastus was his
successor at the Lyceum.

Like Aristotle, Theophrastus (c.371-287 BCE)
had wide-ranging knowledge, but his special
interest was botany. He described more than
500 species of plant, identified the role of
leaves in plant nutrition, and was the firstto &
use botanical nomenclature. When Alexander  §
the Great sent back plant samples from his
invasions, Theophrastus documented them
and planted cuttings, thereby introducing
species such as rice and cotton to Greece.

to know about the world. Aristotle clearly
regarded physics—and other science
subjects, such as zoology—just as highly
as he did philosophical subjects such as
ethics and metaphysics. However, at
that time, there was still a certain
amount of overlap between the
subjects, and it was not until the 17th
century that philosophy and science
were really considered to be distinct.

The father of many sciences
Applying his principle that all
findings should be based on
observation and reasoning, Aristotle
made significant discoveries in a
variety of subjects. In astronomy,
for example, he disproved the
long-held belief that the Earth
was flat. Having observed several

Aristotle’s legacy endures to this day.
His methodical and analytical approach
to the pursuit of truth was the starting
point for science in its current form, and
he believed in learning for its own sake.



for steady motion to establish his own
theory: that force changes motion but is
not essential to sustain it (the concept
of inertia). Newton, in turn, built on
this and formalized it into his first law
of motion. He also adopted Aristotle’s

view of time as uniform and ever-flowing.

Aristotle also pioneered the scientific
study of plants and animals. He was
fascinated by the idea of classifying living
things and used empirical investigation
to develop theories about the animal
world. In The Generation of Animals,
for example, he proposed that animals
develop in their mother’s womb or in
eggs. Around one-third of Aristotle’s
surviving texts are on zoology.

Like his mentor Plato, Aristotle was also
committed to education. He set up the
Lyceum in Athens, which became the
first institute to offer a comprehensive
education in all areas of knowledge, from
physics to politics, drama, and poetry:
similar in scope to a modern university.

“QOur observations of the
stars make it evident .. that

the Earth is circular.”

Aristotle







An exceptional theoretician, Archimedes was one of the greatest
mathematicians of the ancient world. Applying his genius to

solve practical problems, his original ideas gave rise to inventions,
as well as writings, in geometry, mathematics, mechanics, and
physics that are still valuable today.

. MILESTONES

STUDENT WORKS

In Alexandria, ¢.250 BCE,
writes the works On the
Measurement of a Circle
and On Floating Bodies.

, BUILDS SHIP

In ¢.240 BCE, designs
Syracusia, a giant ship
built as a gift for Ptolemy
Il of Egypt. It sails once.

NUMBER SYSTEM
Devises a way of writing
big numbers and calculates
the number of sand grains
in the Universe.

EUREKA MOMENT

Taking a bath, he finds how
to measure the volume of
irregular objects, and
“Archimedes’ principle.”

orn in Syracuse, a Greek city-state in modern-day Sicily, Archimedes
followed his father Phidias by studying astronomy and mathematics.
Early in his career, he went to Egypt to study in Alexandria, the center
of learning in the ancient world. Here, he may have known such brilliant
minds as Eratosthenes of Cyrene (see p.21), to whom he addressed his
Method of Mechanical Theorems. Archimedes then returned to Syracuse,
where King Hieron Il—who may have been a relative—became his patron.

Geometry genius

Archimedes was a polymath who turned his intellect to a host of
problems, but his pet subject was geometry. Such was his devotion to
the study of shapes that he saw his inventions as trivial in comparison.
He was the first to calculate the approximate value of 1t (pi)—the ratio of
a circle’s circumference to its diameter—and in On Conoids and Spheroids,
he set out how to calculate the volume of geometrical solids. Archimedes
considered one of these mathematical proofs—that the volume of a

Archimedes studied solids,
including how they behave in
water. The Archimedes screw—
a hand-driven spiral that drew
water up to higher levels—
took his name.




sphere encased by a cylinder is two-thirds
that of the cylinder—to be his greatest
achievement, and he asked for the
shapes to be carved on his tombstone.

Royal assignment

The Roman writer Vitruvius recorded a
possibly apocryphal story of how one of
Archimedes’ most important discoveries
was made. King Hieron Il suspected that
his new crown was not pure gold, so he
asked his chief scientist to investigate.
Having weighed the crown, Archimedes
realized that if he also knew the crown’s
volume, he could work out its density—
and since metals have different densities,
he could prove whether it was pure gold.

Archimedes pondered how to measure
the volume of irregular objects on a visit
to the public bath house. As he got into
the tub, he noticed the water rising and
spilling over the side, and he felt lighter.
He is said to have shouted “Eureka!” (“|
found it!") and run home naked. He had
realized that the volume of water spilled
from the bath was equal to his body’s
volume, and that an object immersed in
a liquid receives an upward force equal
to the weight of the liquid it displaces.

In practice, the effect of water spilled
by the crown would have been small and
difficult to measure. Instead, Archimedes
may have measured the upthrust by
hanging the crown and an equal weight
of gold on both ends of a horizontal
stick, which he then lowered into water.
If the crown was pure gold, both objects
would receive an equal upthrust and
the stick would stay level.

Military mechanics

“Archimedes’ principle,” as it came

to be known, was also put to militaristic
use. Archimedes used it to design

Syracusia, a 2,000-man ship given as a
gift to Ptolemy Ill, and devised a system
of levers and pulleys for launching the
vessel. The royal fleet also benefited
from the Archimedes screw, a device that
he may have seen in Egypt for pumping
water up from the bilges of ships. When
Syracuse was besieged by the Romans in
213 BCE, Archimedes invented the Claw
of Archimedes—a mechanical hook
designed to lift an enemy ship by the
prow, throwing sailors into the sea and
capsizing or damaging the vessel. Despite
orders that he should not be harmed, he
was killed by a Roman soldier in 212 BCE.

éGijve me a lever and
a place to stand .. and

I'll move the Earth.”

Archimedes

Archimedes’ findings on measuring
volume and the buoyancy of objects in

a fluid proved that Hieron Il's crown was
not pure gold, but an alloy of gold-and
other, less dense metals. -




ERATOSTHENES OF CYRENE

Born in Cyrene in North Africa, Eratosthenes
became chief librarian at the library of Alexandria
in Egypt, the greatest center of learning in the
ancient world, at the age of 40.

Eratosthenes (276-194 BCE) drew maps of the world, calculated the
distance from the Earth to the Sun, devised a reliable method for finding
prime numbers, and coined the term “geography.” He was most renowned
for accurately calculating the Earth’s circumference. He measured the
angle of a shadow at Alexandria as 7.2°, while 500 miles (800 km) away
at Swenet, the Sun was directly overhead. As 7.2° is one-fiftieth of the
circumference of a circle (360°), he reasoned that the two points must
be one-fiftieth of Earth’s circumference apart. He multiplied that distance
by 50 to get 25,000 miles (40,000 km)—an error of less than 2 percent.

PROVED
A SPHERE'S
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An astronomer, inventor, and mathematician, as well as a
renowned writer and artist, Zhang Heng was one of ancient
China’s greatest thinkers. Among his scientific innovations
was the first device for detecting earthquakes.

MILESTONES

CAREER CHANGE
Achieves fame for

his writing by 108 c;
leaves his literary career
to study science.

. SERVES EMPEROR
Offered the role of chief
astronomer in 115 CE: a
highly prestigious post in
the Chinese imperial court.

WRITES TREATISE
Publishes an innovative
theory in 120 cg, proposing
a spherical structure for
the Universe and planets.

ADVANCES MATH
Improves on the Chinese
formula for calculating

Tt (pi), producing a figure
of 3.162, in c.130 ce.

INVENTS SEISMOSCOPE

Builds a simple seismic

device in 132 ck; it proves

| its accuracy by recording
a distant earthquake.

“The sky is like a hen's egg .. the
Earth is like the yolk of the egg” o

Born during the Eastern Han Dynasty, whose rulers promoted
science and technology, Zhang Heng achieved success as a literary
scholar before turning his attention to astronomy and mathematics.
The expertise he acquired in those fields led to appointments at the
court of Emperor Shun, where he rose to become chief astronomer.

Discoveries and inventions
From his thorough observations of the night sky, Zhang concluded
that the Moon and planets did not produce light, but reflected it from

the Sun; he also believed that the Universe and planets were spherical.

He mapped the stars and planets in a detailed catalog, identifying 124
constellations; 2,500 large stars; and 11,250 smaller ones.

A highly skilled engineer, Zhang constructed a water-powered
armillary sphere: a model that depicted the night sky through a
framework of rings, positioned to mirror the movements of celestial
objects. He also designed a nonmagnetic compass and developed an
instrument that recorded the direction in which an earthquake had
occurred—this is regarded as the world’s first seismoscope.

The basic principles of Zhang's earthquake-registering instrument
subsequently featured in studies that led to the development of
modern seismographs. His most notable contribution to the field
of mathematics was his own calculation of the formula for 1t (pi); his
figure would not be improved upon in China for another 200 years.

Zhang'’s seismoscope traced

Earth tremors. On detection, a
ball made a sound by dropping
from one of the eight dragons’
heads into the frog below it.

Zhang Heng, 120cE
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The greatest medical practitioner of his era, Claudius Galenus,
better known as Galen, was physician to three Roman emperors, a
skilled surgeon and anatomist, and a prolific author. His work took
Greco-Roman medical knowledge to its highest level, and his ideas
prevailed until the Renaissance, 1,300 years after his death.

MILESTONES

FIGHTERS’ DOCTOR
Appointed physician

to the gladiators by the
high priest of the temple
of Pergamon in 159 ck.

, PLAGUE IN ROME

Treats the victims of the
Antonine plague, thought
to be smallpox, which
breaks out in 166 CE.

LEAVES THE CAPITAL
Stays away from Rome
from 166 CE to 169 ce due
to his unpopularity with
the established physicians.

STATE APPOINTMENT
Spends four decades as
physician to emperors,
beginning with Marcus
Aurelius in 169 ce.

| 100 survive a fire in his

PROLIFIC WRITER

Writes more than 500 works,
dictating to scribes. Around

storerooms in 191 cE.

Galen was born in the eastern part of the Roman Empire, in Pergamon
on the Aegean coast, which is now the Turkish city of Bergama. His
father, Aelius Nicon, was a wealthy Greek architect who wanted his son to
pursue a career in politics. However, it is said that when Galen was 16, the
Greek god of healing, Asclepius, came to his father in a dream requesting
that Galen study medicine, and he duly began his medical training at the
healing temple (Asclepeion) in Pergamon.

Three years later, Galen’s father died, and he used his inheritance
to travel. He spent 5 years studying in Alexandria, Egypt, at the most
advanced medical school in the Roman Empire. On his return to Pergamon,
he worked as physician to the Roman gladiators. Galen wrote that the
gladiators’ wounds were as “windows into the body.” Since 150 CE, Roman
law had forbidden the dissection of human corpses, so these injuries
gave him valuable practical insights into anatomy.

Imperial physician

In 162 cg, Galen went to the city of Rome, where he gave lectures and
demonstrated his knowledge and surgical dexterity by dissecting pigs
and apes. He also treated a number of eminent statesmen and caught

Galen'’s medical skills were well
used in his role as physician to the
gladiators. Only five gladiators died
in his care, compared to 60 in his
predecessor’s time.
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the attention of the emperor, Marcus
Aurelius. In 169 CE, Aurelius asked Galen
to be his personal physician, describing
him as “first among doctors and unique
among philosophers.” Galen was later

the physician of the next two emperors:
Lucius Commodus and Septimius Severus.

Medical theory and practice

In his book On Anatomical Procedures,
Galen spoke of the importance of
dissection and observation. Although
his experience of dissection was
limited to animals, he made some
very important discoveries, including
findings relating to the functions of
many organs. The great cerebral vein
(in the skull), which he identified, is still
known as “the vein of Galen.”

Galen believed that the body had three
connecting systems: the brain and nerves;
the heart and arteries, which he said
were responsible for “vital energy”; and
the liver and veins, where he said blood
was formed and distributed around the
body. He dispelled some misconceptions,
revealing that the kidneys, not the
bladder, make urine; that the heart has
valves; and that arteries carry blood,
not air, as was previously thought. He
worked out that the spinal cord transmits
messages to the brain and identified
which nerves are involved in movement
and speech.

Treating many illnesses such as malaria
(which he called “fever”) and smallpox
(known as “plague”), Galen set great store
by listening to patients and observing
them, including taking a detailed record
of their pulse—a procedure he described
in his book De Pulsibus. He believed
that diet, exercise, and good hygiene
were important, and thought there
was a strong connection between the

mind and the body, saying that anger
could exacerbate fever and anxiety could
result in insomnia.

The ancient Greeks believed that health
was influenced by the four “humors”:
bodily fluids that caused a person to
be sanguine, choleric, phlegmatic, or
melancholic. While Galen accepted this
idea, he also expanded on it. Unlike




Hippocrates (see box), he believed the
“humoral imbalance” could be located
in a single organ. To treat such problems,
he used herbs. He cataloged more than
300 plants with medicinal properties
and developed a system known as the
“Galenic degrees” to describe their
potency. He also practiced bloodletting
(or "breathing a vein”), believing that
fever and headaches came from too
much “sanguine humor.”

Galen is thought to have lived to the age
of 87. His ideas formed the cornerstone of
medical thinking for centuries.

¢ The working body
s not understandable
without knowledge

of its structure.”

Galen

It was illegal to dissect human
bodies in Rome, so Galen had to
learn what he could from dissecting
apes. This caused him to make a few
mistakes about human anatomy and
the workings of the body.

HIPPOCRATES

Known as the “Great Physician,” Hippocrates was
the first physician to develop a rational
system for the treatment of disease.

Unlike his contemporaries, Hippocrates (c.460-370 BCE) did not
believe that diseases had supernatural causes. He thought that ill
health resulted from imbalances in the body’s four humors and
that the physician’s role was to restore that balance. He founded
a medical school on his native island of Kos, where new students
swore an oath to maintain high ethical standards, including the
principles of confidentiality (to keep a patient’s illness private) and
nonmaleficence (to ensure that a patient is never harmed). Swearing
the “Hippocratic oath” is still common practice in many countries.
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The earliest recorded female mathematician, Hypatia
advanced the concept of conics, which underpins geometry
and astronomy, and has important applications in everything
from bridge building and architecture to satellite navigation.

MILESTONES

SCHOOL DIRECTOR
Becomes director of
Alexandria’s Neoplatonic
School in ¢.400 cg, where
she also teaches.

SEMINAL WORKS
Writes commentaries on
Apollonius’s Conics and
Diophantus'’s Arithmetica
in the early 400s cE.

SCIENTIFIC MARTYR
Perceived as a symbol of
scientific paganism; dies at
the hands of a conservative
Christian mob in 415 cE.

TEXTS PRESERVED
Work survives to the 10th
century and is recorded in
the Suda, an encyclopedia
of the Byzantine world.

ARTISTIC TRIBUTE

She is the only woman
depicted in Raphael's

§ 1511 Renaissance painting
Schaol of Athens.

ypatia’s mathematical genius may in part be explained by the

outstanding education she is thought to have received from i
her father, Theon, a professor of mathematics at the University of :
Alexandria in Egypt, then part of the Roman Empire. She collaborated T
with her father on a treatise about Greek mathematician Euclid and ‘ o
probably helped him revise a groundbreaking 13-volume work, _
Euclid’'s Elements, which sets out extensive constructions and proofs F
for geometry, proportion, and number theory. Hypatia may also il
have assisted her father in preparing his edition of The AImagest j
by the ancient Greek mathematician Ptolemy. As well as teaching ‘
his daughter mathematics, astronomy, astrology, and philosophy, (1 4
Theon also impressed upon her the significance of teaching, and she e
developed into a gifted speaker. This was an important factor in one of e (O
Hypatia’s major achievements: the popularization of mathematics.

Math and mechanics
Although she also lectured on astronomy, philosophy, and mechanics,
Hypatia became best known for her mathematics work—in particular,
her explanation of the conic sections introduced by Apollonius in

200 BCE. Conic sections are one of the most important functions of
geometry; they are produced when a plane intersects a cone. :
Depending on the angle, the resulting conic section : b’
may be a circle, ellipse, parabola, or hyperbola. SRE '
Hypatia edited On the Conics of Apollonius,
which elaborated on conic sections and
made them easier to understand
and apply. As a result, conics
became firmly entrenched in
the mathematical repertoire.

Hypatia may have developed
the astrolabe, an astronomical
calculating device used to
measure the distances of stars

to establish the user’s latitude.






Hypatia’s work was later expanded on by
eminent scientists, including Isaac Newton,
who used conic sections to realize his
theories of planetary movement (see
pp.76-81).

Skilled in algebra, Hypatia wrote a
commentary on the Arithmetica of
Diophantus, helping to explain the
principles of solving algebraic equations.
Parts of her commentary are thought
to have been reworked into a later Arab
edition of Diophantus, which survived the
early Middle Ages and reemerged in the
Renaissance, influencing Pierre Fermat's
development of modern number theory.

In addition to her mathematics work,
Hypatia has been associated with the
development of several mechanical
devices. In the preserved letters
of Synesius of Cyrene—later Bishop of
Ptolemais, one of her most devoted
students—are instructions for constructing
an astrolabe, a navigational instrument
whose design was advanced enough
to measure the positions of the planets,
the stars, and the Sun. Synesius claimed
that Hypatia invented the astrolabe,
although it is more likely that she made
improvements to the existing design
(see box). Another device attributed to
Hypatia in the letters is a hydrometer for
measuring the specific gravity of a liquid.

Enduring legacy
Regarded as the most celebrated female
scientist of the ancient world, Hypatia's
advances were significant not only
because of her gender, but
also because she was one
of the last scientists of
note before the early
Middle Ages, when
scientific endeavors in
Europe were largely

“Hypatia .. made such
attainments in literature and
science, as to far surpass
all the philosophers of

her own time.”

Socrates, c.450CE

stamped out by Christian zealots who
believed math and science to be heresy.
Hypatia lived during the final years of the
Roman Empire, and her violent death is
regarded as a result of growing Christian
fervor against rational thought and those,
like Hypatia, who were pagans. While
scholarship might have gone into decline
after Hypatia's death, centuries later, her
ideas were to inform the work of René
Descartes, Isaac Newton, and Gottfried
Leibniz, among others.

An exceptional educator,
Hypatia was adored by her
students. She lectured widely
and popularized interest in
mathematics and astronomy.




PTOLEMY

The most influential astronomer and geographer
of his time, Ptolemy outlined a model of the
Universe that reigned for more than 1,400 years.

Among Ptolemy’s (c.100-c.170 ce) key works was The Almagest, which
explained the motions of the heavenly bodies mathematically, and
Geographica, an atlas containing instructions for map making. He devised
several armillary spheres for measuring the angles of the stars, the planets,
and the Sun, notably the astrolabe. Centuries later, Islamic astronomers
used the astrolabe, and later still European astronomers. Although

his model of the Universe put the Earth at its center, his mathematical
approach was the starting point for future generations of astronomers.
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In the 9th century, the Muslim scholar al-Khwarizmi developed
the Hindu-Arabic number system and made important
advances in algebra. These innovations underpinned the
subsequent development of trade, technology, and science.

MILESTONES

EXCELS IN ACADEMIA
Becomes director of
the House of Wisdom
under Caliph Al-Ma’mun
in the early 800s ck.

. CARTOGRAPHIC WORK

Helps compile a world map;
leads a project to measure
the circumference of Earth
between ¢.811 and 825 ce.

TRANSFORMS MATH
Writes a book on numerals
in .825 cE; its Latinized
title is the origin of the
word “algorithm.”

ADVANCES ALGEBRA
Publishes the world’s first
algebra book in ¢.830 cg;
it includes the theory of
quadratic equations.

One of al-Khwarizmi’s
achievements was to produce
a map of the river Nile. It shows
the river flowing from a place
called Moon Mountain (right)
to the Mediterranean Sea (left).

