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PREFACE

A Companion to Astronomy and Astrophysics is a comprehensive, fundamental, up-
to-date reference book. It is filled with vital information and basic facts for amateur
astronomers and professional astrophysicists, and for anyone interested in the Universe,
from the Earth and other planets to the stars, galaxies and beyond. Although serious
and thorough, the language and ideas will attract the general reader, as well as students
and professionals.

A Companion to Astronomy and Astrophysics consists of two main parts, a Chro-
nology and a Glossary. The Chronology is a concise history, arranged chronologically,
which provides the complete story of cosmic discovery from early Chinese and Greek
astronomy to the latest findings of modern astrophysics and robotic spacecraft. It pro-
vides a sense of destination and flow in our growing awareness of the Universe. Each
entry in the unfolding narrative is written in a concise, light and friendly style that will
be appreciated by all, without being weighted down with incomprehensible special-
ized terms. And the reader can either trace out our historical journey of realization, or
sample the entries at random, dipping in and out of the fascinating ideas and findings.

The story line of science is one of individuals, as well as discoveries and ideas.
So our Chronology includes the people who have made major scientific contributions
that are related to astronomy and astrophysics. Nobel Prize winners for all the relevant
discoveries are also included, in the year of the award.

The Chronology also contains line drawings selected to demonstrate a key discov-
ery, including the abundance and origin of the elements in the Sun, annual parallax,
the blackbody radiation spectrum, the Bohr atom, dark matter around a spiral galaxy,
the electromagnetic spectrum, globular clusters and the extent of the Milky Way, Great
Walls of galaxies, the Hertzsprung-Russell diagram, the Hubble diagram - original and
recent, the mass-luminosity relation of stars, precession of Mercury’s perihelion, the
proton-proton chain, retrograde planetary loops, the Roche limit, space curvature, and
Thomas Wright's model of the Milky Way.

The Glossary defines all terms and acronyms that deal with our celestial science,
from important concepts to individual objects or observatories and space missions. It
is arranged alphabetically and complemented by numerous tables of fundamental data.
Line drawings are also used to forcefully compact a scientific insight, with clear labels
and captions.

Individual names are not given in the Glossary, but the reader can use the Author Index
to find their significant contribution in the Chronology. The exceptionally thorough Sub-
ject Index cross-references concepts, discoveries, ideas, people, history and time in both the
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Chronology and Glossary. The combined result is a unique, comprehensive, stand-alone ref-
erence volume in which the reader can quickly locate information, while also discovering
new and unexpected knowledge. A Companion to Astronomy and Astrophysics is therefore
an indispensable book for any library and all persons interested in astronomy and astrophys-
ics, as well as the related fields of cosmology, geology and physics.

Astronomy is the oldest of all sciences, with origins dating back at least several
thousand years. The Chronology therefore begins with early astronomy from China to
India, and continues with the ancient Greeks. The word astronomy comes from two
Greek words, astron, meaning “star”, and nomos, for “law” So our concise historical
Chronology includes the discoveries of the laws of physics that help describe the energy,
ingredients, magnetism, motion, origin and destiny of cosmic objects. These develop-
ments include the quantum theory of the very small, with its exclusion and uncertainty
principles, atomic structure and sub-atomic particles, electromagnetic radiation and
the speed of light, and the special and general theories of relativity.

Major scientific breakthroughs are highlighted in the Chronology, beginning with
the invention of the telescope, which enabled astronomers to glimpse distant worlds
that cannot otherwise be seen or to resolve details on nearby ones. Key discoveries
include the concept of universal gravitation, new planets in our Solar System and
around other stars, determination of the chemical ingredients of the stars, a realization
that stars shine by nuclear processes deep within their cores, observations of stars that
are being born, evolving and perishing before our very eyes, and the knowledge that
the Universe is expanding.

New ideas concerning our home planet Earth are woven into the fabric of our account,
including its age, size and mass, continental drift, global warming and the ice ages.

Radio waves, which lie beyond the range of visual perception, have revealed an
explosive Universe, from exploding stars to the relic radiation of the Big Bang that set
the expanding Universe in motion. Radio astronomers have also discovered the cold
hydrogen of interstellar space, rapidly spinning neutron stars called pulsars, a pair of
neutron stars headed for collision and emitting gravitational radiation in the process,
and the compact, distant and energetic radio galaxies and quasars, apparently powered
by supermassive black holes.