During his life’s work at the House of Wisdom, a center of scientific
research and teaching in Baghdad (now in Iraq), Muhammad ibn
Musa al-Khwarizmi wrote influential treatises on cartography and
astronomy, along with two books that had profound consequences
for Arabic and Western mathematics. Adapting an existing Indian
numbering practice, he proposed the figures 0 and 1 to 9 as the basis
of a new number system and showed how to do arithmetic with them.
This system, which became known as Hindu-Arabic numerals, was
introduced to Europe in the 12th century through a Latin translation
of the book Al-Khwarizmi Concerning the Hindu Art of Reckoning.
Today, it has been adopted almost everywhere.

Father of algebra
Drawing on the work of ancient mathematicians, al-Khwarizmi

wrote the foundational textbook on algebra. His book gave the first
systematic explanation of the symbols and methods used to solve
equations. For example, he demonstrated how to work out numerical
problems by transposing elements from one side of an equation
to the other and canceling out items that appear on both sides.
Al-Khwarizmi's work on arithmetic and algebra was built on by
later mathematicians and went on to transform the way people
did business by simplifying financial transactions and enabling
accurate accounting. It also helped scientists hone their
theories about the natural world.




“\Nith.my two algorithms,
one can solve all problems”

Al-Khwarizmi, c.830ce
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An innovator in the field of
optics, Alhazen investigated
how light is reflected and
refracted, and was one of the
first experimental scientists.

orn in the Persian city of Basra (in modern-day

Iraq) in c.965, Alhazen was educated in Baghdad
during the Golden Age of Islamic civilization. He
worked as a civil servant and pioneered the now-
standard scientific method of proposing hypotheses
and then testing them through experiments.

Under house arrest in Egypt, where he had

promised to dam the River Nile for the Caliph
but failed to do so, Alhazen began his seven-volume
Book of Optics. He disputed the theories of Euclid
and Ptolemy that “rays” are emitted from the
eye and bounce back from an object. Instead, he
experimented with bulls’ eyes and found that light

a sensitive surface (the retina) inside the eye. Alhazen
also studied the properties of glass, mirrors, and
lenses and showed that light travels in straight lines.

The 'sée'lier after
truth .. submits to

MILESTONES :

= argument and
EARLY TEXTS DOOMED PROJECT FOCUSED STUDY
Writes his first papers Tasked with regulating Resigns from his civil- 1 »”
in ¢.1000 on subjects the flow of the River Nile § service jobin 1027 to demonStratlon'
including astronomy, in c.1011, but it proves devote himself full-time
optics, and mathematics. § impossible. to scientific study. Alhazen, c.1025




A leading authority on medieval pharmacology,
Hildegard was a naturalist and healer who
explored the medicinal use of plants and animals.

ildegard was born in Bermersheim, Germany,
the youngest child in a family of minor nobility,
in 1098. After suffering ill health and seeing visions NATURAL REMEDIES

as a child, she entered a Benedictine abbey at In ¢.1150, writes Physica,
a nine-volume text listing

the age of 8. She was made abbess in 1136 and :
began to study medical treatises from antiquity. [EMEd Sl plart
. and animal extracts.
She wrote on geology, science, botany, and
m
m

MILESTONES

healthcare, and her work on blood circulation

and mental health was advanced for the time. ' CURING SIC_K“ESS
/Hﬂﬁegard presﬁbed\lz:;:s and botanical tonics Produces major work,

. " Causae et Curae, on

as both prevention an re for specific diseases. diseases and their
She believed that ill health'was caused by an treatments, in c.1150.
imbalance Nhe four humors—
blOOd, yell\ﬁ{w bile, black bile, MADE SAINT
and phlegm. Beatified by Pope John
XXIl'in 1326; becomes

\ St. Hildegard of Bingen
\ in 2012.

(Gaze at the beauty of the
green Earth. Now, think.”

/

4 Hildegard of Bingen

Hildegard composed
her Book of Divine

Works between 1163
and 1174. It was seen
as her most complex
work and revealed her
visionary approach.




DIRECTORY

he earliest known scientists appeared in the ancient world,

their discoveries immortalized by the advent of writing.
Pioneering individuals from flourishing civilizations started
devising methods to observe and control nature, cultivating
disciplines such as medicine and astronomy in the process.

DEMOCRITUS
¢.460-370 Bce

Greek philosopher Democritus, along
with his teacher Leucippus, proposed
the idea that everything is made up of
tiny, unchanging particles called “atoms,”
which move around freely and combine
with other atoms to form different
objects. This theory, known as atomism,
was the first view of the Universe that
did not rely on the notion of a god or
gods. Democritus was a modest man
who worked hard and acquired fame
not for his philosophy, but for his ability
to predict changes in the weather. He
was known as the “laughing philosopher”
for his tendency to laugh at the
foolishness of others.

EUCLID
325-¢.265 BcE

Often called the “father of geometry,”
Greek mathematician Euclid is best
known for his Elements of Geometry, a
compilation of the advances made in
Greek mathematics over the previous
300 years. Elements was translated into
Arabic in about 800 CE, and in 1482, it
became the first mathematics textbook
to be printed. Euclid’s principles formed
the basis of mathematical teaching in

the West and Arab world for more than
2,000 years. Although little is known
about his life, Euclid is also said to have
written about optics and astronomy.

HIPPARCHUS
190-c.120 BcE

When he was compiling his catalog of
stars in 129 BCE, Greek astronomer
Hipparchus noticed that the positions
of the stars he saw were different from
the earlier records he was consulting.
He concluded that it was not the stars
that had moved, but Earth itself, and
so proposed axial precession—a
gradual but continuous change in

the orientation of Earth’s rotational
axis. Hipparchus is also said to have
invented trigonometry—the branch of
mathematics that deals with calculating
the angles of triangles and the lengths
of their sides.

PLINY THE ELDER
23-79 ce

Pliny the Elder was born in Como,

in what is now ltaly, and served as

a military commander for the Roman
Empire. He spent much of his spare
time writing and studying, but his only
surviving work is Natural History, which

he completed in 77 CE. Made up of

37 books, Natural History covered

an unprecedented breadth of ancient
knowledge, including botany, astronomy,
geography, zoology, and medicine, and
became a model for later encyclopedias.
Based in the Bay of Naples on his last
military assignment, Pliny died after
inhaling fumes from the eruption of
Mount Vesuvius.

LIU HUI
€.225-298 ce

Little is known about the Chinese
mathematician Liu Hui except that he
lived in the northern Wei kingdom and
wrote two works. The most famous of
these was his commentary on The Nine
Chapters on the Mathematical Art, an
early Chinese mathematics handbook
that offered mathematical solutions

to everyday problems. Liu showed that
the methods suggested in the book
were correct, and in doing so, he created
proofs that validated mathematical
methods for establishing the area of
circles and the volume of solids such as
pyramids, as well as for adding fractions.

BRAHMAGUPTA
597-668 ce

Indian astronomer and mathematician,
Brahmagupta grew up in Bhillamala,

in northwest India, and went on to
become head of the astronomical
observatory at Ujjain, in central India.
His two major works on astronomy and
mathematics were written entirely in



verse. Brahmagupta established rules
for dealing with positive numbers,
which he called “fortunes,” and negative
numbers, which he called “debts,” but
his main achievement was his set of
rules for the number zero. He showed
that when zero is subtracted from or
added to a number, that number does
not change.

JABIR IBN HAYYAN
721-815ce

Known in the West as Geber, Abu Musa
Jabir ibn Hayyan al-Azdi was born in
Tus (now Iran), studied in what is now
Yemen, and worked as a physician and
an alchemist in what is now Irag. He

is credited with a vast body of work

on subjects that ranged from alchemy
and astronomy to medicine and magic.
Many of his alchemical writings were
later translated into Latin and became
influential in the evolution of chemistry
in Europe. In these writings, ibn Hayyan
emphasized the importance of practical
experimentation and described many
processes still used in modern chemistry,
including distillation and crystallization.
He died at the age of 94.

ABD AL-RAHMAN AL-SUFI
903-986 ce

Persian astronomer Abd al-Rahman
al-Sufi made the first record of what are
now known to be galaxies. In The Book
of Fixed Stars, he described a “little
cloud,” now known as the Andromeda
Galaxy, and also identified the Large
Magellanic Cloud, which he called the
White Ox. He could not have seen this
from his home in Isfahan, in what is
now central Iran, so he must have
heard about it from astronomers in
Yemen and sailors crossing the Arabian
Sea. Al-Sufi's main work was translating
Ptolemy’s AlImagest into Arabic.

=

AVICENNA
980-1037

Born near Bukhara, in present-day
Uzbekistan, Avicenna (also known as
ibn Sina) was a remarkable scholar who
had memorized the Qur'an by the age
of 10. At 16, he gained fame as a doctor
when he cured the Samanid ruler Nuh
ibn Mansur of a mystery illness. He was
rewarded with the use of the ruler’s
extensive library, and produced the first
of many works soon after. Avicenna
traveled widely, working in royal courts
across Asia. In philosophy, he is famous
for his thought experiment the “Flying
Man,” with which he argued that the
mind is distinct from the body. In 1025,
he completed his major work, The
Canon of Medicine, which explains how
to diagnose and treat illnesses.

TROTA OF SALERNO

c.11th century

Trota of Salerno (a city in what is now
southern Italy) was a female physician
who lived and worked at a time when
medical treatments offered to women
were often barbaric. Trota approached
this problem in a practical way, writing
not only about what ought to work

in the treatment of women’s diseases,
but also what did work in practice.
Her most influential work was her
contribution to the Trotula, a popular
medical text in medieval Europe.

ROGER BACON
1214-1292

English friar Roger Bacon was a pioneer
of experimental science who outlined
his ideas about mathematics, physics,
optics, and alchemy in his Opus Majus
(“Great Work”"), which he presented to
Pope Clement IV as a plea for church
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reform. Unfortunately, the pope died
before he could read the work, and
Bacon was imprisoned by his fellow
Franciscans for his radical views. His
studies of light and how it interacts
with objects heralded a new approach
in optics. Bacon was also the first
European to describe how to make
gunpowder. His thirst for knowledge
earned him the nickname “Doctor
Mirabilis” (Wonderful Teacher).

CHOE MU-SEON
1325-1395

Born into a wealthy family, Choe
Mu-Seon’s ambition to bring the recipe
for gunpowder to Korea was inspired
by the fireworks he saw as a boy. Choe
eventually achieved his aim by bribing
a Chinese merchant to give him the
secret recipe. Korea began to produce
its own gunpowder soon after in
c.1375. Choe went on to invent various
firearms, which he put to the test
against the pirates who threatened
Korea’s coastal regions, as well as the
Japanese at the Battle of Jinpo in 1380.

ALI QUSHJI
1403-1474

Born in Samarkand, in what is

now Uzbekistan, Ali Qushji studied
astronomy and mathematics under the
ruler and astronomer Ulugh Beg, who
founded the Samarkand Observatory
(of which Qushji later became director).
There, Qushji wrote about the phases
of the Moon and contributed to Beg's
star catalog. After Beg was killed, Qushiji
moved to Constantinople (present-day
Istanbul), where he founded a school for
teaching traditional Islamic sciences. He
is best known for his efforts to separate
astronomy from philosophy and for
providing empirical evidence that the
Earth moves.
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Beyond being one of the greatest artists ever to have lived, Leonardo
da Vinci was a brilliant Renaissance thinker whose work spanned
engineering, science, architecture, and mathematics. He believed
that observation was a vital tool for inquiry and that art and
science were equally important fields of creative knowledge.

eonardo da Vinci was born near the town of Vinci in Tuscany, Italy,
MILESTONES " . .

- in 1452. He was educated as the son of a gentleman despite being
EARLIEST WORK the illegitimate son of a Florentine legal notary, Piero, and Caterina, a
Paints The Annunciation peasant woman. As a teenager, he became the apprentice of Verrocchio,
in 1473 while apprenticed one of the foremost artists of Florence, and learned painting, sculpting,
to Verrocchio. It is his and metalworking, along with mathematics and the sciences.

earliest surviving work.

Possessing a remarkably artistic eye, da Vinci also had an insatiable
curiosity for science and mechanics. At the age of 17, he assisted

MOVES TO MILAN Verrocchio in the construction of a 2-ton (1.8-tonne) gilded copper
Designs military and sphere, which was installed on the summit of Florence cathedral’s
::rgm:el)r::;(i':)rfol{lﬁ(l:;z 376-ft- (114-m-) high dome in 1469. He was fascinated by the mechanical
from 1483. working of the hoists used to lift the sphere to such a height.

MILITARY ENGINEER Humammechanics = & : . ,

Works for Cesare Borgia In ke.epl.ng Wl.th the artlstlc.edu.catlon of the Rgna|s§ance perlpd, ]

in Rome from 1502, da Vinci received a grounding in anatomy during his apprenticeship
surveying and drawing and studied the skeletal and muscular structure of the human figure.
highly accurate maps. As revealed by the contents of his notebooks—many of which were

PERSONAL COLLECTION

: Devotes more time to As well as practical, applied s
A sketching and writing in schemes for engineering,
notebooks following the architecture, and physiology,

death of his father in 1504, da Vinci’s wealth of sketches
include a design (dating c.1490)
for a flying machine, which
ROYAL INVITATION he named an “ornithopter.”
Invited to the royal court
by King Frangois | of

. France in c.1516; dies
0. therein 1519.




compiled later in his career but show
subjects of earlier interest—anatomy
became one of his primary concerns. It
is likely that da Vinci began conducting
his own dissections after 1483, when he
entered the employ of Duke Ludovico
Sforza in Milan, which was a leading
center of medical investigation. He later
attested to having performed some 30
dissections during his career.

Knowing how to see
Da Vinci believed that painting itself
was a science, primarily because of art’s
capability of being, in the right hands,
“the sole imitator of all the manifest
works of nature.” Observation was the
essential tool of this discipline, which
da Vinci summed up in his maxim
saper vedere—which means “knowing
how to see” one’s subject. Unlike
sculpting, drawing and painting
require the artist to render a
three-dimensional scene or
object in two dimensions,

LEONARDO FIBONACCI

Italian mathematician
Leonardo Fibonacci
popularized Hindu-
Arabic numbers.

Born in Pisa, Fibonacci (¢.1170-1250)
learned the Hindu-Arabic numeral system
while helping his merchant father in Algeria.
He then studied with Arab mathematicians,
writing up his findings in Liber Abaci and
Practica Geometriae. He also devised the
Fibonacci sequence, in which each number
is the sum of the two precedingit: 0,1, 1, 2,
3,5, 8, and so on. Squares of each value can
be drawn and aligned to create a spiral.

“He who loves practice
without theory is like a

sailor with no rudder.”

Leonardo da Vinci

meaning that artists of these media
must achieve mastery of mathematical
and optical principles.

A devotee of the mathematical basis
of his art, da Vinci believed that geometry
and proportion were essential to
achieve perspective. He was
particularly interested in
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the work of the mathematician Leonardo
Fibonacci, who drew links between
numerical sequences and geometrical
shapes (see box).

Enhanced accuracy

From 1502, da Vinci worked for the
statesman Cesare Borgia in Rome.

He completed a series of cartographic
surveys, in which he used an aerial
perspective rather than the traditional
oblique view. He paced out the roads
and squares to measure distances and
used the newly invented theolodite—
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an optical device used by surveyors—to
measure angles, achieving an accuracy
that had never been seen before.
Renowned as a brilliant thinker and
artist beyond comparison, da Vinci was
invited to France by King Francois | in
1516. He lived out his final years free
from any obligation to paint, and instead
prepared his many papers—on everything
from anatomy to hydraulic engineering—
for publication. However, due to the
vast scale of his creativity, it proved too
immense a task for da Vinci himself
to complete.

Da Vinci’s notebooks are full of sketches of
the human body. He had studied anatomy as
part of his training as an artist, but by 1490, it
had become a distinct research area for him.
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In the 16th century, Polish astronomer and mathematician
Nicolaus Copernicus challenged the prevailing view of the
world by suggesting that the Sun, rather than the Earth, is
at the center of the Universe.

MILESTONES Born in Poland in 1473, Nicolaus Copernicus studied astronomy
. and astrology in Krakéw before traveling to Italy to study canon
EARLY STUDIES law (laws relating to the Church) at the University of Bologna. He
Studies astronomy and later studied medicine at the University of Padua. After gaining
astrology at Krakdw from a doctorate in canon law from the University of Ferrara in 1503,

1491 to 1494; develops

- he moved to Wroctaw, in western Poland, to devote his time to
a passion for astronomy.

his greatest passion: astronomy. During these years, Copernicus
formulated a cosmological theory that broke with centuries of
tradition and eventually redefined the science of astronomy.

ADMINISTRATIVE POST

Accepts role as a canon

at Frauenburg Cathedral ¥ 3
in 1494: continues to study The established Universe

astronomy in his free time. At the time Copernicus was working, there was a single accepted
view of how the Universe was organized—the geocentric model.
STELLAR REPUTATION This model placed the Earth statically at the center of the Universe,
Receives an invitation from with the planets, the Sun, the Moon, and the stars revolving around
the Church in 1514 to advise  it. This view, proposed by Aristotle (see pp.14-17) and refined

on the reformation of the by Ptolemy (see p.33), had dominated cosmology for centuries.
Julian calendar. It was also entrenched within the doctrine of the Catholic Church,

which considered humans to be the pinnacle of God’s creation
FIRST THEORY and the Earth to be at the center of everything. However,

Circulates a short text
among friends in 1514
that outlines his theory
of a heliocentric Universe.

there were serious problems with the geocentric A
model. Chief among these was its failure to

oo

FINAL PUBLICATION

Agrees to publish his
controversial theory in

§ 1543; dies as the book is A
printed and distributed. Copernicus abandoned

the geocentric model of the
Universe after spending years
observing the night sky. He used
a device called a triquetrum

to measure the altitudes of

the stars and planets.
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account for the fact that many planets
appear to turn back in their orbits,
performing loops in the sky that Ptolemy
called “epicycles,” or orbits within orbits.
Copernicus set out to explain this, and
his answer showed that the planets do
not turn back in their orbits, but only
appear to do so as the Earth overtakes
them in their journey around the Sun.

Breaking with convention
Copernicus had gained a reputation

as a highly adept astronomer, and in
1514, he privately circulated copies of
a handwritten pamphlet that proposed
an alternative theory of planetary
motion. He placed the Sun at the center
of the Universe, with the Earth and all
the planets orbiting it in a fixed order.
Further, he argued that the Earth spins
on its axis, accounting for the observed
daily movements of the planets, the
stars, the Moon, and the Sun. Finally, he
proposed that the stars lie far beyond
the farthest planet, suggesting that the
Universe must be much larger than

had previously been believed.

This revelatory view of the solar
system solved many—but not all—of
the problems with the geocentric model.
Copernicus himself had trouble with
it and was forced to follow Ptolemy’s
example and include epicycles in order
to account for certain phenomena. (He
wrongly believed that the planets move
in circular rather than elliptical orbits.)

However, despite its imperfections,
Copernicus’s Sun-centered, or
heliocentric, model of the Universe
(helios meaning “Sun” in Greek) greatly
outstripped the Ptolemaic model
in terms of accuracy and gradually
gained credence in intellectual circles.
Georg Joachim Rheticus, a German

mathematician and pupil of Copernicus,
strongly encouraged him to publish
his theory, but he only did so in 1543,
as he was dying. His seminal work

was published as De Revolutionibus
Orbium Coelestium (On the Revolutions
of the Celestial Spheres). It contradicted
the Church’s teachings but was only
branded heretical in 1616, when it
was endorsed by Italian astronomer
Galileo Galilei (see pp.50-55).

Posthumous influence

Providing a radical new view of the
Universe and challenging centuries
of received wisdom, Copernicus'’s
controversial work paved the way
for the Scientific Revolution and
the rebirth of philosophy in Europe.
It marked the end of an old idea—
that humans stand at the center

of things—and set up a dispute
between science and religion that
continues to this day.

GIORDANO BRUNO

An Italian friar and
astronomer, Bruno was
executed for supporting
the heliocentric model.

Part of the Dominican order, Bruno
(1548-1600) was a radical thinker who
rejected the Church-endorsed geocentric
view of the Universe. Instead, he supported

» Copernicus’s heliocentric model and took the
theory further by suggesting the Universe was
infinite and might have numerous worlds
within it. His unorthodox views angered
Church authorities, who tried him for heresy.
He was burned at the stake in 1593.
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of everything is
the Sun.”

embedded in crystalline
spheres that orbited in
a fixed circular motion.

Nicolaus Copernicus, 1543

WAITED

29

YEARS
BEFORE

PUBLISHING
HIS THEORY

Like Ptolemy, Copernicus
believed the planets were

ONLY 27
OF HIS

RECORDED
OBSERVATIONS
HAVE SURVIVED
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A scientist of many talents, Galileo Galilei made key
discoveries that transformed our view of our place
in the Universe. He improved the telescope, showed
that the Sun was the center of the solar system, and
revolutionized theories about the forces of motion,
which had been unchanged since Aristotle’s time.

orn in Pisa, Italy, Galileo Galilei was the son of a
musician and the eldest of six children. He initially

wanted to become a monk, but his father wanted
him to be a doctor, so he went to study medicine
at the University of Pisa. However, while there,
he spent most of his time studying mathematics,
which he found much more interesting. He went on
to become professor of mathematics at Pisa at the
age of 25, then later at the University of Padua.

During his time as a student, he watched the big
bronze lamp in Pisa Cathedral swinging back and
forth. Galileo timed the swings using his pulse and
noticed that each swing, however long or short,
took the same time. Realizing the pendulum is a
regular timekeeper, he invented a simple device for
measuring pulses: a small pendulum with a length
of string that could be adjusted so that the swing
matched the speed of the person’s pulse.

Galileo began to conduct experiments to find
out why objects move or stop moving. At the time,
scientists still believed what Aristotle had said 2,000

;:é s

MILESTONES

CREATES TELESCOPE
Designs and builds his own
telescope in 1609, which
reveals the Moon and planets
in unprecedented detail.

ASTRONOMICAL FINDS
In 1610, discovers the
moons of Jupiter and writes
about his observations in
The Starry Messenger.

TRIED FOR HERESY
Ordered by the Church

in 1616 to retract his
claim that the Earth is not
the center of the Universe.

HOUSE ARREST

Tried for heresy again

by the Inquisition in 1633.
Spends rest of his life
under house arrest.

Galileo was accused of heresy
for his belief that the planets
orbit the Sun. But in 1992, three
and a half centuries later, the
Pope officially admitted that
Galileo had been right.



years earlier: that objects move because
they are propelled by an external force.
No one had challenged this because it
seemed common sense. But “common
sense” was not enough for Galileo, who
believed that theories had to be tested
by observation and precise measurement.

Gazing at the stars

In 1609, Galileo became interested in a
new invention: the telescope (see box).
This changed the course of his research
dramatically. He set about building his
own improved version, with stronger
magnification. With it, he made some
surprising discoveries. He saw that the
Moon had mountains and craters and
that, like the Moon, Venus
changed shape in
crescent phases.
Most startling was
his discovery that

“The passage of

time has revealed to
everyone the truths that
| previously set forth

Galileo Galilei, 1615

Jupiter had its own moons. At the time,
it was accepted that the Earth was the
center of the Universe, with the Sun,
Moon, stars, and planets orbiting around
it; that Jupiter’s moons were clearly
orbiting Jupiter shook this concept
to its core. Galileo became
convinced that the planets orbit
the Sun—a theory that was
first proposed by Nicolaus
Copernicus in 1543.

Galileo was the first person

to use lenses to study the solar
system. Jupiter’s four largest
moons—Ilo, Europa, Callisto,
and Ganymede—are named the
“Galilean moons” in honor of
his discovery in 1610.




However, this claim was not popular with
the Catholic Church. In 1616, Galileo
was brought before the Inquisition (the
Church court) and told to take back
what he had said. Grudgingly, he did

so. However, he went on to publish his
ideas, and in 1633, he was tried again.
This time, he was placed under house
arrest, where he remained until he died.
During that time, he returned to his work
on motion. He realized that a moving
object will keep moving at the same
speed unless a force (such as friction)
acts on it to slow it down or speed it
up—this is the principle of inertia. He
concluded that in a vacuum, all objects
will fall at the same speed, no matter their
size and weight. This revolutionized the
basic laws of physics and provided the
foundation for Isaac Newton's three laws
of motion, which are fundamental to our
understanding of the Universe.

HANS LIPPERSHEY

A Dutchman who made spectacles, Hans
Lippershey was one of the first people to build
an instrument for viewing distant objects—a

telescope—but he failed to secure a patent for it.

In 1608, Lippershey (1570-1619) applied for a patent for his instrument
that could magnify objects to three times the size. According to one
story, he got the idea for his “looker” from two children who were
playing in his shop, putting one lens in front of another. However, some
r said that he stole the concept from another spectacle-maker, Zacharias ~ §
Janssen. Furthermore, a similar patent was filed just a few weeks :
after Lippershey’s by Jacob Metius. Due to the dispute, the Dutch
government refused both patent applications but paid Lippershey well
for his design. When Galileo heard about the telescope, he made his own.
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EUﬁOPA

CALLISTO

HIS TELESCOPE

MAGNIFIED
NORMAL VISION

BY A FACTOR

OF 20

CONCEIVED

THE FIRST
PENDULUM

CLOCK



“PHILOSOPHY IS WRITTEN
IN THAT GREAT BOOK
 WHICH EVER LIES BEFORE
OUR EYES—I MEAN THE
- UNIVERSE—BUT WE CANNOT
UNDERSTAND IT IF WE DO NOT
" FIRST LEARN THE LANGUAGE
~ AND GRASP THE SYMBOLS, IN
WHIGH IT IS WRITTEN.”

Galileo Galilei
The Assayer, 1623
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Johannes Kepler was a German astronomer and mathematician
who formulated three laws of planetary motion from observed
astronomical data. In providing evidence to support a heliocentric
(Sun-centered) Universe, he laid the foundations of modern

astronomy and also advanced the study of optics.

gifted mathematician, in 1589, Johannes Kepler earned a scholarship

to the University of Tubingen, where he was tutored by the leading
German astronomer Michael Mastlin. Although the university taught
geocentric astronomy (with planets revolving around the Earth), Mastlin
introduced Kepler to the controversial idea of a heliocentric Universe,
first proposed in 1543 by Nicolaus Copernicus (see pp.46-49).

Astronomy and astrology

In 1594, Kepler began teaching mathematics in Graz, Austria, but his

spare time was devoted to studying the planets. During the late 1500s,

astronomy was of less interest to the wider public than the astrological

art of casting horoscopes based on predicted planetary movements.
Astronomers such as Kepler used astrology as

their chief source of income and influence, and

therefore the accuracy of their predictions was

of great significance to their livelihoods.

In 1600, Kepler was invited by Tycho

< - Brahe, a Danish astronomer (see p.58),

~_ to be his assistant. Brahe made the

. most accurate observations of

]

Kepler made a model of the Universe
using five polyhedra (three-dimensional
objects with polygon faces). Each was
set within a sphere and arranged in
concentric sizes.

MILESTONES

HELIOCENTRIC SUPPORT
Produces a written defense
of the Copernican model of
the Universe in 1596, risking
displeasure of the Church.

INFLUENTIAL POSITION
Becomes assistant to Tycho
Brahe in 1600; appointed
Imperial Mathematician to
Rudolph Il a year later.

OPTICAL WORK

Begins study of optical
theory in 1603; publishes
Astronomiae Pars Optica, his
landmark text, in 1604.

PLANETARY LAWS
Proposes his first two laws
of planetary motion in 1609;
works for 10 years before
publishing his third law.

“Geometry is one and
eternal, a reflection of

the mind of God”

Johannes Kepler, 1610




CALCULATED
THAT MARS HAD

AN ELLIPTICAL
ORBIT AFTER

40

FAILED
ATTEMPTS

HIS 3RD LAW
TOOK HIM

10

YEARS T0
FORMULATE

— 4

DISCOVERED
SATURN

TAKES ROUGHLY

29 veirs

TO ORBIT THE SUN

TYCHO BRAHE

Danish astronomer
Tycho Brahe accurately
cataloged the stars
before the telescope.

In 1577, Brahe (1546-1601) observed a new
star in the constellation of Cassiopeia and
determined to accurately record celestial
bodies. He built a set of instruments with

» which to measure the positions of the stars
and spent 20 years compiling data. The
accuracy of his observations surpassed
those of any other practicing astronomer
and enabled his assistant, Johannes Kepler,
to calculate his laws of planetary motion.

the planets and asked Kepler, who
had the better mathematical skills, to
investigate the complicated orbit of Mars.

Laws of planetary motion

When Brahe died in 1601, Kepler took
over his role as Imperial Mathematician
to Rudolph I, Holy Roman Emperor.
Using Brahe's extensive observations,
compiled over 20 years, Kepler resumed
his study of Mars, which resulted in his
three laws of planetary motion.

Unable to match Brahe's observational
data to Copernicus’s criteria—that each
planet has a circular orbit and moves at
a constant velocity—Kepler adjusted his
calculations. He began experimenting
with different orbital shapes, eventually
concluding that a planet’s orbit must be
elliptical (like a stretched circle) and that
the extent (or eccentricity) of that ellipse
would vary from planet to planet. This
was Kepler’s first law of planetary motion
and successfully explained the apparent
retrograde (backward) motion of Mars as
viewed from Earth.

His second law stated that a planet’s
velocity was not constant and that the
closer it came to the Sun, the faster it
would travel. These laws, published in his
1609 text Astronomia Nova, represented
a landmark in astronomical history.
Published a decade later, Kepler's third
law of motion mathematically described
the relationship between a planet’s year
(orbital period) and its average distance
from the Sun. He calculated the orbital
period for each planet and in comparing
them realized that if a planet is twice as
far from the Sun as another planet, then
its orbital period will be three times
longer than that of the nearer planet.

Influences and achievements

The accuracy of Kepler’s laws gave
credence to the heliocentric view

of the Universe and ensured its wide
acceptance. His work in astronomy
gave Newton the basis on which he
would later devise his universal laws
of gravitation and marked a profound
shift in scientific thought.

While he is best known for his
astronomical work, Kepler also made
great advances in the study of optics and
produced one of the first key texts in this
field. With achievements that included
explaining the visual mechanics of depth
perception and proposing designs for
eyewear to combat near- and
farsightedness, he is also considered a
pioneer in the field of modern optics.




Kepler proposed an elliptical orbit
for planets, in which the Sun was
positioned to one side, not at the
center. He believed a planet would
move counterclockwise, sweeping
out equal areas (A) of its orbit

in equal times.
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British physician and natural historian William Harvey was the first
person to understand how blood circulates around the body and
to correctly explain the role the heart plays in this process. His
work replaced centuries-old speculation with a theory based on

his research into the circulatory systems of animals.

illiam Harvey was the son of a wealthy merchant. He studied

medicine at Cambridge University and then at the University of
Padua, Italy. His teacher at Padua, the esteemed anatomist Hieronymus
Fabricius, was a great influence on him. Fabricius had discovered that
human veins had one-way valves, although he did not understand why.

On his return to London, Harvey became a lecturer in surgery. His
reputation grew, and he was appointed Royal Physician. But his main
interest was in research. He was dissatisfied with the prevailing view of
circulation, which dated back to the ancient Greek medical practitioner
Galen (see pp.24-29), who believed that blood was made in the liver
and was sucked from the veins by the heart.

Harvey believed that experimentation was crucial to medicine and
carried out many dissections—not only of dead bodies but also of living
animals. Although the latter was brutal by modern standards, it led to
his discovery that the heart is a pump and that it drives the circulation
of the blood. He described this system in detail and accurately predicted
the existence of capillaries, which transfer blood from the arteries to the
veins, thereby completing its circulation around the body.

MILESTONES

RADICAL THEORY

Tells the Royal College of
Physicians, at the 1616
Lumleian lecture, that the
heart drives circulation.

ROYAL DOCTOR
Becomes court physician
to King James | in 1618,
and then to King Charles |
in 1632.

SEMINAL TEXT
Publishes De Motu Cordis,
his text on blood and the
heart, in 1628, dedicating
it to King Charles I.

“The blood is driven
into a round .. and it

moves perpetually.”

William Harvey, 1628

Harvey explained his theory of circulation
in his key work De Motu Cordis (On the
Motion of the Heart). In it, he illustrated
how one-way valves in the veins ensure that
blood flows in only one direction.




he spread of rediscovered classical and Islamic texts

throughout the 1500s incited an intellectual revolution
across Europe. Defiant thinkers, championing observation
and testable theories, modernized the scientific mindset with
their new understanding of knowledge based on empiricism.

JACOPO BERENGARIO DA CARPI
1460-1530

Italian physician Jacopo Berengario

da Carpi was one of the first to use
drawings from nature to illustrate an
anatomy book and the first to describe
heart valves. The son of a surgeon,

he was fascinated by human anatomy
and claimed to have dissected several
hundred bodies. Berengario studied
medicine in Bologna, and went on to
teach at the university there. He gained
a reputation across Italy for his skill
and declined a request to become the
pope’s doctor. He died a wealthy man.

PARACELSUS
1493-1541

Philippus Aureolus Theophrastus
Bombastus von Hohenheim, who called
himself Paracelsus (meaning “above or
beyond Celsus,” a Roman scholar), was
a Swiss physician and alchemist who
established the role of chemistry in
medical practice. Inspired by the folk
medicine he learned about on his
travels, Paracelsus advocated studying
nature and using experiments to learn
about the human body. He believed
that disease was caused by external
influences and that it could be treated

with external substances, given in the
correct dose. He thought that a goiter
was caused by minerals that are found
in drinking water and introduced the
use of mercury as a cure for syphilis
(now obsolete). Most modern vaccines
stem from Paracelsus’s belief that that
which makes a man ill can also cure him.

MICHAEL SERVETUS
1509-1553

Spanish theologian and physician
Michael Servetus discovered pulmonary
circulation (that aeration of the blood
occurs in the lungs and not, as Claudius
Galen thought, in the heart) almost
incidentally as part of his theological
quest to understand the soul, which he
claimed could be found in the blood.
Both Catholics and Protestants deemed
his religious views heretical, and he
was burned at the stake in Geneva,
Switzerland, in 1553, along with almost
every copy of his book.

ANDREAS VESALIUS
1514-1564

Flemish-born doctor Andreas Vesalius
studied medicine at the University of
Padua, Italy, and became professor

of surgery there aged 23. Anatomists

of the time relied not on dissection,
but on the work of Greek and Roman
scholars such as Claudius Galen, whose
knowledge of anatomy rested on
examining animals. Vesalius challenged
this tradition, dissecting human bodies
in front of his students and creating an
accurate record of what he saw in his
1543 masterpiece De Humani Corporis
Fabrica (On the Fabric of the Human
Body). He was physician to the Holy
Roman Emperor Charles V, then

to Philip Il. He died in obscurity on a
Greek island following a shipwreck.

GABRIELE FALLOPPIO
1523-1562

Due to lack of funds, Gabriele Falloppio
initially joined the clergy, but when his
situation improved, he went to study
medicine instead. The Italian’s skill at
dissection earned him the position of
professor of anatomy at Pisa in 1548, and
he took over from Andreas Vesalius at
the University of Padua 3 years later.
Falloppio is best known for his study

of human reproductive organs and for
describing the narrow tubes that connect
the ovaries to the uterus (fallopian tubes).
He also studied syphilis and designed
the first condom as a means of
preventing spread of the disease.

WILLIAM GILBERT
1544-1603

After years of painstaking experiments,
William Gilbert concluded that the Earth
was magnetic. The English physician



studied ships’ compasses, then he
made a model globe out of lodestone
(a magnetic rock) and used it to test
compass needles. He concluded that
Earth is a giant magnet and that its
north and south magnetic poles more
or less correspond with its geographic
ones. Gilbert was Queen Elizabeth I's
physician for the last 2 years of her
reign. He died soon after the queen,
probably from the plague.

GIORDANO BRUNO
1548-1600

Burned alive as a heretic, Giordano
Bruno believed that the Universe had
no center and that there are many
worlds, and many suns, just like ours.
The Italian philosopher, mathematician,
and one-time monk made the Sun
seem insignificant with his discovery
that it is just one star surrounded by
planets and moons, among an infinite
number of others. In doing so, he
rejected the traditional Earth-centered
cosmology, went further than the Sun-
centered one described by Nicolaus
Copernicus, and came up with a more
accurate picture of an infinite Universe.

JOHN NAPIER
1550-1617

Born near Edinburgh, Scotland, John
Napier joined St. Andrew’s University in
1563, but left a year later to continue
his mathematical studies in Europe. On
his return, he wrote an interpretation
of the Bible’s Book of Revelation and
designed various war weapons. But
Napier’s best-known achievement is his
invention of the logarithm, a number
that represents another number in
order to simplify a difficult division or
multiplication sum. He also created
“Napier's bones,” a set of rods that could
be used to multiply or divide numbers.

e ————
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FRANCIS BACON
1561-1626

After studying law, the Englishman
Francis Bacon became a member of
parliament in 1581. He was unpopular
with Queen Elizabeth I, but found favor
with James | and rose to become Lord
Chancellor in 1618. Two years later, he
was convicted of bribery and banned
from public office. Undeterred, he
pursued his interest in science and
published Novum Organum (New
Instrument) in 1620. Denouncing
Aristotle’s approach as unscientific,
Bacon outlined his scientific method:
make an observation, develop a theory
that might explain that observation,
and test it using experiments. It has
been the mainstay of science ever since.

WILLEBRORD SNELL
1580-1626

Astronomer and mathematician
Willebrord Snell was born in Leiden,
the Netherlands, and succeeded his
father as professor of mathematics at
the university there. Although he wrote
on astronomy, navigation, and geodesy
(ways of measuring the Earth), he is
best known for discovering the law of
refraction in 1621. When light passes
through air, it travels in a straight line;
but when it passes through denser
materials, it changes direction—that is,
it is refracted. Snell's law relates how
much the light bends to the properties
of the material it is passing through.

PIERRE GASSENDI
1592-1655

Philosopher, mathematician, and priest
Pierre Gassendi criticized his fellow
Frenchman René Descartes’ description
of a mechanical Universe filled with

e r———a DT
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particles of matter and proposed an
alternative view that was more
compatible with his Christian beliefs.
He suggested that atoms share some of
the properties of the physical things
they make up, such as shape and size,
and that atoms may join together to
make larger molecules. Unlike
Descartes, he believed in the existence
of vacuums, going as far as to say that
most matter consisted of “void.”

EVANGELISTA TORRICELLI
1608-1647

After studying in Rome, Italian physicist
and mathematician Evangelista Torricelli
worked as an assistant to Galileo

Galilei for the last 3 months of the
astronomer’s life. At Galileo’s suggestion,
Torricelli filled a tube with mercury and
upended it into a bowl of mercury.
When some of the mercury stayed in the
tube, he realized that the space above it
was a vacuum and that the height of the
mercury in the tube was determined by
atmospheric pressure. He had created
the first barometer. A unit of pressure,
the torr, is named after him.

MARIA CUNITZ
1610-1664

Growing up in Schweidnitz, Silesia (now
Swidnica, Poland), Maria Cunitz had no
formal education but was taught by her
father, a doctor. Her second husband,
Elias von Lowen, also a doctor, taught
her mathematics and medicine and
encouraged her interest in astronomy.
The couple fled Silesia during the Thirty
Years’ War, and Cunitz spent her time in
exile working on a set of astronomical
tables that simplified Johannes Kepler's
Rudolphine Tables (1627). She published
her work in the book Urania Propitia. A
fire destroyed Cunitz's home in 1656,
and most of her papers were lost.
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Anglo-Irish natural philosopher, theologian, and writer Robert
Boyle carried out innovative experiments on the nature of gases.
Widely considered the first modern chemist, he redefined

chemistry as a discipline and broke away from the Aristotelian

methods that had previously governed scientific endeavor.

orn into a wealthy Irish aristocratic family, Robert Boyle was educated at

Eton College and continued his studies during an educational tour of
Europe. In Italy, he witnessed the reactions to the death of astronomer Galileo
Galilei (see pp.50-55) and became greatly inspired by the idea of scientific
discovery. In 1644, he moved to England and, although a devoutly religious
man, pursued a career in experimental science that epitomized the 17th
century’s shift towards rationalism.