Spacecraft have played an important role in astronomical discovery in recent
decades. Men were sent to the Moon, helping us understand its origin and evolu-
tion. Spacecraft have traveled throughout the Solar System, obtaining close-up views
that have changed the planets from moving points of light to fascinating worlds and
transformed their satellites into unique objects with complex and disparate surfaces.
Robot spacecraft have landed on Mars and Venus, and probes have been dropped
into the atmospheres of Jupiter and Saturn’s largest satellite, Titan. Spacecraft have
also obtained images of the icy nucleus of three comets and scrutinized the battered,
broken surfaces of several asteroids.

The Hubble Space Telescope has been lofted above the Earth’s obscuring atmo-
sphere to view cosmic objects in visible light with a clarity never achieved before.

X-ray telescopes have similarly been propelled into space, first in rockets and then
aboard long-lived satellites. They have opened a new window to the previously unknown
worlds of million-degree gases, black holes and hot matter hidden in the space between
galaxies. Cosmic gamma rays have also been detected using space-borne instruments,
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including gamma ray bursts that briefly emit more energy than the rest of the Universe
combined.

More recently, substantial amounts of dark matter have been inferred from rapid
motions of stars or galaxies, outweighing all of these shining visible objects. Mysterious
dark energy has also been found, filling apparently empty space. Scientists have even
speculated that everything in the observable Universe could have originated from the
nothingness of space, during a rapid growth spurt, or inflation, soon after the Big Bang,
or by a host of microscopic, oscillating strings at earlier times closer to the Big Bang.

The Glossary provides an alphabetical listing of the terms, names and acronyms rel-
evant to A Companion to Astronomy and Astrophysics, along with a discussion of their
meanings and applications. Here the reader can find that long-forgotten definition
together with an introductory background to the concept. Informative tables accompany
the Glossary, some of them created for this book and others extracted from the author’s
widely used reference books, Astrophysical Formulae I, IT and Astrophysical Data, pub-
lished by Springer.

These tables include the atmospheres, escape velocities, magnetic fields and orbital
parameters of the planets, as well as physical data for each planet, such as their angular
diameter, mass, mass density, radius, rotation and temperature. Comprehensive physical
information is also given in tables of the largest asteroids, aurora spectral features, com-
ets, the corona, conversion factors, the cosmic microwave background radiation, cosmic
rays, the Crab Nebula, Fraunhofer lines, the Galilean satellites, greenhouse gases, Halley’s
comet, our Milky Way Galaxy, meteor showers, radioactive isotopes, satellites of the
planets, SN 1987A, solar flares, stellar classification, and the Sun. Tables of bright celestial
objects are also included in the Glossary, providing physical parameters and the celestial
coordinates required to observe them. They include the constellations, the brightest gal-
axies, emission nebulae, the Local Group of galaxies, the Messier objects, planetary nebu-
lae, the brightest stars, the nearest stars, supernovae, and supernova remnants. Other
tables include space missions by NASA, ESA and ISAS, Nobel Prize winners related to
astronomy and astrophysics, and the major optical, or visible-light, telescopes.

The Glossary additionally contains line drawings, carefully selected to convey an
idea, including the asteroid belt, bremsstrahlung, comets — anatomy and trajectory
with tails, coronagraph, the Earth’s layered atmosphere, an ellipse, Io’s interaction with
Jupiter, an interferometer, Jupiter’s winds, Kepler’s laws, the Kirkwood gaps, a lunar
eclipse, the magnetosphere, the Moon’s phases, the Oort cloud, pulsars - radio and
X-ray, the seasons, a solar eclipse, solar flare, spectroheliograph, SS 433, sunspot cycle,
synchrotron radiation, telescopes and the tides.

Thanks to Gayle Grant at Tufts University for preparing some crucial tables, to
Librarian Regina F. Raboin at Tufts University for help in obtaining some of the dates
that were so hard to locate, and to Sue Lee for producing the wonderful line draw-
ings. The preparation of A Companion to Astronomy and Astrophysics: Chronology
and Glossary with Data Tables was made possible through funding by NASA Grant
NNGO05GB00G with NASAs Applied Information Systems Research Program.

Kenneth R. Lang
Tufts University and Anguilla, BW. L.
January 1st 2006
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2800 BC to 1600 AD

c. 2800 BC

Stonehenge is built in England. It was probably an astronomical observatory with reli-
gious functions; the motions of the Sun and Moon can be followed with the aid of
carefully aligned rocks.

c. 2700 BC

A lunar calendar is developed in Mesopotamia in which new months begin at each new
Moon and the year is 354 days long.

2296 BC

The Chinese make the earliest recorded sighting of a comet.

c. 1500 BC

The Rig-Veda, the oldest of the Hindu sacred texts, includes the idea that the Earth is
a globe. In the same millennium, the subsequent Yajur-Veda mentions that the Earth
circles the Sun.