New era
During the early 1600s, scientific study was typically based on the
principles outlined by Aristotle 2,000 years before (see pp.14-17).
However, a new era was dawning in which theories were being rigorously
tested by experimentation. In London, Boyle met a group of intellectuals
who shared his passion for science, which at the time was known as
“natural philosophy.” This group, called the
Experimental Philosophy Club, bought all
the equipment they needed to perform
experiments and shared their results with

To test whether sound can pass
through a vacuum, Boyle placed
a bell in a container and drew the
air out. As the vacuum increased,
the sound of the bell grew fainter.

MILESTONES

NEW PHILOSOPHY
Settles in England in 1644,
and turns to experimental
science; becomes the
leading figure in the field.

AIR PRESSURE

Designs an air pump with
Robert Hooke in 1659; pens
his first scientific paper
on air pressure in 1660.

UNIVERSAL MATTER
Publishes The Sceptical
Chymist in 1661, which
rejects Aristotle’s account
of the elements.

BOYLE'S LAW
Establishes the universal
law of air pressure (the
first gas law), publishing
his results in 1662.

éFven when we find
not what we seek, we
find something else.

Robert Boyle, 1661




“There is a spring, or elastical
power in the air we live in”

Robert Boyle, 1660

each other. In 1660, several members,
including Boyle, founded the Royal
Society, the world’s first scientific body.

Experimental science

Using income from his estate to fund

his endeavors, Boyle devoted himself

to scientific research. With his assistant
Robert Hooke (see pp.70-75), he devised
an air pump, or vacuum chamber, which
enabled him to study the physical
properties of air. His experiments
demonstrated that sound cannot travel
through a vacuum, but that magnetic
forces and light can. He also showed
that combustion cannot take place

in a vacuum.

In their most famous experiment, in
1662, Boyle and Hooke used mercury
to alter the pressure on a fixed body
of air and discovered that when the
pressure of a gas increases, its volume
decreases proportionally. This was the
first universal law governing the behavior
of gas and became known as Boyle’s law.
Boyle successfully distinguished
chemistry from the mystical practice of
alchemy and established chemistry as
a science in its own right. He rejected
the old Aristotelian elements of air, fire,
earth, and water and provided the first
modern definition of an element as a
substance that cannot be broken down
into simpler constituents. He also argued
that air was composed of tiny, moving
“corpuscles” of matter, which paved the
way for the development of modern

JOSEPH LOUIS GAY-LUSSAC

kinetic theory. Like Galileo, Boyle
believed that the natural world is
governed by mathematics and wanted
science to be a process of empirical
investigation. He meticulously recorded
every stage of his investigations and in
doing so became a pioneer in modern
experimental methods.

Boyle’s work was at the heart of an
intellectual movement that saw the
development of new theories about
the natural world. An innovative thinker
who led the charge in experimental
science, he achieved both national and

French chemist and physicist Joseph Louis
Gay-Lussac was an early investigator into the
behavior of gases; he established several
laws that describe their behavior.

An accomplished scholar, Gay-Lussac (1778-1850) specialized in the
behavior of gases. In 1802, he provided evidence to prove Charles’s law,
which said that gases expand by the same amount with the same rise

in temperature. This was the first gas law since Boyle's law. He also
established Gay-Lussac’s law, which states that the pressure of a given
mass of gas varies directly with the absolute temperature of the gas,
when its volume is kept constant. Gay-Lussac’s many investigations
involved two ascents in a hydrogen balloon, one of which was a solo
flight that reached a height of 23,000 ft (7,016 m).

international renown during his lifetime.



Boyle’s law describes an inversely
proportional relationship between
the volume and pressure of a gas.
On publication, Boyle attributed
the discovery to another scientist,
but the official law bears his name.
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A British 17th-century scientist at the forefront of the Scientific
Revolution, Robert Hooke excelled in various roles, including physicist,
biologist, inventor, and architect. He discovered the law of elasticity,
invented a new microscope, helped to redesigh London after the Great
Fire, and published the first popular science book.

MILESTONES

ATTENDS UNIVERSITY
Earns place on a choral
scholarship at Christ
Church College, Oxford
University, in 1653.

SCIENTIFIC ASSISTANT
Works as an assistant to

Robert Boyle from 1655 and
discovers a love of science;
joins elite academic circle.

HOOKE’S LAW

Discovers the law of
elasticity in 1660; applies
his research into springs
to improve clockmaking.

BEST-SELLING BOOK
Uses improved microscope
for scientific investigation;
publishes hugely popular
Micrographia in 1665.

ARCHITECTURAL WORK
His skills in design and
artistry aid Christopher

§ Wren in the restoration of
the City of London in 1666.

Robert Hooke was born on the Isle of Wight in 1635. He was often sick as a
child, resulting in a sporadic formal education; instead, he engaged in varied
pursuits, including painting, model-making, and music. He was highly intelligent
and took a great interest in mechanical devices—he famously dismantled a brass
clock, then built a working replica out of wood. In 1648, Hooke's father died, and
with his inheritance, Hooke funded his own education at Westminster School;
aged 18, he gained a place at Oxford University. Hooke'’s formative education was
unorthodox and eclectic, but it
formed a springboard that would
launch the career of one of the
great polymaths of the 17th
century. Despite his renown,

no contemporary portraits of
Hooke survive, but several artists
have made posthumous ones.

Wonderful world of science

A lack of funds at Oxford led
Hooke to take on part-time work,
first as assistant to the physician
and chemist Thomas Willis, then
later to the natural philosopher
Robert Boyle (see pp.66-69). At this
time, Hooke's own natural aptitude
for science began to flourish and
set him on a path toward great
future scientific endeavor. Boyle

Hooke discovered the law of elasticity:
that the extension and compression of a
spring is proportional to the force applied
to it. He first published his law as an
anagram, which unscrambled read “as
the extension, so the force” in Latin.







treated Hooke as an equal, and they
worked as partners on the design and
build of the first air pump during their
investigations into vacuums. These led
them to the discovery of Boyle's law
on gas compression, yet Boyle himself
acknowledged Hooke's contribution.
While working with Boyle, Hooke also
carried out many experiments of his
own. In 1657, he significantly improved
the pendulum clock by inventing the
anchor escapement—a vital mechanism
that maintains the pendulum’s regularity.
He also studied the elasticity of springs
and applied his findings to the art of
clockmaking, inventing the balance-
spring for pocket watches, which
enabled accurate timekeeping. In 1660,
he formulated his law of elasticity, later
known as Hooke’s law, which states that
the tension in a spring increases in direct
proportion to the force applied to it.

Curator of experiments
Hooke became part of a circle of
like-minded intellectuals who engaged
in regular meetings aimed at scientific
advancement. In 1660, after Charles Il
was restored to the throne, science
began to thrive again and the group,
which included members such as Boyle
and Christopher Wren, established
themselves as the Royal Society. Hooke
was appointed as Curator of Experiments.
In this role, he set up and demonstrated
experiments either of his own devising
or proposed by members, which ranged
from investigating the nature of air to
gravity and barometric pressure. Hooke’s
immense skill and aptitude earned him
fellowship to the Royal Society in 1663.
In this capacity, Hooke devoted himself
to scientific research on a wide, diverse
scale, including biology, astronomy, the

éThe most ingenious
book | ever read in
my life.”

Samuel Pepys, 1665

nature of gravity, and optics. His abilities
as an inventor and mechanic enabled
him to personally carry out necessary
improvements to the equipment he
used, as well as to design new apparatus.
Most notably, he built a compound
microscope with a new screw-based
mechanism to enable the viewer
to focus; he also devised a way of
illuminating the specimen beneath the
lens. Hooke’s new microscope enabled
him to produce Micrographia in 1665—
a full study of the microscopic natural
world, which he observed, recorded,
and illustrated in unprecedented detail.
Through intricate, large-scale line
drawings, Hooke revealed the structure
of minute organisms, such as a flea, with
an accuracy never before seen by the
human eye, and in doing so produced
the world’s first best-selling science
book. Hooke coined the term “cell,”
which he used in the book, and laid the
foundations for the field of microbiology.

Fire and fortune

After the Great Fire of London in
1666, Hooke assisted Christopher
Wren in the architectural redesign
of the capital. Although Wren largely
took the glory for this work, Hooke
designed a significant proportion



of the buildings himself and became a
very wealthy man as a result. However,
Hooke’s later years were marred by
scientific disputes, in particular
with Isaac Newton (see
pp-76-81), whom he accused
of stealing his work without
acknowledgment, and he
chose to pursue a largely
reclusive life.

Hooke’s compound microscope
had a biconvex lens, two extra
lenses, and a focusing screw. Hooke
also devised lighting for his
specimens which, together with
the microscope’s precision, enabled
him to reveal the structure of
organisms as small as this flea.

THE DRAWING OF

THE FLEA

IN MICROGRAPHIA

WAS 18 IN
(46 CM) WIDE

HELD POSITION
AS THE ROYAL

SOCIETY'S

CURATOR OF
EXPERIMENTS
FOR MORE THAN

40 YEARS

ANTONIE VAN LEEUWENHOEK

Dutch textile merchant and amateur scientist
Leeuwenhoek was a pioneer of microscopy. He
built his own short-focal microscopes and was
the first person to observe bacteria.

Leeuwenhoek (1632-1723) designed his own microscopes with a single,
high-quality lens that he ground himself. Whereas Hooke had examined
known organisms, Leeuwenhoek explored the invisible world. In 1674,
he observed tiny creatures he named “animalcules” (protozoa) in
specimens including wood, semen, and blood, and in 1676 noted
single-celled organisms in water—the first recorded view of bacteria.

He conveyed his findings via letter to the Royal Society and became a
member in 1680. Leeuwenhoek made more than 500 microscopes, with
magnification ranging from 70 times to 266 times, but his lens-making
technique remained a lifelong secret.
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British physicist and mathematician Isaac Newton'’s laws of
motion and law of universal gravitation fundamentally changed
the way that humans understood the world. His groundbreaking
work revolutionized scientific thought, making him one of the

greatest scientists to have ever lived.

orn in Lincolnshire on Christmas Day in 1642, Isaac Newton was
brought up there by his grandmother, and suffered from loneliness
and ill health. He later attended Cambridge University, but in 1665, it
closed due to the Plague, and Newton returned to his home county to
avoid contagion. It was here that, reputedly, his transformative theory
. of gravity first began to evolve, and from an inauspicious start, Newton
would rise to become one of the world’s most influential scientists.

- Planetary motion

“ Newton's great theory was sparked by his observation of an apple falling
s :from a tree in his grandmother’s orchard. The questions this generated—
: as to why the apple fell downward and what was controlllng that

Newton directed beam:s of light
through clear prisms, which split
white light into a band of colors.
These experiments proved light

is made up of multiple colors.

MILESTONES

GRAVITY INSPIRATION
Observes an apple falling
from a tree and begins

to formulate his law of
universal gravitation in 1666.

| REFLECTOR TELESCOPE

Revolutionizes the design
of telescopes by using
mirrors to reflect light
and clarify image in 1668.

KEY PUBLICATION
Publishes Principia in 1687,
his seminal work outlining
three laws of motion and
the law of gravity.

SCIENTIFIC LEADER
Accepts the position of
President of the Royal
Society in 1703; holds
the position for 24 years.

SCIENCE OF LIGHT
Discovers the composition
of white light; publishes
the results in his 1704
text entitled Optiks.




‘that the planets revolved around spectrum. He also pioneered the use

the Sun—but no explanation existed of light through telescopes by designing
for why the planets moved in orbit. the first reflecting telescope in 1668,
Newton solved this problem. From which used mirrors (instead of lenses) to
his observations in the orchard, he reflect light and create a sharper image
concluded that there must be an invisible  than had previously been possible.

E force pulling the apple (and therefore Beyond science, Newton applied

.~ all objects with mass) to the Earth. He himself to the study of alchemy and

further theorized that the force affecting  reinterpretations of the Bible.
movement of the apple must also affect
“celestial bodies, such as the Sun, Moon,

i and planets. Newton became the first of
e scientist to understand that it was gravity
~~ thatcontrolled the movement of the
-~ planets and held them in orbit.

- Newtonian Laws
- In 1687, Newton published his findings
=l in-his landmark text Philosophiae
S Naturalis Principia Mathematica, one of
the most important books in scientific
~ history. In it, he describes his three laws
S of motion, which act as a mathematical
g = explanation of how speed and mass
s affect the movement of an object. The
P laws state that a static object will move
if force is exerted on it; that acceleration
= depends on the force exerted and the

: mass of the object; and that all forces
act in pairs that are equal and opposite.

His law of gravity states that gravity is CHRISTIAAN HUYGENS

a universal force and that all objects = =
L (including celestial ones) exert a An influential figure in the 17th-century scientific
c T gravitational pull on each other. This revolution, Christiaan Huygens was a Dutch

scientist and mathematician whose discoveries
in physics and astronomy left a lasting legacy.

represented one of the most significant
~ scientific breakthroughs of all time.

After studying law and mathematics, Huygens (1629-1695) became

Other fields interested in astronomy and optics. He built telescopes to improve
Newton extensively studied the nature visual accuracy and discovered Saturn’s largest moon, as well as
S of light and made great advances, which correctly describing its rings. He founded the theory that light travels
SHEE ha published in his 1704 text Optiks. like a wave and explored forces and motion; his work coincided with

Newton’s, yet they disagreed about light and gravity. Huygens also

ot Through experiments with clear glass discovered the pendulum as a regulator of clock movement.

prisms, he revealed that white light
is composed of all colors of the : e




Although solitary and difficult by nature, “ I d t t
he held many public positions, such as n OW e m o n s ra e
President of the Royal Society, Master

of the Royal Mint, and Member of th e frame Of th e

Parliament. He is regarded as a scientist of
unparalleled genius, whose revolutionary

ideas laid down the foundations of syste m O]C t h e Wo rI d .,,

modern scientific thought.

Isaac Newton, 1687
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Newton explained the motion of
both falling apples and planets with
his law of universal gravitation.
He determined that the force that
pulled objects to the center of the
Earth existed between all objects.
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Self-educated and of humble origins, Benjamin Franklin was an
inventor, scientist, printer, and politician. Through his scientific
experiments, he made significant advances in our understanding
of electricity and produced several key inventions. He is also
revered as one of the Founding Fathers of the United States.

he son of a Bostonian soap- and candle-maker, Benjamin Franklin

was 10 years old when his formal education ended, but his naturally
enterprising spirit saw him thrive in multiple occupations, from writer and
politician to inventor and scientist. His professional life began at the age
of 12, when he was apprenticed to his older brother, who was a printer.

Franklin had an innate aptitude for learning and threw himself into the

world of books, reading avidly and improving his writing skills. He became
an adept printer and satirical columnist before relocating to Philadelphia,
where in 1728, he set up as a printer himself. The financial success he
enjoyed was so great that by 1748, he retired from business and applied
himself to personal pursuits, including philanthropic projects and politics,
but particularly science. He went on to make significant contributions
to the field of electricity, for which he became internationally famous.

Experimenting with electricity

In the 1700s, electricity was little understood. It was mainly seen in tricks

performed by showmen, and many believed that it was supernatural.

In 1746, Franklin witnessed its effects at a lecture given by the scientist

Archibald Spencer and was immediately drawn

to discover the science behind it. To that end, he
bought Spencer’s equipment and conducted his
own experiments. His findings led him to conclude
that the prevailing theory of electricity—that it was

While experimenting
with various kinds of
equipment, Franklin
noticed that pointed
electrodes were better
at conducting electricity

MILESTONES

PRINTING BUSINESS
Sets up as a printer in
Philadelphia and becomes
the official printer of
Pennsylvania in 1730.

BECOMES SCIENTIST
Accrues sufficient wealth
by 1748 to retire from
business and focus on his
scientific experiments.

ELECTRICITY STUDY
Publishes a text on his early
experiments in electricity
in 1751, and proposes his
kite experiment in 1752.

OCEAN MAPPING

Charts and names the Gulf
Stream between 1764 and
1765 so ships can avoid it
to speed their passage.

“Do not squander
Time: for that's the

Stuff Life is made of ”

through air than

spherical ones. Benjamin Franklin, 1746




a “fluid” that came in two kinds, one that
attracted and one that repelled—was
incorrect. Instead, he argued that there
was only one kind of electricity, which
had either a positive or a negative
charge. He further proposed that
electricity could be neither created

nor destroyed, but only transferred

from one object to another, while its

CHARLES DU FAY

French chemist Charles Francois de Cisternay

du Fay made early contributions to the scientific
study of electrically charged objects and paved
the way for the work of Benjamin Franklin.

A former soldier, du Fay (1698-1739) gained renown in the 1730s
for his theories concerning the properties of electric charge. Having
noticed differences in the way charge behaves, he proposed there were

two different types of electricity: vitreous and resinous. These were later total amqunt of charge remained the
» named by Franklin as “positive” and “negative.” Du Fay also observed . same. This idea later became known as
that like charges repel, whereas opposing charges attract, and the law of the conservation of charge.

recorded the difference between conductors and insulators.

Natural electricity

Franklin also saw a correlation between
thunder and lightning and the bangs
and sparks generated by his experiments.
He concluded that lightning must be
natural electricity. Having previously
noted that electricity was attracted

to needle points, he proposed an
experiment in which an iron rod was
mounted on a large insulated box

to attract a lightning bolt. When the
rod was struck by lightning, it produced

In Franklin’s famous experiment,

electrical charge was attracted down the
kite’s wet string as it formed a natural
conductor. Raising his hand to an
attached key, he noticed a spark.
He inferred that the charge

came from electricity
within the cloud.




“Flectricity .. may help to
keep a vain Man humble”

Benjamin Franklin, 1747

a spark inside the box. This experiment
was later repeated by several scientists,
albeit with one fatality.

With the help of his son, Franklin
also conducted an experiment with
a kite in a thunderstorm. The kite was
attached to some wet string, which
had a key tied to its lower end. As the
kite entered the thunderclouds, the
electrical charge in the clouds was drawn
down the string, causing the key to emit
sparks, demonstrating that the clouds
were electrified. Having shown that
lightning and electrical charge were the
same, Franklin published his theories and
experiments in 1752, to global acclaim.
His work also led to his invention of the

lightning conductor, which, when
attached to buildings, conducts lightning
safely to Earth.

Inventions and beyond

Franklin devised several other inventions,
including a heat-efficient stove, bifocal
glasses, and a “glass armonica” (a musical
instrument that uses glass bowls to
produce notes). He also charted the
current that flows eastward across the
North Atlantic Ocean, naming it the
Gulf Stream. A high-ranking diplomat
heavily involved in government politics,
Franklin also helped in drafting the
Declaration of Independence, making
him one of America’s Founding Fathers.
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In the mid-18th century, Swedish botanist and physician Carl
Linnaeus revolutionized the way scientists categorized and
named living organisms by devising a uniform, hierarchical
taxonomic system, which is still in use today.

MILESTONES

HIGHER EDUCATION
Begins studying medicine
and botany at Uppsala
University in 1728; starts to
lecture on botany in 1730.

MAKES EXPEDITION
Travels to Lapland and
north Sweden in 1732,
and discovers 100 new
species of plant.

KEY PUBLICATIONS
Publishes Systema
Naturae in 1735, securing
his reputation; publishes
Genera Plantarum in 1737.

NEW OCCUPATIONS
Becomes a physician in
1738, then a professor

of medicine and botany
in 1742,

NAMING SYSTEM
Establishes binomial names
for flora in 1753 (Species
Plantarum) and fauna in
1758 (10th ed. Systema).

Linnaeus’s favorite
plant, Linnaea borealis
(twinflower), was named
after him. Its two-part
name indicates its genus
and species, a division that
Linnaeus himself devised.

arl Linnaeus was born in a poor area of southern Sweden,

where his father was a curate and amateur botanist. While
he showed little interest in either his formal education or an
ecclesiastical career, his enduring passion and fascination for plants
was evident from a young age. After completing his schooling, he
studied botany and medicine at Uppsala University and, due to his
extensive knowledge of botany, began lecturing at the university
2 years later. In 1732, Linnaeus received funding for a research
expedition to Lapland, where he intended to record and gather
information on natural resources and discover new species of
plants and animals. The results of this expedition were to inspire
him to produce a groundbreaking manuscript that would
revolutionize the natural sciences.

Categorizing life
The inconsistent and overcomplicated systems of classification
that existed at the time frustrated Linnaeus in his botanical studies.
Attempts to classify life forms had begun with Aristotle, and while
multiple disordered adaptations had appeared over the centuries,
by the 18th century, there was still no unified system. During

his expeditions in northern Sweden, Linnaeus formulated

a method of categorizing different species that would

simplify and transform the process.
In 1735, he published the
Systema Naturae,
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a landmark work that provided a new
classification system for the natural
world. Beginning as an 11-page
pamphlet, the Systema Naturae passed
through 12 editions during Linnaeus's
lifetime to become an extensive,
multivolume text. In it, he grouped

all living organisms according to their
shared physical characteristics, then
organized these groups into a hierarchy
of increasing exclusiveness.

At the top of the hierarchy were the
largest groups: three wide-reaching
“kingdoms,” which divided nature into
animals, plants, and stones. From there,
it extended down through different
subdivisions as far as “species,” the final
group containing just one organism.
This formalized structure—recognized
today as domain, kingdom, phylum,
class, order, genus, family, and species—
enabled scientists to compare and
identify millions of different organisms
and rationalize the natural world.

Arguing that all living organisms
reproduced sexually, Linnaeus grouped
the plants on this basis. He also began
a new phase in biological thought as he
classified humans alongside other life
forms and defined them as animals for
the first time.

Labeling life

In several other seminal botanical
texts that Linnaeus published,
including Genera Plantarum

and Species Plantarum, he
completely overhauled

and reorganized how

different organisms were

named. This was arguably his

most significant contribution to the
field of botany. Previous systems had
included complex descriptive phrases,

as well as common names, which
Linnaeus stripped back and streamlined.
He provided each organism with a
two-part Latin name (or binomial), which
included the genus and the species—for
example, Homo (genus) sapiens (species).
This universal naming method—initially
applied to plants, but later extended to
animals in the 10th edition of Systema
Naturae—was succinct, descriptive, and
specific, and it established Latin as the
official language of taxonomy.

Taxonomic legacy
Linnaeus's reorganization
of the natural world marked
a turning point in biological
science. Although he
devised it to reflect what

he regarded as God’s divine
plan of creation, today it
forms the foundation of
modern taxonomy—the

In his quest to catalog the
various species of the world,
Linnaeus recorded 6,000
species of plants and

4,000 species of animals.



science of classifying, identifying, and
naming organisms. Although Linnaeus's
hierarchical system was refined over
time to include additional groupings and
subdivisions, the basic Linnaean system
remains fundamentally the same today.
For this reason, Linnaeus is considered
the father of taxonomy.

“Nature does not
proceed in leaps
and bounds.”

Carl Linnaeus, 1751

GASPARD BAUCHIN

Linnaeus was greatly
influenced by Swiss
botanist and anatomist
Gaspard Bauchin.

Bauchin (1560-1624) gained degrees in
medicine, anatomy, and botany, becoming a
professor at the University of Basel. He was
a practicing doctor and produced influential
texts in both anatomy and botany. lllustrated
Expositions of Plants, published in 1623, was
a pivotal early catalog of plant life that listed
6,000 different species. Bauchin named each
plant according to its genus and species, a
practice later adopted by Linnaeus.
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Geologist James Hutton was the first to consider the age

of the Earth scientifically. His fieldwork in the Scottish
landscape revealed evidence to demonstrate that the Earth
was far older than had been thought. His work laid the
foundations for the modern discipline of geology.

ames Hutton was born in Edinburgh to the family of

a British merchant in 1726. After showing interest in
mathematics and chemistry, he became a physician’s assistant
at 18 and went on to study medicine in Edinburgh, Paris, and
the Netherlands. Rather than becoming a doctor, Hutton then
set up a chemical plant and modernized his family’s farms.

Hutton’s fieldwork, allied with his agricultural and chemical
knowledge, led him to lay the founding principles of geology.
“Unconformity” was his term for the junction between different
rock strata (layers) that had been laid down at different times.
Unconformities can be seen in cliffs and outcrops as the rock
layers above them differ from those below. Hutton also realized
that rocks were formed under intense subterranean heat and
pressure in a “uniformitarian” process, meaning that it occurs at
the same rate today as it has always done. This made it possible
to estimate the age of rock formations, and therefore the Earth,
leading him to conclude that the Earth was far older than the
6,000 years proposed by biblical scholars.

MILESTONES

IN THE FIELD

Tours the north of Scotland
in 1764 with George Clerk-
Maxwell in search of
geological features.

DIGGING DEEP

In 1767, studies rock
strata revealed in
excavations for the Forth
and Clyde canal, Scotland.

UNIFORM THINKING
Publishes theory of
uniformitarianism in a
paper for the Royal Society
of Edinburgh in 1785.

THEORY OF THE EARTH
Claims in 1788 that much
of the land was once under
the sea, and layers of rock
are distorted over time.

Hutton used the term
“Unconformity” for a gap in
the rock sequence at the point
where the vertical layers meet
the horizontal ones, as seen in
his 1787 sketch of a rock face
from Jedburgh, Scotland.




Wealthy British aristocrat Henry Cavendish was an outstanding
theoretical chemist and physicist whose meticulous research
established the true nature of air and water and the properties
of hydrogen and carbon dioxide. He also made the first
calculation of the density, and hence the weight, of the Earth.

MILESTONES

BEGINS EXPERIMENTS
After leaving college in
1751, lives with his father,
Lord Cavendish, and sets up
his own home laboratory.

WINS PRIZE FOR PAPER
Receives Royal Society’s
Copley Medal in 1766 for
his paper on properties of
gases, including hydrogen.

NATURE OF WATER
Announces to Royal
Society that water is

a compound of hydrogen
and oxygen in 1784.

INVESTIGATES AIR

In 1785, runs experiments
to analyze the composition
of air and finds another
gas present.

“WEIGHS” THE WORLD
Becomes the first person
to measure the force of

§ gravity between masses;
reports his results in 1798.

enry Cavendish studied natural philosophy (science) at |
Cambridge University and then settled in London, where
he played an active role in scientific organizations, particularly ;
the Royal Society, which he joined in 1760. He started conducting
experiments in 1764, exploring many areas of science—including
electricity, chemistry, and physics—although he published only
a few of his findings during his 50-year career.

Isolating hydrogen

In the 18th century, chemists started
to investigate ways of generating
and separating various gases,
although they thought these
substances were different

types of air rather than unique
chemicals. Cavendish’s first
publication, in 1766, was a
combination of three chemistry
papers on “factitious airs,” or
gases, created in a laboratory.

In one of the rigorous investigations
that characterized his work, he had
dissolved zinc, iron, and tin in acids
and found this produced a gas that
he called “inflammable air.” It was
ultimately given the chemical name

In 1783, after studying
the gas chemistry research
of Cavendish and others,
Parisian Jacques Charles
developed the world’s first
hydrogen-filled balloon,
starting a ballooning craze.






in the Universe, hydrogen had been
detected and burned by earlier scientists,
but Cavendish was the first to recognize
it as a distinct substance. He also isolated
carbon dioxide, which was then known
as “fixed air.” He compared hydrogen
and carbon dioxide’s chemical and
physical properties with those of
ordinary air. To determine hydrogen’s
density, he filled a pig’s bladder with it
and, weighing that, calculated the gas to
be 11 times lighter than air (slightly less
than the modern accepted figure). He
found carbon dioxide to be 1.57 times
heavier than air and dissolvable in water.

Measuring water and air
Cavendish then turned to exploring the
composition of ordinary, or atmospheric,
air. He analyzed air on 60 occasions
and from different places, even using
a balloon to collect samples from the
atmosphere. He expressed his results
in terms of Johann Becher’s phlogiston
theory, which stated that all combustible
matter contained an odorless and
colorless substance called “phlogiston.”
When matter was burned, the phlogiston
was released, after which the remaining
matter, now ash or residue, was
considered to be “dephlogisticated.”
Correctly reporting that air is four
parts “phlogisticated air” (nitrogen) to
one part “dephlogisticated air” (oxygen),
Cavendish also found a scant amount
of a gas that he could not identify. A
century later, this was identified as argon.
Having observed that burning his
inflammable air (hydrogen) also produced
water, in 1784, Cavendish published a
paper that revealed water’s chemical
formula—two parts inflammable air
(hydrogen) to one part dephlogisticated
air (oxygen). He had proved that water is

i He was not a Poet,
a Priest, or a Prophet,
but only a cold,
clear Intelligence.”

George Wilson, 1851

not a chemical element—a single,
distinct substance—as had been
thought for millennia, but a
compound of two gases.

Cavendish experiment

Between 1797 and 1798, Cavendish
devised an ingenious experiment to
determine the density of the Earth—an
elusive value sought by both scientists
and explorers. His apparatus for
“weighing the world” was a wooden

rod suspended from a wire, with a small
lead sphere on either end and two
much larger lead spheres fixed in
place close to the smaller spheres.
Since all objects with mass exert a
gravitational force on each other,
the large spheres attracted the
smaller ones, causing a slight
torque (twist) on the suspended

Cavendish’s experiment, which
ultimately enabled him to calculate the
density of the Earth, also proved that
Newton’s law of gravitation works with
objects much smaller than the planets.



rod. Cavendish viewed the oscillations
on the rod through a telescope; because
the force of gravity is very weak, he was
aware that the subtlest disturbance in
the two sides of his equipment, even
a shift in temperature, might skew the
results, so he had placed it in a dark,
sealed room. After a year of painstaking
observation, Cavendish determined
the gravitational force between the
pairs of spheres. Knowing the density
of the spheres, and knowing the
gravitational pull of the Earth, he
was then able to produce a value
for the density of the Earth, which
turned out to be more than five
times that of water.

CONDUCTED

MORE THAN 400

INVESTIGATIONS
INTO THE NATURE OF AIR

PROVED THAT
THE DENSITY
OF EARTH WAS
9 TIMES THAT

OF WATER

$8,230 OF HIS LEGACY
WAS USED T0 BUILD THE
CAVENDISH LABORATORY

AT CAMBRIDGE

JAMES WATT

British inventor, engineer, and chemist James
Watt’s work on the composition of water led to
a long-running “water controversy.”

In 1783, Watt (1736-1819) and Cavendish reached almost the same
conclusion about the chemical make-up of water. But whether

Watt, Cavendish, or French chemist Antoine Lavoisier (see pp.100-103)
deserved the most credit for this discovery became the subject of debate.
Cavendish performed his experiments first but published them after
Watt's paper. Some historians say that Watt identified water as a chemical
compound more explicitly than Cavendish. However, Lavoisier was the
first to state clearly that water is composed of hydrogen and oxygen
rather than “phlogiston” (the term used by Watt and Cavendish). Watt

is best known for his patented improvements to steam engines.







MILESTONES

DEVELOPS INTEREST
Moves to England in 1757;
becomes interested in
astronomy and observes
the night sky.

FINDS NEW PLANET

In 1781, discovers Uranus
and is elected a Fellow of
the Royal Society; now a
professional astronomer.

OBSERVES NEBULAE

Publishes first of three
papers on nonstellar
objects in 1786; redefines

understanding of nebulae.

BUILDS TELESCOPE
In 1789, constructs an
enormous, 40-ft (12-m)
telescope with a 47-in
(122-cm) mirror.

INFRARED RAYS

Discovers, in 1800, that
the Sun emits invisible

| “calorific rays,” now

known as infrared rays.

A German-born astronomer living in England,
William Herschel discovered Uranus, the first

new planet to be found since the invention of the
telescope. He was a skillful engineer who designed
and built the world’s largest telescope at the time.

illiam Herschel’s interest in astronomy began after he learned how

to make telescopes in order to study the night sky. Determined to
look beyond the closest planets, he built a powerful telescope through
which he could study the farthest celestial bodies. Herschel made detailed
observations of the night sky, methodically dividing it into quarters and
recording his sightings systematically. In 1781, he noted a small disk,
which was confirmed as the seventh planet in the solar system. Named
Uranus, its discovery led to the eventual sighting of Neptune in 1846.

Further discoveries
Astronomy in the 19th century profited from Herschel’s considerable
contributions. From his observations, he argued that nebulae (clouds of
gas and dust) are composed of stars, not fluid, and he went on to catalog
2,500 nebulae and star clusters and 848 double stars. He discovered

the two moons of Uranus, as well as two new moons of Saturn, and

was the first to discover infrared rays after making studies of the Sun.
Herschel's exceptional skill as a telescope builder, combined with

his meticulous observations of the night sky, made him one
of the greatest visual astronomers of all time.

| have looked further into
space than ever human

being did before me?”

William Herschel, 1781

Herschel captured the public
imagination with his telescope,
built in 1789, but it worked poorly
and he considered it a failure.






Antoine-Laurent de Lavoisier’s meticulous experiments sparked

a revolution in science, and his findings had a vital impact on
chemistry. His work on combustion and respiration allowed him
to determine his law of conservation of mass, and to discover that
air was a mixture of gases, including one that he called oxygen.

Born in Paris, Antoine-Laurent de Lavoisier inherited a large fortune at
age 5, when his mother died. He qualified as a lawyer but was more
interested in science, which he pursued whenever he was able. In 1768,
he bought a share in the Ferme Générale, which collected taxes on behalf
of the French government, and in 1771, he married the co-owner’s
13-year-old daughter, Marie-Anne. She became an invaluable partner
in his scientific work, translating chemistry papers into French and
assisting him with his experiments.

Investigating combustion

When he became commissioner of the Royal Gunpowder Administration
in 1775, Lavoisier gained access to a laboratory in which he could conduct
experiments on combustion. At that time, an incorrect idea called

;"',' --. . _phlogiston theory held that combustible matter such as wood contained
AL “phlogiston,” an invisible substance that was released on burning, which

ol explained why substances apparently lost mass when burned. However,

Z< .= .. lavoisier found that when he burned sulfur and phosphorus, they

- - “acquired mass, suggesting that they were combining with air, and

: the results could not be explained in terms of phlogiston.
Ayear earlier, in 1774, Lavoisier had learned from English

natural philosopher Joseph Priestley how he had heated

mercury calx (mercury oxide) and collected what he called

“pure” or “dephlogisticated” air, which burned much more

MILESTONES

ELEMENT FORMS

Proves elements can have
different forms by burning
a diamond to produce
carbon gas in 1772.

. INVESTIGATES AIR

Hears from Joseph Priestley
about “dephlogisticated
air” in 1774, and
replicates his findings.

ANALYZES WATER

In 1783, he reveals that
water is a compound of
two gases and coins the
word “hydrogen.”

CHEMISTRY TEXTBOOK
Publishes Elementary
Treatise on Chemistry

in 1789—it contains the
first table of elements.

In an experiment,
Lavoisier used a giant

magnifying glass to focus the
Sun’s rays on a diamond in a
sealed glass jar. The diamond
burned away, but the jar’s
mass stayed the same,
proving his theory of the
conservation of mass.




é\\/e must trust to nothing but
facts: these are presented to us
by nature and cannot deceive.”

Antoine-Laurent de Lavoisier, 1790

vigorously than ordinary air. Back in his
laboratory, Lavoisier replicated Priestley’s
experiment. He heated mercury calx
and measured how much “pure air”
(or "oxygen,” as he later named it) was
released as the calx broke down into
mercury. He also heated the mercury
and measured how much oxygen was
taken up as it changed into mercury calx
again. The amount of oxygen taken up
and released matched.

When he heated other substances
in sealed containers, Lavoisier found
that the mass a metal gained when
heated was exactly equal to the oxygen
lost from the air. As a result of these
experiments Lavoisier started to form
his law of conservation of mass, which
stated that matter could change in form
but could not be created or destroyed.

Air, water, and elements

Lavoisier observed that a lit candle in a
sealed jar would extinguish after a time
and, from his various experiments on
combustion, he knew that oxygen had
allowed the candle to burn. However, he
was also aware that some gas remained in
the jar and deduced that air must contain
several gases. He called the other gas
"azote,” meaning “without life.” (It was
later called “nitrogen.”) Lavoisier also

investigated respiration, which he thought

converted oxygen into energy in the form

of heat and an azotic gas (carbon dioxide)

in the same way that a burning candle

does. Lavoisier placed a guinea pigin a

container that was surrounded

by ice and measured the heat — , ===  —
and carbon dioxide that the
animal produced while

2 pounds of ice melted. He
then compared these results
with the amount of heat
produced by burning carbon
until the same amount of
carbon dioxide was given
off as the guinea pig had
produced. In this way,
Lavoisier showed

that respiration
(breathing) was

also a form of
combustion.

-

By comparing the weights
of substances before and after
chemical reactions, Lavoisier
determined the law of
conservation of mass: matter
only changes forms; it cannot
be created or destroyed.



Lavoisier also repeated an experiment
carried out by English scientist Henry
Cavendish (see pp.94-97), who created a
gas he called “inflammable air” when he
poured acid onto metals. When Cavendish
applied heat to the gas, water was formed.
In his experiment, Lavoisier found that
the heat acted as a catalyst and made the
“inflammable air” (which he renamed
“hydrogen”) react more quickly with
oxygen in the air to create water. Lavoisier
was the first scientist to definitively state
that water is made up of hydrogen and
oxygen rather than “phlogiston.”

JOSEPH PRIESTLEY

English clergyman Joseph Priestley discovered
10 gases, including “dephlogisticated air,”
which Lavoisier named “oxygen.”

Living near a brewery, Priestley (1733-1804) saw something he called
“heavy air” (carbon dioxide) bubbling up from the grain and noted it
could dissolve in water. He later added mint to a container of carbon
dioxide and found it “refreshed” the air sufficiently to support a lighted
candle—he had discovered plants emit oxygen. In 1774, Priestley told
Lavoisier about his experiments with mercury and “dephlogisticated air”
(oxygen). Although his work inspired Lavoisier, Priestley rejected Lavoisier’s
theories and continued to believe substances contained “phlogiston.”

HEATED
MERCURY
OXIDE FOR

12 DAYS

10 DETERMINE

THAT AIR
CONTAINS

OXYGEN

HIS TABLE

OF ELEMENTS
INCLUDED OXYGEN
AND HYDROGEN,
BUT ALSO LIGHT

AND HEAT
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Italian aristocrat Alessandro Volta was a meticulous investigator
whose experiments revealed that electricity can be generated
chemically, as well as by friction. Chief among his many scientific
contributions was the invention of the Voltaic pile, the world's first
battery, which laid the path for the coming age of electric power.

Born in Como, Italy, Alessandro Volta was the only one of seven siblings
not to become a priest, having met scientist and physician Giuliano
Gattoni. At the age of 23, he wrote his first paper on electricity, and at 29,
he became professor of physics at Como'’s Royal School.

Volta was quick to make scientific breakthroughs. In 1775, he improved
the electrophorus, a resin disk that could be rubbed with cat fur to make
a static charge—the only kind of electricity known at that time. But it was
Luigi Galvani's 1786 finding that a dissected frog’s legs could be made to
twitch by electricity that sparked him into action. Rejecting this idea of
“animal electricity,” Volta theorized that contact between different metals
created a chemical reaction, which produced electricity. He then tested
different combinations of metals by placing them on his tongue, resulting
in a mild electric shock. This led to his 1799 discovery that stacking
disks of zinc, copper, and brine-soaked paper in sequence produced an
electric current, which increased as more disks were added. His “Voltaic
pile” was the first battery and the prime means of creating electricity
until the discovery of electromagnetic generation in 1829.