1361 BC

Chinese astronomers make the first recording of an eclipse of the Moon.

c. 1300 BC

The Shang dynasty in China establishes the solar year at 365.25 days, introducing a
calendar with 12 months of 30 days each.

1217 BC

Chinese astronomers make the first recording of an eclipse of the Sun.

763 BC

Assyrian archivists record an eclipse of the Sun on 15 June 763 BC; the same event is
recorded in the Bible (Amos 8:9).

747 BC

A continuous record of solar and lunar eclipses is begun in Mesopotamia.

585 BC

Greek philosopher Thales of Miletus (c. 624—c. 547 BC) correctly predicts the eclipse
of the Sun on 28 May 585 BC. He also proposes that water is the material constituent
of all things.
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c. 530 BC

Greek mathematician and philosopher Pythagoras (c. 572—c. 479 BC), born on the
island of Samos, proposes the notion of a spherical Earth. He also supposed that
concentric, transparent, crystalline spheres carry the Sun, Moon, planets and stars in
perfect circles, rotating at constant speed around the centrally placed, unmoving Earth.
As quoted by Aristotle in his Metaphysics, Pythagoras said, “there is music in the spac-
ing of the spheres.”

¢. 500 BC

The Greek philosopher Heraclitus of Ephesus (c. 540—c. 475 BC) maintains that per-
manence is an illusion, and that all things are flowing, in a state of becoming. He also
thought that most people sleepwalk through life, not understanding what is going on
about them.

¢. 450 BC

The Greek philosopher Anaxagoras (c. 500—c. 428 BC) born in Clazomenae, Lydia
(now Turkey), proposes that the Moon shines by reflected sunlight, and is thus able to
explain total eclipses of the Sun and Moon. He was imprisoned for claiming that the
Sun was a “red-hot stone”, and not a god, and that the Moon reflects the Sun’s light.

Greek philosopher Empedocles (c. 490-c. 430 BC), of Acragas (Agrigentum) in Sicily
is one of the earliest to propose that terrestrial objects are made up of four elements
or basic principles - fire, air, water, and earth. He viewed these as united or divided by
attraction and repulsion, or more poetically, love and strife.

¢. 435 BC

Greek philosopher Leucippus of Miletus (c. 480-c. 420 BC) is the first to propose the
atomic theory, in which matter is composed of very small, invisible particles now called
atoms. His pupil Democritus (c. 460—c. 370 BC) subsequently develops the theory.

¢. 420 BC

Greek philosopher Democritus (c. 460—c. 370 BC), born in Abdera, Thrace, states that
all matter consists of an infinite number of eternal, invisible and indivisible particles,
which he called atomon, or atoms, and that the space between the atoms is a vacuum,
or void, which gives the atoms a place to move into.

¢. 366 BC

The Greek mathematician and astronomer Eudoxus of Cnidus (408—435 BC) builds
an observatory and constructs a model of nested, geocentric, rotating spheres to
explain the motions of the Sun, Moon, and planets as viewed from Earth, which was
at the center of the system. By using a total of twenty-seven concentric spheres he
was able to calculate the Sun’s annual motion through the zodiac, the Moon’s motion
including its wobble, and the planets’ motions, including the retrograde movements of
some of them.
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352 BC

Chinese astronomers make the earliest known record of a guest star, subsequently
known as an exploding star or supernova.

¢. 350 BC

Greek philosopher Aristotle (384-322 BC) rejects the notion of a vacuum, since an
object moving in a vacuum would have no sense of direction and might move impos-
sibly fast.

Greek philosopher Aristotle (384—322 BC) proves the Earth is spherical, since it always
casts a circular shadow on the Moon during lunar eclipses. Parmenides (c. 515-c. 450
BC), of Elea in southern Italy, is said to have been the first Greek philosopher known
to have asserted that the Earth is spherical, but an alternative tradition states that it
was Pythagoras (c. 572—c. 479 BC). Parmenides also proposed that movement is illu-
sory, belonging to the domain of the senses, and that the ultimate reality was invariant,
immobile and unchanging. The Indians of Asia also proposed that the Earth is a globe
around 1500 BC.

Greek philosopher Aristotle (384—322 BC) presents a geocentric, or Earth-centered
cosmology of rotating, transparent spheres in De caelo, or Concerning the Heavens.
The outermost sphere contains the fixed stars, then follows the spheres of Saturn, Jupi-
ter, Mars, the Sun, Venus, Mercury, and closest to the Earth, the Moon. Each of these
has several other spheres to account for all their movements. To explain the circular
motion of the heavenly spheres, Aristotle proposes a fifth element, the aether or quin-
tessence, in addition to the four natural elements, earth, air, water and fire, which either
fall or rise.