MILESTONES

GAS DISCOVERY
Captures methane while
collecting marshland air in
1776. Ignites the gas with
a spark inside a glass jar.

ACADEMIC POST

In 1779, becomes professor
of experimental physics

at the University of Pavia,
where he stays for 40 years.

MAKES ELECTRICITY
Generates electric current
from a circuit of copper,
zinc, and brine-soaked
paper in 1791.

FIRST BATTERY
Creates the “Voltaic
pile” in 1799, the first
apparatus for generating
and storing electricity.

Volta held demonstrations
that transfixed a public
eager for electrical thrills.
In 1801, French emperor
Napoleon invited him to
Paris to promote his
scientific experiments.




While studying smallpox—a virus that killed 400,000 people a year
in 18th-century Europe—British doctor Edward Jenner established
the technique of vaccination, which has since saved billions of lives.
His smallpox vaccine, the world’s first successful vaccine, eventually
led to the total eradication of the disease.

MILESTONES

BECOMES FELLOW
Elected to the Royal
Society in 1789, partly for
discovering how cuckoos
remove eggs from nests.

GIVES VACCINE
Administers and
documents the first
successful smallpox
vaccination in 1796.

SUBMITS PAPER

The scientific academy
requests further proof.

Presents his initial findings
to the Royal Society in 1797.

COMPLETES STUDY

of his experiment in 1798.
His paper is met by a mix
of interest and disbelief.

Publishes a complete report

CHANGES POLICY
British government finally
accepts his evidence and
makes vaccination its
official policy in 1853.

dward Jenner was born in the county of Gloucestershire, the eighth

of nine children. From the age of 5, following the death of his clergyman
father, he was brought up by one of his older brothers. As a youth, he
had his first brush with smallpox—the disease that would mark his future
career—when he became ill after undergoing variolation. This form of
inoculation involved inserting pus or a scab from a patient with mild
smallpox into a scratch or the nostrils of a healthy person to boost their
immunity. Although it was a popular treatment among the aristocracy in
Europe, it carried a high risk of onward transmission or even death.

Medical training
Jenner was apprenticed to a local surgeon at the age of 14 and moved
to London 8 years later to become a private pupil of John Hunter,

a leading surgeon, anatomist, and biologist known for his scientific ,
methods and groundbreaking experiments. A mentor and friend for

“One of
the greatest
benefactors

Jenner demonstrated the link between ,  ®- | X L
cowpox and smallpox by conducting R eeds
careful medical trials. His 1798 report 2 !

detailed his treatment of 23 patients,

including several children.




T
DR
ter

€¢81—-6VLI

A
Ty AL AR
o I ERL, k
* AN K,
SR I T AL A
oL o L5 88 .\1,“?‘
AMETI TSR &

SOl i vl
g BONS ) b3 @
LS

Tapy

X+




H i the rest of his life, Hunter instilled the
éFuture nations will S i grermen:
motto, “Don't think, try.”
I< I I h After 3 years of study in London, in
n OW sma pox aS 1773, Jenner qualified as a doctor and
o returned to his place of birth to set up
eXISted an d by yo U has a medical practice. Having grown up in
an agricultural area, he was aware that
° catching cowpox—a relatively benign
been extl rpatEd .” disease—somehow prevented smallpox.
Milkmaids, for instance, rarely contracted
smallpox if they had previously caught
cowpox due to contact with their cows.

T_homasjefferson, 1806

By giving patients cowpox to fight
smallpox, Jenner discovered the
principle of vaccination. When a body
is invaded by a virus, like cowpox, it
produces antibodies, which protect it
against reinfection.



When Sarah Nelmes, a milkmaid, visited
his practice with cowpox in 1796, Jenner
decided to put his theory to the test. On
May 14, he transferred blister fluid from
Nelmes to both arms of James Phipps,
the 8-year-old son of his gardener.
Although Phipps became slightly ill over
the next 9 days, by the tenth, he was well
again. To find out if his experiment had
worked, on July 1, Jenner deliberately
infected Phipps with smallpox. To Jenner’s
relief, the boy not only survived, but
further tests carried out throughout

his long life proved he had developed
immunity to smallpox.

Critical reception

Jenner published the full results of his
study, which included vaccinations of
23 patients—including his own son—in
1798. Initially, his report was met with
opposition and even ridicule among
an uneducated public. Although the
medical community had doubts about
the ethics of his experimental method,
Jenner’s thorough, scientific approach
was lauded. Over time, his procedures
were accepted and improved and were
used in America, the rest of Europe, and
across the world. The rate of smallpox

BENJAMIN JESTY

Though his contribution only became clear
following Jenner’s more scientific achievements,
Jesty was eventually recognized as one of the
first successful smallpox vaccinators.

Jesty (1736-1816) was a farmer in Dorset, England, who had contracted
cowpox due to his work with livestock. When a smallpox epidemic broke
out in 1774, he took the unprecedented step of using a darning needle to
transmit cowpox pus to scratches on the arms of his wife and two eldest
sons. His sons suffered mild, local reactions, but his wife became gravely
ill—although all three recovered fully. Initially mocked for his actions, Jesty
was vindicated when his sons proved to be immune upon later exposure
to the disease. His pioneering efforts came to light decades later, and in
1805, he was honored by the Original Vaccine Pock Institution in London.

mortality declined dramatically, and
Jenner was recognized internationally
for his work.

In 1853, three decades after his death,
Jenner’s findings finally convinced the
British government to replace inoculation
with compulsory vaccination. The
smallpox vaccine has since saved
several billion lives and triggered a
global initiative in the 1970s that was
the first, and still only, program to have
eradicated an infectious disease.

SMALLPOX CASES
HAD A MORTALITY

RATE OF 80%

INTHE 18TH , o9, . 4690
CENTURY 2.9

TESTED EARLY | VACCINATIONS FOR

SMALLPOX MADE
VACCINATION ON HIS COMPULSORY

11-MONTH- | IN ENGLAND

OLD SON ! #0:%E08







British schoolteacher and meteorologist John Dalton advanced
the concept of atomic theory, which is a cornerstone of physics
and chemistry. His discoveries about the nature of elements and
atoms and the way they combine were essential to establishing
chemistry as a modern science.

MILESTONES

WEATHER INSIGHTS
Begins a lifelong habit

of keeping daily weather
records, including pressure
and wind speed, in 1787.

NATURE OF GASES
Observes that gases are
affected by pressure and
heat; in 1801, he forms his
law of partial pressures.

DIFFERENCES IN ATOMS
Becomes the first person
to calculate and make
charts of relative atomic
weights in 1803.

WIDELY HONORED
Receives Royal Society’s
medal in 1826. Elected
to French and American
Academies of Sciences.

Born into a Quaker family in Cumbria, England, John Dalton began work
as a teacher aged 12. His first scientific paper described red-green
color blindness; it is still sometimes called Daltonism. Both Dalton and
his brother suffered from it, and he correctly believed it to be hereditary.

From a young age, Dalton kept records of rainfall, wind speeds, and air
pressure. His meteorology textbook, published in 1793, was the first to
correctly describe the hydrologic cycle (in which water evaporates from
the oceans and falls as rain). Dalton also stated that water vapor did not
combine chemically with air, as many thought, and that water’s rate of
evaporation depended on heat and wind speed.

Study of atmospheric gases

Dalton’s interest in the weather led him to conduct experiments on
the nature of atmospheric gases. In 1801, he gave a series of lectures
in Manchester about his groundbreaking findings. These included the

Dalton’s research into
atmospheric gases led him to
realize that the size and mass of
atoms varies between elements.
He made diagrams showing
their structures and diameters.




JONS JACOB BERZELIUS

Swedish professor Jons Jacob Berzelius
developed the modern system of letters
for atomic symbols.

In 1807, Berzelius (1779-1848) became professor of chemistry at Sweden'’s
Karolinska Institute. He researched catalysts and isolated thorium, cerium,
and selenium. A proponent of Dalton’s atomic theory, he attempted to
work out elements’ atomic weights more accurately. Dalton had compared
elements to hydrogen; Berzelius used oxygen as his standard. In his new
system, published in 1814, he symbolized elements with the first letter

of their Latin name (such as C for carbo, the Latin for carbon). He later
added, as subscript, the number of atoms in a compound (as in H,0).

LISTED

THE RELATIVE
WEIGHTS OF

20

ELEMENTS

-0

MADE OVER
200,000

OBSERVATIONS

IN HIS

WEATHER
JOURNALS

observation that the pressure of a volume
of gas in a container depends on its
temperature, and that given sufficient
pressure and low temperature, all gases
become liquid.

All gases exert pressure on the walls
of the container that holds them. Dalton
observed that even if there were several
gases in a container, each one exerted
the same pressure as it would if it were
alone in the container. The total pressure
of the combined gases was equal to
the sum of these partial pressures. This
became known as Dalton’s law of partial
pressures and remains a fundamental
principle in modern chemistry.

Atomic theory

The idea of atoms (tiny indivisible
particles) dated back to the ancient
Greeks, but it was assumed that

atoms were identical in every element.
However, Dalton had noticed from his
experiments that oxygen absorbed less
water vapor than nitrogen. He wrote
of this: “l am nearly persuaded that the
circumstance depends on the weight
and number of the ultimate particles of

the several gases.” In other words, he
wondered if oxygen and nitrogen had
atoms of different weights.

If this was the case for oxygen and
nitrogen, Dalton reasoned, it must be
so for every element. He ran a series
of experiments comparing the known
elements with hydrogen (the lightest of
the elements) and assigned them each
a number that represented their relative
atomic weights. He went on to create
the first atomic table featuring all the
elements known at the time, each
with a pictorial symbol. The weights
he calculated were not always accurate
because he did not realize that atoms of
the same element might combine. For
example, he assumed that oxygen was a
single atom rather than a molecule with
two atoms. However, later scientists
were able to calculate the weights more
accurately, and Dalton’s principles form
the foundation of modern chemistry.

In his book A New System of Chemical
Philosophy (1808), Dalton set out his
atomic theory. He said atoms were
indivisible and could not be created
or destroyed; each element had atoms
of a unique mass (weight); and atoms of
different elements combined in chemical
reactions to form compounds in simple
whole-number ratios. The atomic theory
was quickly accepted, and Dalton was
elected to the Royal Society in 1822.

A few years later, J6ns Jacob
Berzelius refined Dalton’s
atomic table using letters
rather than pictorial
symbols, but Dalton
preferred his own

symbols and did

not adopt the

new system.




“Small particles called atoms
exist and compose all matter.”

John Dalton, 1808

Dalton included all 20
elements then known to
science in his atomic chart.
Some, such as potash, are
now identified as molecular
compounds; others, such

as phosphorus, are never
found in their elemental
form on Earth.



“Fossils alone
gave birth to a
theory about the

formation of
the Earth.”

Georges Cuvier, 1822




Regarded as the founder of paleontology, French zoologist and
naturalist Georges Cuvier made huge advances in natural science
during the late 18th and early 19th centuries. He established
comparative anatomy as a scientific discipline and provided
conclusive proof that animal species could become extinct.

MILESTONES

PROVES EXTINCTIONS
By comparing the bones of
elephants with mammoths
in 1796, he proves that
extinctions occur.

AGE OF THE EARTH

In 1804, observes that the
Earth must be far older
than previously believed
due to the age of fossils.

GROUPS ORGANISMS
Publishes his system of
classifying organisms in
1817 and advances the
field of animal taxonomy.

EARTH'S STRUCTURE
Proposes a theory in 1825
that past natural disasters
affected the Earth’s
geological structure.

eorges Cuvier was born in Montbéliard, a town on the French-Swiss

border which was then part of the German duchy of Wirttemberg,
now in France. Educated at the prestigious Caroline Academy in
Stuttgart, he studied comparative anatomy, a relatively new science
examining similarities and differences between animal species. After
writing detailed original studies of marine invertebrates, in 1795, Cuvier
was offered a job at the National Museum of National History, Paris.
There, he carried out the research that would establish him as one of
the most influential figures of 19th-century natural sciences.

Theory of extinction

Using the museum’s collection of animal specimens, Cuvier furthered his
studies in comparative anatomy—in particular, by comparing the remains
of living animals with fossils. The results he discovered were revelatory.
Until the late 18th century, scientists had believed that fossils were the
remains of extant (living) species, and that no animal species had ever

Many of Cuvier’s publications were
based on lectures he gave in Paris. In
these, he captivated audiences with
reconstructed skeletons of animals
that no longer walked the Earth.




died out—Cuvier’s research put an end
to this belief. By comparing the fossilized
remains of mammoths with those of
modern elephants, he demonstrated

for the first time that not only were the
African and Asian elephants distinct
species, but that the anatomy of a
mammoth was completely different
from either of theirs. From this, he
concluded that the mammoth was in
fact an extinct species, and went on to
identify other extinct animals, including
the giant ground sloth and the American
mastodon. By establishing extinction

as a verifiable fact, Cuvier launched the
discipline of vertebrate paleontology.

Animal reconstruction

Renowned for his ability to reconstruct
animals from their remains, Cuvier
developed a theory he called the
“correlation of parts,” which stated that
the structure of an organ in an animal’s
body was related to its function, as were
all the other organs. For example, all
hoofed mammals were herbivores

and therefore must have teeth and

a digestive system that is appropriate
for eating plants. Using this principle,
Cuvier was able to reconstruct complete
skeletons of extinct organisms from just
their isolated bones. He was also the first
to identify the fossil of a flying reptile in
1800, which he named pterodactyl.

PRIOR TO CUVIER’S
STUDIES OF FOSSILS,
SCIENTISTS AGED THE
EARTH AT 6,000 YEARS

“The component

parts must be such as
to render possible the
whole living being.”

Georges Cuvier, 1817

To explain extinction, Cuvier proposed
the theory of catastrophism—that a
series of sudden, catastrophic events in

the Earth’s history, such as flooding, had 1
wiped out certain species. He used his
own observations of changes in rock
strata to support this. Although his
theory was later disproved, in exhuming
fossils from rock strata, Cuvier revealed
a significant fact: the deeper the rock

stratum, the older the fossils it

contained. Cuvier’s work
indicated that the deepest
fossils were thousands of
centuries old and increased
the age of the Earth far
beyond the previously
accepted age of 6,000 years.

Anatomical classification
Cuvier publicly supported
catastrophism over the new theory of
evolution and used his seminal work

HIS NAME IS
ONE OF 72

INSCRIBED
ON THE EIFFEL

TOWER

Cuvier studied the
skeletal remains of
elephants and woolly
mammotbhs, revealing
key differences in tooth
structure that identified
them as distinct species
and showed that the
mammoth was extinct.




The Animal Kingdom as proof against it.
This text classified animals according to

/7 anatomy, dividing them into four groups: A Swiss-born naturalist and geologist, Louis

LOUIS AGASSIZ

vertebrates, mollusks, articulates (such Agassiz made significant scientific advances
as arthropods), and radiates (those with through his work on glaciers and fossilized fish.
radial symmetry, like starfish).
Cuvier insisted that animals

The extensive work of Louis Agassiz (1807-1873) into fossilized fish
during the 1830s proved highly influential in the study of extinct life

~\ did rTOt change O_V?r time, forms. His later geological studies of glaciers led him to conclude that
\s rert'.ng the POSSIt?'I'tY of much of the world had been covered in a vast ice sheet until relatively
evolution. While this view recently. A supporter of Cuvier’s catastrophism theory, he cited ice
was later disproved, Cuvier’s  r ages as types of catastrophe that had affected the Earth. While these
system radically advanced ice-age theories are supported by modern geology, Agassiz, like Cuvier,
the understanding of animal rejected the idea of evolution.

anatomy. His work forms the
foundations of paleontology and
comparative anatomy.
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professor of mathematics at the
University of Basel, Switzerland, in
1687, and taught his younger brother
Johann. The brothers worked together
on various ways of using calculus, but
soon became rivals. Bernoulli is best

With the Enlightenment came a focus on reason, skepticism,
and liberty that encouraged the systematic exploration of
theories, and science became a distinct academic discipline.
Increasingly sophisticated equipment, methods, and proofs
emerged, as did some of the first modern scientific institutions.

MARCELLO MALPIGHI
1628-1694

In about 1661, while studying frog lungs
under a microscope, ltalian physician
and biologist Marcello Malpighi spotted
capillaries—tiny blood vessels that link
arteries and veins. In the course of his
work, he developed new methods for
studying microscopic things, such as
illuminating specimens or staining them
so they could be seen more easily. His
pioneering work in microanatomy led
to him becoming an honorary member
of the Royal Society in 1669, but
Malpighi continued to practice medicine
throughout his career. He became the
pope’s physician in 1691.

JAN SWAMMERDAM
1637-1680

Born in Amsterdam, the Netherlands,
Jan Swammerdam qualified as a doctor
but dedicated his life to the microscopic
study of insects. His main achievements
were his discovery of red blood cells and
also metamorphosis, which he proved
by dissecting an egg, larva, pupa, and
adult insect under the microscope and
showing that they were simply different
forms of the same animal. Swammerdam
went on to divide insect development

into four main types, three of which
exist in modern classification. But his
successes did not impress his father,
who withdrew his support. Destitute
and depressed, Swammerdam died
of malaria aged 43.

NICOLAS STENO
1638-1686

Despite a brief scientific career, Nicolas
Steno made major discoveries in
anatomy and geology. The Danish
scientist likened the teeth of sharks to
the “tongue stones” found in Cenozoic
rocks. This led him to wonder how
fossil shark teeth could have become
embedded in rock. Steno went on to
establish the underlying principles of
how strata (rock layers) form, explaining
that the lower the level, the older the
rock, and that strata begin as horizontal
layers that are disrupted over time. In
1667, he abandoned science for religion
and became a bishop 10 years later.

JACOB BERNOULLI
1655-1705

Defying his father’s wishes by studying
mathematics, Jacob Bernoulli became
the first of several famed mathematicians
in the Swiss Bernoulli family. He became

known for his work in probability and
especially for his law of large numbers.

DANIEL BERNOULLI
1700-1782

Jacob Bernoulli's brother Johann had

a son, Daniel Bernoulli, who studied
philosophy, logic, and medicine and
was taught mathematics by his father.
In 1738, he published Hydrodynamica,
which included his discovery that if a
stream of moving fluid (liquid or gas)
speeds up, its pressure drops. This—
Bernoulli's principle—is one of the
cornerstones of modern aerodynamics.
Bernoulli won 10 awards from the Paris
Academy of Sciences in his lifetime,
one of which he shared with his father,
who—frustrated not to be the sole
winner—threw his son out of the house.

EMILIE DU CHATELET
1706-1749

A talented physicist and mathematician,
Emilie du Chatelet is also remembered
by history for being Voltaire’s mistress.
Born into a wealthy family in Paris,
France, du Chatelet learned science and
mathematics from a young age, as well
as six languages. Her father, a court
official, included her when famous
scientists visited their home. She wrote



a textbook of current ideas in physics,
Institutions de physique, which included
her own work, and translated the whole
of Isaac Newton's Principia Mathematica
into French. She died in childbirth, with
Voltaire and a younger lover by her side.

GEORGES-LOUIS LECLERC
1707-1788

The Comte de Buffon, Georges-Louis
Leclerc, caused a stir when he noted
the similarities between humans and
apes and suggested that living things
could be modified by environmental
changes such as migration, leading to
similar species existing in different
places. He also argued that Earth was
much older than biblical explanations
allowed. Inspired by his work at the
Jardin du Roi (the royal botanical
gardens in Paris), the French naturalist
tried to explain all of nature in his
encyclopedia of natural history, but
he only published 36 of the proposed
50 volumes before his death.

JOSEPH BLACK
1728-1799

British chemist and physician Joseph
Black was born in Bordeaux, France,
and studied the arts, then medicine, at
the University of Glasgow, Scotland. As
part of his 1754 doctoral thesis, Black
discovered carbon dioxide, which he
called "fixed air.” After continuing his
studies in Edinburgh, he returned to
Glasgow to teach chemistry and began
his experiments on the effects of heat
on liquids. He found that once a pan of
water on a stove reaches boiling point,
the temperature of the water stops rising
and the heat instead turns the water
into vapor. He called this “latent”
(hidden) heat. Black rarely published his
findings, preferring to announce them
to his students during his lectures.