Babylonian astronomers have learned enough about the Moon’s motion that they can
predict the occurrence of lunar eclipses.

¢. 330 BC

Greek philosopher and astronomer Heraklides of Pontus (388-315 BC) proposes that
the Earth turns on its axis, from west to east, once every 24 hours, while the stars are
at rest. He also thought that the observed motions of Mercury and Venus suggest that
they orbit the Sun rather than the Earth, and considered each planet to be a world with
an Earth-like body and with an atmosphere.

c. 300 BC

Greek philosopher Epicurus of Samos (341-270 BC) argues that the innumerable
atoms in an infinite Universe would come together to create other worlds, either resem-
bling our Earth or different from it.

The Greek mathematician Euclid of Alexandria (lived c. 300 BC) writes The Elements,
a book of plane and solid geometry, which formed the basis for mathematical study
for the next 2,000 years. It was not until the 19th century that a different form of non-
Euclidean geometry was considered.



6 A Companion to Astronomy and Astrophysics

c. 270 BC

Greek mathematician and astronomer Aristarchos [Aristarchus] of Samos (c. 320—
¢. 250 BC) moves the center of the Universe from the Earth to the Sun, and supposes that
the Earth and other planets travel in circular orbits around the stationary Sun. He fur-
ther stated that the fixed stars do not move, and that their apparent daily motion is due
to the Earth’s rotation on its axis. Aristarchos also used observations and trigonometry
to estimate the size and distances of the Sun and Moon, showing that the Sun is much
farther away than the Moon.

€. 240 BC

Greek scholar Eratosthenes (c. 276—c. 194 BC), born in Cyrene (now known as Shahhat,
part of Libya) calculated the diameter of the Earth by measuring noontime shadows of
the Sun at Alexandria and Syene, using the known distance between these places to
infer the circumference of the Earth at just over 250,000 stades, and close to the modern
value of roughly 40 thousand kilometers. The two sites are separated by 800 kilometers,
and the measured angle between them was seven degrees. Assuming that the Earth is a
sphere, its circumference is 50 times 800, or about 40,000 kilometers.

240 BC

Chinese astronomers make the first recorded sighting of the comet that would later
become known as Halley’s Comet.

c. 200 BC

The Greeks invent the astrolabe, used to measure the angular distance between any two
objects, including the elevation in the sky of planets and stars.

c. 165 BC

Chinese astronomers first observe and record sunspots. Imperial astronomers keep
continuous records of sunspots from 28 BC to AD 1638.

129 BC

The Greek astronomer Hipparchus (c. 190—c. 120 BC), born in Nicaea, in Bithynia
(now in Turkey) creates the first known star catalog. It gave the celestial latitude and
longitude and brightness of nearly 850 stars and was later reproduced by the Egyptian
astronomer Ptolemy (c. 87—c. 165 AD) in his writings, and eventually used by Edmond
Halley (1656-1742) to show that at least three stars move. Hipparchus also discovered
the precession of the equinoxes, in which the locations of the spring and fall equinoxes
move slowly, or precess, around the stellar background; the equinoxes are the two
points where the Sun crosses the celestial equator. The Earth’s rotation axis traces out
a circle in the sky, and a cone in space, once every 26,000 years, causing a slow, steady
precessional shift in the positions of objects on the celestial sphere at the rate of about
50 seconds of arc per year.
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55 BC

Roman poet Lucretius (99-55 BC), author of the philosophical epic De Rerum Natura,
or On the Nature of Things, proposes a plurality of Earth-like worlds in an infinite
Universe.

c. 100

The Greek writer Plutarch (c. 45—c. 125) compares the Moon’s face to the Earth’s sur-
face, and advocates the plurality of worlds.

150

Egyptian astronomer Ptolemy (c. 87—c. 165), or Claudius Ptolemaeus, writes his Math-
ematical Syntaxis; awed Arabic translators of the ninth century called it “The Greatest
Composition” — Almageste, or, as it became known, the Almagest. Ptolemy supposed that
each planet moves with constant speed on a small circle, while the center of that circle
rotates uniformly on a larger one, with the Earth located slightly to one side of its center.
By selecting suitable radii and speeds of motion, Ptolemy could use this system of uni-
form motion around two circles to reproduce the apparent motions of the planets with
remarkable accuracy. He succeeded so well that his model was still being used to predict
the locations of the planets in the sky more than a thousand years after his death.