JAN INGENHOUSZ
1730-1799

In 1779, Dutch-born physician Jan
Ingenhousz submerged a plant in water
and watched as oxygen bubbles
formed on the underside of its leaves.
He discovered that oxygen formed only
on the green parts of the plant that
were exposed to sunlight (in a process
now known as photosynthesis). He also
found that in the dark, plants emit low
levels of carbon dioxide. Ingenhousz
worked as a doctor in London, England,
and was an early advocate of vaccination
against smallpox. He even traveled

to Vienna to inoculate the Austrian
empress Maria Theresa and her family.

JEAN-BAPTISTE LAMARCK
1744-1829

After an injury forced him to leave the
French military, Jean-Baptiste Lamarck
went to work at the royal botanical
gardens in Paris. There, he wrote Flore
Francaise, a book about plants. When
the gardens became a natural history
museum, Lamarck studied invertebrates
and came up with the first major theory
of evolution. He suggested that over
time, living things tend to progress, and
that organisms change in response to
their environment (for example, by
growing longer legs to wade in water).
These acquired characteristics are passed
on to their offspring. Lamarck’s theory
was unpopular, and he died in poverty.

PIERRE-SIMON LAPLACE
1749-1827

Born in Normandy, France, Pierre-
Simon Laplace developed an interest in
mathematics while studying theology
in Caen. He moved to Paris, where he
secured a teaching position at the Ecole

Militaire. In 1773, he began his major
work: proving that gravity will keep the
solar system stable in the long run and
that the self-correcting “perturbations”
noted by Isaac Newton (and put down
to divine intervention) are, in fact, also
made by gravity. As well as proving
Newton's theory, Laplace came up with
the idea that the solar system formed
from a rotating cloud of hot gases.

CHRISTIAN KONRAD SPRENGEL
1750-1816

German botanist Christian Konrad
Sprengel achieved little recognition

in his lifetime. It was not until 1841 that
his work on how fertilization occurs in
plants was brought to light by Charles
Darwin. Sprengel worked as a teacher
in Spandau, Prussia (now Germany), but
was dismissed for spending too much
time studying plants. He moved to Berlin
and, in 1793, published his observations,
including the fact that insects carry
pollen from the male parts of flowers to
the female parts, and that these insects
are attracted by the color of a flower’s
nectaries (nectar-producing organs).

JOSEPH FOURIER
1768-1830

Before settling on a career as a
mathematician, Joseph Fourier trained
as a priest, dabbled in politics, and
traveled with Napoleon to Egypt to
study Egyptian relics. The Frenchman
made his name with his study of heat
flow, in which he showed that a wave of
any shape can be represented by adding
together simpler waves called sines and
cosines. Fourier analysis is now used in
many areas, including electronics. He
also identified the greenhouse effect,
realizing that Earth is warm because
gases in its atmosphere trap heat from
the Sun and prevent it from escaping.












British physicist and chemist Michael Faraday was one of

the most influential scientists of the 19th century. His multiple,
unprecedented contributions to the fields of electricity and
electromagnetism paved the way for an electrical revolution
that would change the modern world.

ichael Faraday was-born in a poor area of south London, and at age

L981—16LI

13 was apprenticed to a bookbinder. As well as learning the art of PR ONES
bookbinding, he read avidly, particularly scientific texts, and developed “ROYAL INSTITUTION
a thirst for scientific endeavor. After attending a lecture by British Accepts a job with Davy in
chemist Humphry Davy in 1812, Faraday wrote up his copious lecture 1813 at the Royal Institution.
notes, bound them, and sent them to Davy. Davy offered him a job as Becomes professor of

his assistant at the Royal Institution (RI) the following year, which set chemistry in 1833.

Faraday on a course of scientific inquiry that would revolutionize the world.

KEY DISCOVERIES
Invents the world’s first
electric motor in 1821 and
discovers how to generate
electricity 10 years later.

At the Royal Institution

Early in his time at the Royal Institution, Faraday accompanied Davy on
a tour of Europe, during which he met many high-profile scientists and
greatly furthered his scientific education and curiosity. Despite his lack

of formal education, Faraday swiftly progressed from assisting Davy to

' : : ; - 9 CHEMICAL WORK
conducting his own experiments. Under Davy's mentorship, he wrote e Toans in 1825:
a chemistry manual, discovered new organic compounds (notably: in 1834, publishes laws of

_electrolysis (electrically
splitting chemicals).

One of the greatest scientific
; = LIGHT CONNECTION
discoverers of all time.” v ot

revelatory link between
light and magnetism.

Ernest Rutherford, 1931

»" Faraday carried out his research
in conjunction with giving regular
lectures at the Royal Institution
for wide audiences. He hosted

19 public lectures, which were
frequently attended by members
.of 'the. Royal Family.



JOSEPH HENRY

US scientist and engineer Joseph Henry
was at the forefront of advances in
electromagnetic technologies and helped
establish the modern electrical industry.

From humble beginnings, Henry (1797-1878) became a leading scientist
due to his work on electromagnetism. Independently of Faraday, he
discovered that a moving magnetic field can “induce” an electric current.
He built the most powerful electromagnets in the world, pioneered the

» technology that led to the electric telegraph, and was technical advisor to
Abraham Lincoln. The First Secretary of the Smithsonian Institution,
Henry's work also led to the creation of the US National Weather Service.

benzene), and became the first to liquify

a permanent gas (one that was believed

to be impossible to liquify). Yet it was the

field of physics that captured Faraday’s
imagination and that inspired his key
contributions to science.

Discoveries in electromagnetism

In 1820, the Danish scientist Hans @rsted

found a link between electricity and

magnetism—namely that when a current

is passed through a wire, it produces
a magnetic field around the wire. This
prompted Faraday’s first great discovery.

By suspending an electric wire into a cup
of mercury with a magnet at the bottom,

Faraday demonstrated that if a current
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was run through the wire, the magnet
would move around it in a circle. His
results, published in 1821, proposed that
electromagnetic energy could produce
continuous motion: Faraday had created
the world’s first electric motor.

A decade later, Faraday made an even
more significant discovery—that moving
a magnetic field can cause electricity
to flow through a conductor. In a
groundbreaking experiment in which
a copper disk was spun between the two
poles of a magnet, Faraday generated a
steady electric current and produced the
first dynamo, or electric generator. This
invention had huge implications: during
the early 19th century, electricity was the
sole authority of scientists and had no
real practical application. But Faraday
had discovered a means of generating
electricity without a battery, and in vast
quantities. His method remains the basis
on which modern power plants operate.

Setting the modern stage

Faraday was a visionary who proved his
theories via experimentation, such as the
1845 experiment in which he discovered
the effects of magnetism on light.
However, some of his ideas proved

too radical, including his theory of

the “unity of forces,” which stated that
magnetism, light, electricity, and gravity

LAID THE BASIS

FOR FUTURE
DEVELOPMENTS IN

THE FIELD OF

ELECTROMAGNETISM




are all manifestations of the same
force—an idea that inspired James
Clerk Maxwell's electromagnetic
field theory (see pp.148-151).

His work launched the electrical
revolution and paved the way for
modern physics. Faraday also set
up a series of lectures at the Royal
Institution, known as the Christmas
Lectures, which continue to inspire
new generations today.

“Nothing is too
wonderful to be true,
if it be consistent with

the laws of nature.”

Michael Faraday, 1849

Faraday's electricity generator enabled
the development of power plants and the

widespread use of electricity, inspiring many
modern technologies.






Charles Babbage was a mathematician and computer pioneer.
He designed huge calculating machines, the last of which—his
Analytical Engine—is considered to be the forerunner of the
modern computer. A lifelong inventor with many interests, he
also promoted scientific societies and industrial mechanization.

MILESTONES

DIFFERENCE ENGINES
Begins designing his first
calculating machine in
1819. Develops this into
the second version in 1847.

. GOLD MEDAL

Wins Astronomical Society’s
Gold Medal in 1824, for
inventing a machine to
calculate logarithms.

PRESTIGIOUS CHAIR
Made Lucasian Professor of
Mathematics at Cambridge
University in 1828, but
does not give lectures.

MEETS LOVELACE
Becomes friends with Ada
Lovelace in 1833. She
later sees the potential
of his Analytical Engine.

.~ b it but never builds it.

FINAL MACHINE
Designs most of his
Analytical Engine by
1838; continues to refine

Born in London to a wealthy banking family, Charles Babbage displayed
a talent and passion for mathematics early on. As a child, he suffered
from prolonged ill health, which disrupted his schooling. But he read
widely and had learned much about modern mathematics by the time
he entered Cambridge University in 1810. He was not impressed with the
syllabus there, and this drove him to set up the Analytical Society in 1812,
which aimed to promote innovative developments in mathematics.

Babbage was known for his provocative personality. Despite being a top
mathematics student at his Cambridge college, he transferred to another
one and graduated from there in 1814. He later became influential in
scientific circles, and in 1816, he was elected a Fellow of the Royal Society
of London. In 1820, he helped found the Royal Astronomical Society.

Manuals and machines for calculating

In the early 1820s, engineers, navigators, and mathematicians used
logarithm tables for complex calculations. These tables were devised,
copied, and typeset by hand—a process that was vulnerable to errors.

Babbage’s Analytical Engine
was designed to be programmed
using cards punched with holes.
It is widely recognized as the
precursor of the computer.
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éAs soon as an Analytical
Engine exists, it will
necessarily guide the future

course of science.”

Charles Babbage, 1864

Invited by the Astronomical Society
to lead a project to improve a set of
these tables for The Nautical Almanac,
Babbage found that they contained
a large number of mistakes. In 1821,
el s | he exclaimed, “l wish to God these
N‘I w0 g (L calculations had been executed by
| A . 1 steam!” He determined to create
‘ a foolproof calculating machine.
Babbage presented his first
design for a Difference Engine
in 1822. Powered by cranking
a handle, it would formulate
and print the mathematical
tables by making complex calculations
using a process of repeated addition.
Babbage secured initial government
funding and began work with his
engineer, Joseph Clement, to build
a prototype: Difference Engine No.1.
A small section, about one-seventh of
the whole, was finished in 1832, and
Babbage liked to demonstrate it to
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The Difference Engine No.1 is one
of the earliest conceptions of a general-
purpose computer. Babbage aimed to
mechanize calculation, reducing the risk
of human error:




guests. But then, following an argument
with Clement about the cost of tools,
work on the prototype stopped.

A decade later, Babbage refined his
designs to create the Difference Engine
No.2. This would need only a third of the
parts of the earlier prototype and would
be able to calculate numbers up to 31
digits long. However, this time no funding
was provided, and the machine was not

constructed in Babbage’s lifetime. More
than a century later, in 1991, the London
Science Museum completed his vision
by building a full-scale working model.

The Analytical Engine

In 1833, Babbage started a new project,
his Analytical Engine. A more advanced
design than the Difference Engine, it
would be able to add, subtract, multiply,

JOHN HERSCHEL

The mathematician and astronomer John Herschel
produced the first global survey of the night sky,
named the moons of Saturn and Uranus, and
coined the word “photography.”

THE BRITISH
GOVERNMENT

CONTRIBUTED
$22,100

10 THE

CONSTRUCTION

OF THE

DIFFERENCE
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Herschel (1792-1871) studied mathematics at Cambridge University with
Babbage and co-founded the Analytical Society with him. He also helped
found the Royal Astronomical Society and served as its president three
times. He discovered more than 500 nebulae and 3,000 double stars in the
northern hemisphere. In 1821, Herschel was awarded the Royal Society’s
Copley Medal for his contributions to mathematical analysis. In 1834,

he went to South Africa, set up the first observatory in the southern
hemisphere, and completed his catalog of the Earth's skies. He was

also the first to capture a permanent photographic image, in 1839.

THE ANALYTICAL

ENGINE

COULD STORE

90-DIGIT
NUMBERS:

MORE THAN ANY
PRE-1960S'
COMPUTER
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éBabbage has devoted ..
vears to the realization

of a gigantic idea.”

Luigi Menabrea, 1842

and divide. It was to be programmed
using punch cards held together by
string, an idea Babbage copied from

the French weaver Joseph Jacquard, who
used such punch cards to control the
patterns on his looms.

The design for the Analytical Engine
had a similar logic structure to that of
modern computers. It featured a “store”
where intermediate results could be held
and a “mill” for arithmetic processing.

It could repeat an operation a specified
number of times (a process called looping,
or iteration) and, depending on the
result of an operation, it could choose
alternative actions (lateral branching).
It could also print results on paper, or
as a “stereotype,” impressed on plaster
of Paris to form a mold from which a
printing plate could be made. Although
the Analytical Engine was never built, it
represented a crucial development from
the basic arithmetical
processing of the
Difference Engine
and is widely

regarded as the forerunner of the
modern computer. Babbage himself

did not publish much about the potential
of the Analytical Engine, but when his
friend Ada Lovelace (see right) translated
a paper about it in 1842, Babbage asked
her to expand on the original article, “as
she understood the machine so well”

A man of many talents

Babbage was a true polymath. He wrote
more than 80 scientific papers on subjects
ranging from solar eclipses to geology and
statistics; from decimalization to diving
bells and lighthouses. He designed

a prototype ophthalmoscope (for

looking at the retina of the eye) and

a “cowcatcher”: a metal frame at the

front of a train to clear obstacles from
railroad tracks.

Babbage’s ideas about mechanization
also went further than his calculating
machine. Inspired by the concept of
error-free efficiency, he had suggestions
to make about human productivity.

In 1832, he wrote On the Economy

of Machinery and Manufactures, which
proposed that industrial manufacturing
be improved by mechanization. He also
suggested a more streamlined division
of labor. This idea is still known as the
Babbage principle.
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The mathematician and writer Ada Lovelace saw
the potential of Babbage’s calculating machine.
Her instructions for it, written in algebraic code,
are regarded as the first-ever computer program.

Born Ada Byron, Lovelace was the only legitimate
child of the poet Lord Byron, who was briefly
married to her mother, Anne Isabella Milbanke. Aged
17, Ada’s tutor, Mary Somerville, introduced her
to Charles Babbage. Sharing a passion for
mathematics and machines, the
two became friends. In 1842,
N\ Babbage asked Lovelace to
R translate a paper about his
Analytical Engine, written
by the Italian engineer Luigi
Menabrea. She added explanatory
footnotes to the paper, tripling its
length. In these, she set out how to
code formulae as instructions for the
calculating machine. Lovelace realized
that if machines could manipulate
numbers, they could also manipulate
symbols and process algorithms.
Her notes inspired Alan Turing’s
work on modern computers
in the 1940s.

MILESTONES

FLYING ENGINE

In 1828, aged 12, she
decides she wants to fly
and designs a steam-
powered flying machine.

EARLY INFLUENCES
Learns mathematics from
her tutor, Mary Somerville,
who in 1833 introduces
her to Babbage.

A KEEN INTELLECT
Presented at Court in 1833;
her brilliance is recognized.
She starts to correspond
with scientists.

COMPUTER PROGRAM
“Sketch of the Analytical
Engine ... with Notes by the
Translator” is published in
1843, with her own code.

ANNUAL MEMORIAL
Commemorated on the
yearly Ada Lovelace Day
from 2009, which celebrates
women in science.

ADA







One of the most famous naturalists in history, Charles Darwin

had no academic training in zoology but was a passionate scientist
at heart. On his voyage on HMS Beagle, he made careful records
of numerous species, which gave him the ideas and the evidence

for his theory of evolution by natural selection.

harles Darwin was born in Shrewsbury, England, the son of a doctor.

His mother, the daughter of the famous potter Josiah Wedgwood, died
when Darwin was 8, and he was sent to boarding school. He went on
to study medicine at Edinburgh University, but left because he found
surgery too unpleasant. At his father’s wish, he then went to Cambridge
University in order to become a clergyman but, although he passed his
exams, he spent much of his time studying natural history. In 1831, his
friend John Henslow, professor of botany at Cambridge, offered him the
chance to join HMS Beagle on an expedition that set out to survey the
coastline of South America. The voyage lasted 5 years and was to
change Darwin’s life.

During the trip, Darwin devoted himself to collecting specimens,
making detailed drawings, and reading. He was intrigued by the
fantastic diversity of species he saw and started to think about how it
had developed. He was especially captivated by the unusual wildlife of
the Galapagos Islands. Noticing that some species on different islands—

“It is always advisable to perceive
clearly our ignorance.”

Charles Darwin, 1872

MILESTONES

VOYAGE OF A LIFETIME
Embarks from Plymouth
on HMS Beagle in 1831.
Arrives at the Galdpagos
Islands in 1835.

. LOSS OF FAITH

His young daughter Annie
dies in 1851, an event that
undermines his already-
faltering Christian faith.

SEMINAL PAPER
Produces his first paper
on evolution, which is
presented to the Linnean
Society in 1858.

EVOLUTION THEORY
Publishes On the Origin
of Species in 1859,
causing a furor in a
conservative society.

FINAL PUBLICATION

Claims that humans are
descended from apes in

| his 1871 landmark book

The Descent of Man.

* Darwin saw marine iguanas and
Galdpagos finches, species unique
to the Galdpagos Islands. The highly

specialized life forms found there
inspired his initial discovery.




ON HMS
BEAGLE

DARWIN

FILLED 15
NOTEBOOKS

WITH SKETCHES
AND OBSERVATIONS

ON THE
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SOLD
1,250
COPIES
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DAY OF

PUBLICATION
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mockingbirds, finches, and giant
tortoises, for example—shared very
similar characteristics, he began to
think that in each case they may have
shared a common ancestor.

On his return to the UK, Darwin
continued to develop his ideas. He
was strongly influenced by An Essay on
the Principle of Population by Thomas
Malthus, which predicted that human
overpopulation would lead to a
struggle for survival due to limited
food resources. Darwin wondered
if this would apply to animals, too.

Competition and evolution
By 1838, Darwin had formulated his
theory of evolution, but he knew it
would cause outrage, as it contradicted
the Christian view of creation. He was
cautious about publishing and instead
spent the next 20 years gathering more
supporting evidence for his theory. Then,
in 1858, he received a manuscript from
Alfred Russel Wallace (see box), who
had come up with a similar idea. A
year later, Darwin published On the
Origin of Species. The book sold out
on the first day of publication.

Darwin’s theory of evolution by
natural selection was based on
his realization that there is always
some variation between all the
individuals in a species and that
more individuals are born than
survive. He suggested that, in
the competition for survival,
it is the characteristics of an
individual that make the
difference and that only
the fittest survive. For
example, those with
thicker fur are far
more likely to

survive in a cold climate and go on to
produce offspring. If a useful trait, such
as thick fur, can be inherited, more of
the next generation will possess that
trait. Over time, such small changes add
up to a large and noticeable difference.

Although Darwin made sure not to
discredit Christian beliefs in his book, it
was still a profound shock to Victorian
society. His work commanded huge
respect nonetheless. When he died,
Darwin was given a state funeral and
was buried in Westminster Abbey.

Darwin noticed that the shapes of the beaks

of the Galdpagos finches varied in accordance
with their diets. He proposed that the finches were
linked by one common ancestor from which new
species evolved as they adapted to the conditions
and food of their inhabited islands.
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ALFRED RUSSEL WALLACE

Darwin and Alfred
Russel Wallace devised
theories of evolution
at the same time.

A British botanist, Wallace (1823-1913) spent
years documenting species in the Amazon
and the Malay Archipelago. Not blessed with
luck, he lost his entire Brazilian specimen
collection when his return ship caught fire

in 1852. Although eclipsed by Darwin in the
history books, his name is preserved most
notably in the “Wallace Line” in Indonesia,
which marks a division between species of
Asian origin and those of Australian origin.

éThis preservation of favorable
variations and the rejection of
injurious variations, | call

natural selection.”

Charles Darwin, 1859
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“FOR MY OWN PART I WOULD
AS SOON BE DESCENDED
'FROM THAT HEROIC LITTLE
 MONKEY, WHO BRAVED I'IIS

- DREADED ENEMY IN ORDER

~ TO SAVE TH‘E‘I'.I'FE 0F Hs

KEEPER ... AS FROM A SAVI-\GE’**"
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A brewer by trade and a keen amateur scientist, British physicist
James Prescott Joule investigated the nature of heat and the
transfer of energy. He was renowned for experiments that proved
heat was a form of energy and for confirming one of the most
fundamental ideas in physics: the law of conservation of energy.

PET VP

MILESTONES

BREWER TO SCIENTIST
Takes over the family
brewery in 1837, which
fuels his experiments into

heat, pressure, and energy.

JOULE'’S FIRST LAW
Establishes how much
heat is generated by an
electric current; presents
findings in 1841.

ENERGY WORK

Results of an experiment
he publishes in 1843
determine the mechanical
equivalent of heat.

ROYAL SOCIETY
Accepts a fellowship to
the Royal Society in 1850
and is awarded a Royal
Medal 2 years later.

~he owner of a successful brewery in northern England, James Prescott

Joule fostered his interest.in science by conducting experiments into
the nature of heat in its laboratories. Although lacking formal training, he
was a talented experimenter who made key discoveries during his career.

Experimental science

The results of Joule’s early investigations into the relationship between
electrical resistance and heat became known as Joule’s first law. He then
examined the direct relationship between mechanical work and heat,
devising an experiment to mechanically turn a paddlewheel in water

to raise its temperature. Joule concluded that the mechanical energy
was converted into heat and argued that energy is never lost, but merely
changes form. This groundbreaking theory became the foundation of the

" law of'‘conservation of energy. He also discovered the Joule-Thomson effect

with-Lord Kelvin in 1852',,which examined expansion and temperature
changes in gases and led.to"pioneering work in refrigeration.

“Energy may be converted
into heat; heat into energy”

James Prescott Joule, 1847 | ’

@ i q Joule’s most famous experiment

J \ AT R TT"LII“'L\\T\]

used falling weights (right) to
mechanically churn and heat water
(left). He noted that the falling
weights generated energy that
converted into heat as the paddles
created friction in the water.
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The Augustinian monk Gregor Mendel is
widely regarded as the founder of modern
genetics. He discovered the laws of heredity
and realized that family traits are inherited
through units that are now known as genes.

ohann Mendel was born to peasant farmers in a village in what is

now the Czech Republic. He initially trained in mathematics and
philosophy before entering the priesthood as a way of furthering
his education. Renamed Gregor when he joined St. Thomas's Abbey
in Brno, Mendel was sent to Vienna University to complete his
studies, after which he returned to teach at the abbey.

Mendel was interested in plant breeding and heredity. Inspired
to help the monks improve their crops, he focused on peas. His
mathematical background helped him to design his experiments:
he looked at “either/or” traits, such as seed color, flower color, and
plant height, which made it easier for him to interpret his results.

Generations of pea plants

In one example, Mendel crossed green-seeded and yellow-seeded
peas, and all the seeds in the next generation were yellow. He then
crossed two of their offspring with each other and found that the

é6\\/le have now the means
of beginning an analysis

of living organisms.”

William Bateson, 1913

MILESTON.ES

FURTHER EDUCATION FIRST EXPERIMENTS SEMINAL PAPER HIGHER CALLING
Works as a teacher Authorized to study Publishes his Experiments § Becomes Abbot of

while a friar, then goes the St. Thomas's Abbey in Plant Hybridization in St. Thomas's in 1868,
to study at the University § garden in 1854; begins 1866, but its significance § and puts aside his
of Vienna in 1851. to cultivate peas in 1856. is unappreciated. scientific research.
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RECORDED THE
GROWTH OF

MORE THAN

29,000

PEA PLANTS

P, 3

WAS A

MEMBER OF

34

SCIENTIFIC
SOCIETIES

second generation contained yellow-
seeded and green-seeded plants in

the exact ratio of 3:1. Mendel saw that
“either/or” traits were passed on in exact
proportions. He called this the “law of
segregation.” He also realized that these
characteristics were determined by
discrete “particles,” now called genes,
that occurred in pairs and were formed
at fertilization because one gene was
inherited from each parent plant.

Dominant and recessive genes

As Mendel discovered, there are
different versions of a gene for any
particular trait. Some are stronger
(“dominant”) and some weaker
(“recessive”). Dominant versions

override recessive ones, so when
different versions are inherited, only

the dominant trait appears in the

next generation. With Mendel’s peas,
the gene for yellow seeds was dominant.
As the offspring of his first cross inherited
one “yellow” gene and one “green” gene,
all produced yellow seeds. But when

two of these plants were crossed,
one-quarter of their
offspring would inherit

HUGO DE VRIES

The Dutch botanist de Vries independently
reached the same conclusions as Mendel about
heredity, and brought genetics to the attention

of the scientific world.

The young de Vries (1848-1935) was passionate about plants and was
also an admirer of Darwin’s theory of evolution. Intrigued to learn more
about how evolution worked, he carried out plant-breeding experiments
on evening primrose and used the word “mutation” for the spontaneous
variations that sometimes occurred. Further experiments led him to the
same results as Mendel, which he published in 1900. De Vries also coined
the term “pangene” for the unit of heredity, which later became “gene.”

a “green” (recessive) gene from each
parent and have green seeds, while
the rest were yellow. This hereditary
mechanism explains why some traits
can skip generations: for example, a
red-haired parent might have a dark-
haired child but a red-haired grandchild.
It was fortunate that Mendel studied
peas, as their genetic mechanism is
very simple. The process in many other
organisms is more complex, although
still based on the same rules. Most
characteristics are governed by
a combination of genes, resulting
in a more variable outcome
(height in humans, for example).
Moreover, some genes for different
traits are linked together and are
therefore inherited together.
Mendel published his
findings, but they were
ignored for more than 30
years. Around 1900, they
were rediscovered,
and he received
the credit
he deserved.

In his pea-breeding
experiments, Mendel
found that some genes
could be carried without
being expressed as
physical traits. In this
pea “family tree,” the
first generation all carry
the gene for red seeds,
and the red-seeded trait
becomes visible when
the genes recombine

in the second generation.



téRecessive traits ... reappear
unchanged in their progeny.” ¢

Gregor Mendel, 1866




Trained in chemistry and biology, Louis Pasteur was instrumental

in establishing the field of microbiology. He discovered that

microorganisms cause infectious disease and developed the 4
first vaccines for rabies and anthrax. He also invented a method

of sterilizing food, known as “pasteurization.”

Louis Pasteur was born and raised in a small town in the Jura region

MILESTONES , ; . .

o of France. His father, like generations before him, was a leather
SENIOR SCIENTIST tanner. A talented artist, Louis spent much of his time drawing portraits
In 1857, returns to his old in pastels. On his second attempt, he passed the entrance exams for
college, the Ecole Normale an elite college in Paris, and in 1847 submitted PhD theses in both
Supérieure, as its Director physics and chemistry. The next year, he became professor of
R L chemistry at the University of Strasbourg and made his first scientific

discovery: that some molecules exist in two mirror-image forms.

\ KEY PUBLICATION

 Publishes his work on Fermentation, pasteurization, and microbes

alcoholic fermentation in

: In 1854, Pasteur became Dean of Sciences at the University of Lille.
1858, which leads to the . . . ; .
invention of pasteurization. He became |n.terested in a problem that was affll.c.tmg wme.makers.
the fermentation process often went wrong, spoiling the wine. Pasteur
PRIZE-WINNING discovere:‘d that fermentation is.cau.sed by Iiv.ing yeast microt?es and
Wi oDl an that souring occurs when the wine is contamlnated by ba;terla. In 1.86.5,
the French Academy of he patented a method for preventing such “diseases” of wine. The liquid
Sciences in 1862, for was heated briefly to 140-212°F (60-100°C), which killed off the bacteria
disproving “abiogenesis.” without affecting the taste. This process, which also worked on beer
and milk, became known as pasteurization.
RABIES VACCINE Pasteur’s research went further than solving the wine problem. He
Performs the first rabies also answered the question of how microbial contamination occurs.

vaccination in 1885, on a
boy who had been bitten
by a dog with rabies.

In the 19th century, most scientists believed in the concept of

ONGOING RESEARCH
Founds the Pasteur Institute
in 1887, for research into

| the treatment of disease,
which continues to this day.

News spread quickly of the
first successful rabies vaccination,
administered to the 9-year-old
Joseph Meister, and people soon
flocked to Pasteur for treatment.
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“abiogenesis”: that life could generate
spontaneously from nonliving material.
For example, maggots were thought
to just appear by themselves in rotting
meat. Likewise, infectious diseases
were thought to be caused by “miasma”
(bad air) rising from decaying matter.
In a famous experiment, Pasteur
demonstrated that the air is filled with
microbes, and that these will colonize
any exposed surface or liquid. First, he
filtered air through cotton, examined
the cotton through a microscope,
and found that it contained the type
of microorganisms associated with
decaying food. Next, he heated a glass
flask of nutrient-rich broth to sterilize
it. He then softened the neck of the
flask with heat and bent it down and
up again into a “swan neck” S-shape.
This meant that nothing in the air
above the flask could fall directly down
onto the liquid in the flask. When the
broth cooled, no microbes reappeared
in it. However, when Pasteur tilted the

éEverything is clear if its
cause be known.”

Louis Pasteur, 1878

neck of the flask so that the outside
air could reach the broth, it became

contaminated with microbes once more.

Germ theory

After his help with the wine industry, the
French government asked Pasteur if he
could cure a disease that was destroying
silkworms. Pasteur succeeded, having
found that it was caused by two
different types of parasitic microbe.
Now convinced that illness was brought
about by certain microbes (germs), he
devoted himself to learning more. First,
he studied chicken cholera. He cultured

A\

ROBERT KOCH

.
£

The German physician Robert Koch was the

cause cholera and tuberculosis.

founder of bacteriology. He discovered the life
cycle of anthrax and identified the bacteria that

After graduating from medical school with flying colors, Koch (1843-1910)
soon developed a passion for laboratory work on microorganisms. He
devised techniques for culturing bacteria and discovered that the anthrax
bacterium produces a type of spore, which can remain dormant in soil.
He is particularly recognized for his work on isolating specific microbes:
his four “Koch's postulates” established the key principles for identifying
the microbe that causes a disease. In 1905, Koch won the Nobel Prize
in Physiology or Medicine for his research into tuberculosis. Once a
colleague of Louis Pasteur’s, the two men later became archrivals.

Pasteurization was originally used on wine,
but is more familiar to us now as a treatment for
milk. Brief heating kills certain bacteria, and the
pasteurized milk then stays fresh for 2-3 weeks.



When Pasteur inoculated the birds

with it, they became ill but recovered.
He then inoculated them with fresh
cultures, which had killed other birds,
and they survived. Pasteur realized that
his chickens had developed an immunity
to cholera as a result of exposure to the
weakened culture. What he had created
was a chicken cholera vaccine.

Pasteur extended his studies to anthrax
in cattle and sheep, then began to work
on a vaccine for rabies. In 1885, he
injected his vaccine into a 9-year-old
boy called Joseph Meister, who had been
bitten by a rabid dog. Joseph survived,
and Pasteur became a national hero.

The realization that microorganisms
cause disease and can spread through
the air or by direct contact revolutionized
medicine. It led not only to vaccination
regimes but also to better basic hygiene
practices, crucial to preventing infection.

cholera microbes in his laboratory.
When inoculated (infected) with these
microbes, his chickens became ill and
died. But on one occasion, in 1879, the
microbe culture was abandoned for a

month while Pasteur went on vacation.

GAVE MEISTER
13 VACCINE
INJECTIONS

OVER 10

DAYS;

MEISTER
RECOVERED

DEVISED
METHODS

10 PROTECT

HUMANITY
FROM 2
DEADLY

DISEASES—

ANTHRAX
AND RABIES



Nineteenth-century British physicist James Clerk Maxwell’s
theory of electromagnetism proved that electricity, magnetism,
and light are all different aspects of the same underlying
phenomenon: an idea that remains of fundamental importance.

ames Clerk Maxwell was an only child, the son of a wealthy Edinburgh
lawyer. His mother, who tutored him at home in his early years, died
when he was 8 years old. The young Maxwell was extremely clever
and inquisitive and intrigued by how things work. At the age of 14,
he published his first scientific paper, on the subject of geometry. He
also memorized the Bible and remained a devout Protestant all his life.
Maxwell went to Edinburgh University at the age of 16 to study
physics (then called “natural philosophy”) and mathematics. Finding
\ PIVOTAL T“EO_RY the taught courses unchallenging, he began to conduct his own
I 1864 EPBISHES experiments in his spare time and published two more papers. Aged
A Dynamical Theory of . 19h t to stud th tics at the Uni itv of Cambrid i
the Electromagnetic Field, » he went to study mathematics at the University of Cambridge, an
with detailed equations. 5 years later became a Fellow of Trinity College. His intellectual interest
were many and varied: in 1855, he published “Experiments on color.

MILESTONES

FIRST SCIENCE PAPER
“Oval Curves,” published
in 1846, arises from his
childhood love of drawing
using pins and thread.

FINAL POST

Returns to Cambridge in
1871 and becomes the
first Cavendish Professor
of Experimental Physics.

PUBLISHES KEY WORK
In 1873, his two-volume

Treatise on Electricity and
Magnetism explains his
electromagnetic work.

The first-ever color
photograph, of this tartan
ribbon, was produced by

Maxwell in 1861. He made
it using red, green, and blue
color filters.

“Every atom of
creation is unfathomable
in its perfection.”

James Clerk Maxwell, 1873
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remain stable without breaking up.
Maxwell spent 2 years working on the
problem before showing that the rings
could not be solid or fluid, but must
be made of innumerable small particles.
He won the prize in 1859. His analysis
was ultimately proven in 1980, when
NASA's Voyager 2 reached Saturn.

In 1860, Maxwell was appointed
to the Chair of Natural Philosophy at
King’s College, London, and his interests

Maxwell’s discovery that visible light
is an electromagnetic wave (made of
separate electrical and magnetic waves
vibrating at right angles) was one of the
most important advances in physics since
Newton’s laws.

HEINRICH HERTZ

German physicist Heinrich Hertz discovered radio
waves and was the first to prove electromagnetic
theory by experiment. The unit of frequency is

i named after him: the hertz.

Hertz (1857-1894) was a gifted young man who worked in a physics
laboratory in Berlin. He was invited to enter a competition to verify
James Clerk Maxwell’s theory, but did not think he was capable. Years
later, in 1886, he noticed that electric sparks caused a regular vibration,
resulting from fluctuating electric charges. He realized that, if Maxwell
was right, these would radiate electromagnetic waves. He designed

the necessary apparatus and produced radio waves. In fact, he had
made the first radio transmitter.

broadened further. He greatly advanced
the kinetic theory of gases, showing the
mathematical relationship between the
temperature of a gas and the different
speeds of its molecules. However, it is
for his work on electromagnetism that
he is most renowned.

A grand unified theory

Maxwell was intrigued by the ideas of
Michael Faraday (see pp.122-125), who
had demonstrated clear links between
electricity and magnetism. Maxwell
wanted to make mathematical sense

“NMaxwell is

the physicist’s
physicist. He is the
unsung hero of

British science.”

Stephen Hawking, 2010



of Faraday’s experimental results. In 1855
and 1856, he proved that electricity and
magnetism are actually different aspects
of one force: electromagnetism. He then
went further—he calculated what the
speed of an electromagnetic wave would
be if it was produced by an electric current
in a conducting loop. The answer was
the speed of light. Maxwell realized-that
light itself must be an electromagnetic
wave. Indeed, his equations showed that
there could be an infinite number of
frequencies of electromagnetic waves,

all traveling at the speed of light, and
that the light familiar to us (“visible light”)
is only a small part of this spectrum. Since
his time, other kinds of electromagnetic

waves have been discovered, including
X-rays, microwaves, and radio waves.
Maxwell published his theory in 1864,
with a series of equations. After his
death, these were summarized into just
four, now known as “Maxwell’s laws.”
While the mathematics is not easy to
comprehend, its significance cannot

be understated.

_ The theory was a huge conceptual leap
in the-understanding of the fundamental

-forces of nature—and it paved the way

for Einstein’s special theory of relativity.
Indeed, Einstein (see pp.198-203)
is-.quoted as saying: “One scientific
epoch ended and another began with
James Clerk Maxwell.”
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Known as the creator of the periodic table, Dmitri Mendeleev was
an eccentric chemistry professor who solved the problem of how
the elements are related to each other. His classification system
advanced science, leading to the discovery of new elements and

an understanding of the structure of the atom.

MILESTONES

CHEMISTRY PIONEER

Discusses standardizing
chemistry at the first-ever
international chemistry
conference in 1860.

\ PERIODIC TABLE

His brainwave comes in
1869, when he devises his
periodic table of elements
in a grid pattern.

FIRST REFINERY
Conducts research into
petroleum and helps to
found the first Russian
oil refinery in 1879.

WINS ACCLAIM

In 1905, is awarded the
Copley Medal and elected
to the Royal Swedish
Academy of Sciences.

PRIZE NOMINEE
Nominated for the Nobel

§ but is rejected, possibly

Prize in Chemistry in 1906,

due to a personal grudge. i

mitri lvanovich Mendeleev was born into a poor Russian family

in a village in Siberia, the youngest of 14 surviving children. When
Mendeleev was 13, his father went blind, and his mother had to support
the family by running a glass business. Two years later, the factory burned
down. Determined that Mendeleev should have a higher education, his
mother walked and hitchhiked with him across Russia to St. Petersburg.
Tragically, she died just days after he enrolled at the university there.

Mendeleev shone at his studies and later became professor of
chemistry. He was an idiosyncratic teacher, known for his disheveled
appearance and fiery temper. His career flourished, however, and his
textbook The Principles of Chemistry was published between 1868 and
1870; it has since been translated into several languages.

One of the key challenges within chemistry at the time was how to
classify the elements. Several scientists had identified certain patterns in
the way elements behaved—for example, some reacted violently with
others, while others hardly seemed to react at all. It was known that

Mendeleev wrestled

with the puzzle of how all
of the elements fit together.
Inspiration finally came to
him one day after he fell
asleep at his desk.
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WROTE HIS

FIRST

TEXTBOOK
IN JUST

61

DAYS

MENDELEVIUM
IS ELEMENT

NUMBER

101

TODAY

{ THERE ARE

118

' KNOWN

ELEMENTS

the atoms of each element have a
different atomic mass and, in 1865, the
British chemist John Newlands realized
that if you listed the elements in order of
their atomic mass, there was a recurring
pattern, or “periodicity,” in their physical
and chemical properties. This periodicity
occurred every eighth element, so he
called it the “law of octaves.” However,
the pattern seemed to break down

after the 20th element, calcium, and
there were gaps.

Dreaming up ideas
Mendeleev felt compelled to solve the
puzzle. In 1869, he had the idea of writing
the name and number of each of the 63
then-known elements on the back of a
playing card so that he could experiment
with different arrangements. He tried
to represent the elements’ periodicity
with a grid of rows and columns, but
it did not quite work.
Working on the problem
one night, he fell asleep in
front of his cards. He had
a dream about playing
Solitaire—and woke

up with a new idea: why not try shaping
the grid pattern to match the elements’
properties, leaving gaps as necessary
that would correspond to elements that
had not yet been discovered? It worked
beautifully. His periodic table comprised
seven columns, corresponding to seven
groups—elements with “family” traits.
An eighth group, the “noble gases,” was
discovered during the 1890s, and fit
neatly onto the table.

One of the most exciting things about
Mendeleev’s table was that it made it
possible to predict the properties of the
elements that would fill the gaps simply
because of their positions. By 1888,
he was proved right: his three gaps had
been filled by the new elements gallium,
scandium, and germanium.

Mendeleev realized that
the missing pieces in the
periodic table “jigsaw” were
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