Center of

Deferent
(@) + .
& Earth Equant
Point

Motion of
Epicycle Center

Deferent
Circle

FIG. 1 Retrograde loops in Ptolemy’s Universe An Earth-centered model
of the Universe described by the Egyptian astronomer Claudius Ptolemaeus
(lived 2nd century) or Ptolemy in the year 150. To explain the occasional
retrograde loops in the apparent motions of Mars, Ptolemy imagined that the
planet travels with uniform speed around a small circle, known as the epi-
cycle. The epicycle’s center moves uniformly on a larger circle, the deferent.
In the Ptolemaic system, the Earth was displaced from the center of the large
circle, and each planet traveled with uniform motion with respect to another
imaginary point, the equant, appearing to move with variable speed when
viewed from the Earth.
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c. 450

Greek philosopher Proclus [Proklus] Diadochus (410-485) states that astronomers
do not arrive at conclusions by starting from hypotheses, as is done in the other sci-
ences, but instead use observations to construct hypotheses, which are tested against
other observations to save the appearance of the phenomena.

800

The Peruvian city of Machu Picchu is built, containing an astronomical altar used to
accurately measure solar and lunar movements.

c. 950

The Persian astronomer al-Sufi, Abd al-Rahman (903-986) revises Ptolemy’s star
catalogue, providing approximate positions, magnitudes and colors for these stars, and
includes the first recorded reference to the Andromeda nebula.

987

Toltec conquerors of the Central American Mayan city of Chichén Itza construct mon-
uments with ritual astronomical alignments to the rising and setting of the Sun and the
sacred planet Venus.

c. 1000

Arab philosopher, physician and scientist Avicenna (980-1037), in Arabic Abu ‘Ali
Al-Husain Ibn Abdallah Ibn Sina, proposes that terrestrial mountains might be caused by
upheavals of the Earth’s crust, such as those accompanying earthquakes, and that moun-
tains could be noticeably cut and worn away by water flowing over long periods of time.

1054

Chinese astronomers record a bright “guest” star that appeared in the constellation
Taurus on 4 July 1054, becoming as bright as Venus and remaining visible to the
unaided eye for 22 months. Its expanding remnant, the Crab Nebula, is still detected
using telescopes today.

1079

The Persian poet, mathematician and astronomer Omar Khayyam (1048-1131) con-
tributes to calendar reform, measuring the length of the year as 365.24219858156 days,
which surpassed the accuracy of the Julian value and agrees with modern determina-
tions to the sixth decimal place, currently at 365.242190 days.

1267

English philosopher and scientist Roger Bacon (c. 1220—c. 1292) asserts that the only
basis for scientific certainty is through the use of observations and experiment to prove
an argument.
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1328

English theologian William of Ockham (c. 1280—c. 1349) proposes a rule in science
and philosophy, now known as Ockham’s razor, which states that the simplest of two or
more competing theories is preferable.

1444

German philosopher and theologian Nikolas of Cusa (1401-1464) argues that the
Earth cannot be at the center of an unbounded Universe, suggests that the Earth moves
around the Sun, and proposes that the stars are other Suns with inhabited planets.

1492

The Genoese navigator Christopher Columbus (1451-1506) lands in Espanola, an island
now consisting of Haiti and the Dominican Republic, forging a path to the New World.

1521

Ferdinand Magellan (1480-1521) observes the bright nebulae subsequently named
the large and small Magellanic Clouds; they are two irregular galaxies that are satellites
of our Milky Way Galaxy, visible only from the equatorial regions and the southern
hemisphere. His ship Victoria completes the first circumnavigation of the world the
following year, after the death of Magellan.

1543

The Polish astronomer and cleric Mikolaj Kopernik, better known as Nicolaus Coper-
nicus (1473-1543), publishes his influential book De revolutionibus orbium coelestium,
or Concerning the Revolutions of the Celestial Bodies, reviving the Sun-centered model
of the Universe introduced by the Greek philosopher Aristarchos (c. 320—c. 250 BC)
eighteen centuries earlier, and by the Indians of Asia about a millennium before that.
Copernicus proposed that the Earth is one of several planets moving at constant veloci-
ties in perfect circles around the Sun, in the same direction but at different distances
and various speeds. In order of increasing distance from the Sun, they are Mercury,
Venus, Earth, Mars, Jupiter and Saturn. As Copernicus noticed, the farther a planet is
from the Sun, the slower it moves and the longer it takes to complete one circuit.

1572

The Danish astronomer Tycho Brahe (1546—1601) observes a brilliant “new star” or
“nova’” in the constellation Cassiopeia, which was brighter than Venus and had not been
seen before. The debris from this stellar explosion, or supernova as it is now known, is
still observed todays; it is called Tycho’s supernova remnant. Tycho subsequently builds
an observatory, named Uraniborg, or “celestial castle”, on the island of Hven near Copen-
hagen. He designed his own ingenious measuring instruments that resembled large gun
sights with graduated circles, and used them at Uraniborg for two decades, compiling
exceptionally accurate observations of the positions and motions of the planets.
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FIG. 2 Retrograde loops in a Copernican Universe A Sun-centered
model of the Universe proposed in 270 BC by the Greek philosopher Aris-
tarchos (c. 320—c. 250 BC) and revived in 1543 by the Polish astronomer
and cleric Nicolaus Copernicus (1473-1543). It explains the looping path
of Mars in terms of the relative speeds of the Earth and Mars. The Earth
travels around the Sun more rapidly than Mars does. As Earth overtakes
and passes the slower moving planet (points 2 to 4), Mars appears to move
backward (points B to D) for a few months.

1582

The Julian calendar is switched over to the Gregorian calendar in Catholic countries, by
decree of Pope Gregory XIII (1502—1585); Protestant German countries adopted the
Gregorian reform in 1700 and England in 1752.

1584

Italian philosopher and priest Giordano Bruno (1548-1600) proposes a decentralized,
infinite and infinitely populated Universe that is filled with countless habitable planets
revolving around stars other than the Sun, publishing these ideas in De Pinfinito uni-
verso e mondi, or The infinite universe and worlds.
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1600 to 1700 AD

1600

William Gilbert (1544-1603), physician to Queen Elizabeth I of England, writes
De magnete, magneticisque corporibus, et de magno magnete tellure, or Concerning
Magnetism, Magnetic Bodies, and the Great Magnet, the Earth, in which he shows that
the Earth is itself a great magnet, explaining the orientation of compass needles. It is as
if there is a colossal dipolar magnet at the center of the Earth.

1604

Italian astronomer Galileo Galilei (1564-1642) discovers his law of falling bod-
ies, proving that gravity acts with the same strength on all objects, independent of
their mass.

German astronomer Johannes Kepler (1571-1630) observes a bright “new star” where
no star had been seen previously. In the same year he wrote Ad Vitellionem Paralipo-
mena, Quibus Astronomiae Pars Optica Traditure, or Supplement to Witelo (his treatise
on optics), In Which is Expounded the Optical part of Astronomy. In this work Kepler
states that the intensity of light varies inversely with the square of the distance from the
source. He also states that vision is caused by the formation of an image on the retina
by the eye’s lens.

1608

In October 1608 the national government of the Netherlands discussed the patent
applications of first the Dutch spectacle maker Hans Lippershey (c. 1570-1619) of
Middleburg, and then Jacob Metius (1571-1635) of Alkmaar, on a device for “seeing
faraway things as though nearby.” It consisted of a concave and a convex lens in a tube,
and the combination magnified three or four times. Such spyglasses soon became very
common, and no patent was awarded.

1609

Italian astronomer Galileo Galilei (1564-1642) builds his own telescopes, which had
been invented in Holland the year before, and is the first to use telescopes for astro-
nomical observations.

German astronomer Johannes Kepler (1571-1630) publishes Astronomica nova, or
New Astronomy, which contains his first two laws of planetary motion and accurately
describes the orbit of Mars. His first law states that planets travel in elliptical orbits
around the Sun, with the Sun at one of the two foci of the ellipses. The second law
states that the line joining the Sun and a planet sweeps our equal areas of space in
equal periods of time, so that planets move more quickly when they are nearer the
Sun.
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1610

Italian astronomer Galileo Galilei (1564—1642) publishes Sidereus nuncios, or The Starry
Messenger, reporting his pioneering observations with the newly invented spyglass, or
telescope. They included his discoveries of previously unseen mountains, valleys and cra-
ters on the Moon, four previously unknown moons that circle Jupiter, and numerous
stars in the Milky Way that cannot be seen with the unaided eye. In the same year he
began systematic studies of sunspots through a telescope.

1611

German astronomer Johannes Kepler (1571-1630) discusses the optics of the tele-
scope in his Doptrice or Dioptrics, including a description of a new type of telescope
using two convex lenses.

German astronomer Simon Marius (1573-1624) is the first to observe the Androm-
eda Nebula with a telescope. He also uses a telescope to observe the four moons of
Jupiter independently of Galileo, and names them Io, Europa, Ganymede, and Callisto,
which we use today.

1619

German astronomer Johannes Kepler (1571-1630) publishes De harmonices mundes,
or The Harmonies of the Worlds, which includes his third law of planetary motion, in
which the square of a planet’s orbital period about the Sun is proportional to the cube
of its average distance from the Sun.

1620

Great Britain establishes the first permanent European settlement in New England at
Plymouth.

1621

Italian astronomer Galileo Galilei (1564—-1642) discovers that the acceleration of a
falling body is proportional to the time and independent of weight and density.

1630

Italian astronomer Galileo Galilei (1564-1642) publishes his book Dialogo sopra i
due massimi sistemi del mondo, tolemaico e copernicano, or Dialogue Concerning The
Two Chief World Systems, Ptolemaic and Copernican, presenting persuasive arguments
for the heliocentric theory of planetary motion. The book was banned and Galileo was
taken to Rome to face trial on a charge of heresy in 1633.

1631

The French philosopher and physicist Pierre Gassendi (1592—1655) observes the 1631
transit of Venus across the Sun, which had been predicted by Kepler, and establishes
that the orbit of Venus lies closer to the Sun than does the Earth’s orbit.
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1639

English astronomer and clergyman Jeremiah Horrocks (1617-1641) observes the
1639 transit of Venus, which he had predicted from the 1631 transit noting that the
transits occur in pairs eight years apart, and uses Kepler’s laws to prove that the Moon
orbits the Earth in an elliptical orbit as if it was “continually falling toward Earth”.

1655

The Dutch astronomer Christiaan Huygens (1629-1695) discovers Titan, Saturn’s
largest satellite.

1656

Dutch astronomer Christiaan Huygens (1629-1695) realizes that Saturn is sur-
rounded by a ring, publishing in 1659 a Latin anagram that, when interpreted, explains
Saturn’s handle-shaped appearance by: “It [Saturn] is surrounded by a thin, flat ring,
nowhere touching it and inclined to the ecliptic”

1665

The Italian-born French astronomer Gian (Giovanni) Domenico (Jean Dominique)
Cassini (1625-1712) discovers the Great Red Spot on Jupiter.

1666

English physicist and mathematician Isaac Newton (1643—1727) uses a prism to dis-
perse white sunlight into its component colors, and then uses a second prism to com-
bine the colors in the spectrum and form white light again. In this way, Newton proved
that the colors are a property of light and not of the prism.

1667

Construction of the Observatoire de Paris (Paris Observatory) begins. It was founded
by Louis XIV (1638-1715), The Sun King, and is the oldest operating astronomi-
cal observatory in existence. Gian (Giovanni) Dominico (Jean Dominique) Cassini
(1625-1712) was the first of four generations of his family to hold the post of director
of the observatory. While director, Cassini discovered the dark gap in Saturn’s rings
in 1675, now named Cassini’s gap, and also discovered four satellites of the ringed
planet — Iapetus, Rhea, Tethys and Dione, in 1671, 1672, 1684 and 1684, respectively.
The Observatoire de Paris is now located in both Paris and nearby Meudon.

1668

English physicist and mathematician Isaac Newton (1643-1727) constructs the first
reflecting telescope. He used a primary concave spherical mirror of speculum metal,
an alloy of copper and tin, which reflected light up the tube of the telescope to a flat
secondary mirror of speculum, angled at 45 degrees to direct the light sideways. Nowa-
days the primary mirror is made of glass and of parabolic shape.
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1672

Italian-born French astronomer Gian (Giovanni) Domenico (Jean Dominique)
Cassini (1625-1712) and the French astronomer Jean Richer (1630-1696) observe
the opposition of Mars, from Paris and Cayenne, South America, respectively, trian-
gulating the distance between the Earth and Mars and hence determining the mean
distance between the Earth and the Sun to be 138 million kilometers, or about 11.6
kilometers short of the modern value.

1675

The Italian-born French astronomer Gian (Giovanni) Domenico (Jean Dominique)
Cassini (1625-1712) discovers a dark separation in Saturn’s rings, now called the Cas-
sini gap.

Charles IT (1630-1683) founds the Royal Observatory of England at Greenwich,
England, and the English astronomer John Flamsteed (1646—1719) is appointed as
the first Astronomer Royal. The Royal Greenwich Observatory was built and operated
to improve navigation at sea and to find the east-west position, or longitude, while at
sea and out of sight of land, by astronomical means.

1679

Danish astronomer Ole Rémer (1644-1710) announces that light travels at a finite
speed, which he proved from observations of the inconstant interval between Jupiter’s
eclipses of its satellite Io. When the distance between Earth and Jupiter was least, the
interval between eclipses was smallest, and vice versa. Romer estimates that the speed
of light is 225,000 kilometers per second and that the Sun’s rays reach the Earth in
11 minutes, when traveling at this velocity, compared with the currently accepted val-
ues of 299,792 kilometers per second and of 8.3 minutes or 499 seconds.

1680

English physicist Isaac Newton (1643—-1727) calculates that an inverse-square law of
gravitational attraction between the Sun and planets would explain the elliptical plan-
etary orbits discovered by Johannes Kepler (1571-1630).

1686

French philosopher and writer Bernard de Fontenelle (1657-1757) publishes his book
Entretiens sur la Pluralité des Mondes, which popularizes the idea that the Universe
contains many inhabited worlds.

The English astronomer Edmond Halley (1656—1742) publishes the first meteorologi-
cal chart of the world, showing the directions of prevailing winds in different regions.

1687

English physicist Isaac Newton (1643-1727) publishes his Philosophiae naturalis
principia mathematica, or Mathematical Principles of Natural Philosophy, known as
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the Principia for short, with the financial support of English astronomer Edmond
Halley (1656-1742), in which Newton showed that the same unchanging physi-
cal laws apply to everything in the Cosmos from the terrestrial to the celestial, the
apple to the Moon. The Principia includes a mathematical presentation of his laws of
motion and his concept of universal gravitation, explaining the motions of the Moon
around the Earth and the planets around the Sun. In his words, written in the Prin-
cipia, “The [Sun-centered] Copernican system of the planets stands revealed as a vast
machine working under mechanical laws here understood and explained for the first
time” Nevertheless, Newton did not derive Kepler’s third law in the Principia, but
instead used the law to infer that the gravitational force must fall off with the inverse
square of the distance. In the 1713 edition of the Principia, Newton introduced the
idea that material objects are attracted by the force and action of the aether, a “subtle,
all-pervasive spirit.”

1693

English astronomer Edmond Halley (1656—-1742) discovers the formula for the focal
distance of a lens; its reciprocal is the sum of the reciprocals of the distances of the
object and image from the lens.

1700 to 1800 AD

1704

English physicist Isaac Newton (1643-1727) publishes his Optics, which describes
refraction, reflection, and other properties of lenses and mirrors. He also elaborates his
theory that light is composed of a stream of particles.

1705

The English astronomer Edmond Halley (1656—1742) finds that the retrograde orbit
of the comet of 1682 is similar to those of the comets observed in 1607 and 1531, and
notices that the Great Comet of 1456 also traveled in the retrograde direction. He con-
cludes that all four comets were returns of the same comet in a closed elliptical orbit
around the Sun with a period of about 76 years, predicting its return in December 1758
and noting that he would not live to see it. Following the predicted reappearance, it
became known as Comet Halley.

1718

English astronomer Edmond Halley (1656—1742) compares the observed positions of
bright stars on the celestial sphere with those found in Ptolemy’s Almagest, borrowed
from the list compiled by Hipparchus (c. 190—c. 120 BC), concluding that at least
three stars had changed position and were not “fixed” in the firmament. The excep-
tionally bright stars, Aldebaran (called Palificium or the Bulls Eye), Sirius and Arc-
turus, had changed position, by between 15 and 20 minutes of arc since Hipparchus’
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time and were apparently moving. The stellar motion that Halley detected is across
the sky, transverse or perpendicular to the line of sight, and it is known as proper
motion.

1724

The Englishman George Graham (1674-1751) discovers large, irregular fluctuations
in compass needles; the Swedish astronomer Anders Celsius (1701-1744) saw some
of them at about the same time. Three years later, in 1727, they both showed that a
disturbance on the Sun produced a magnetic field fluctuation on Earth. A century later
the German geophysicist and writer Alexander von Humboldt (1769-1859) named
them magnetic storms, and instituted a worldwide program for compiling magnetic
and weather observations.

1728

The English astronomer James Bradley (1693-1762) discovers stellar aberration,
which is a tilting of the apparent position of a star in the direction of the motion of
the observer. The size of the effect depends on the velocity of the Earth, the velocity of
light, and the angle between the direction of observation and the direction of motion,
with a maximum value of 20.47 seconds of arc. Bradley’s discovery proved that the
Earth moves through space, and enabled him to determine a value of 308,300 kilome-
ters per second for the velocity of light. In 1679, the Danish astronomer Ole Rémer
(1644-1710) had measured the velocity of light using observations of Jupiter’s moons,
obtaining a value of 225,000 kilometers per second. The modern value is 299,792 kilo-
meters per second.

1735

The English horologist and instrument maker John Harrison (1693-1776) submits
his marine chronometer to the British government’s Board of Longitude, which had
offered an award of 20,000 pounds to anyone who could invent an instrument that
could determine longitude at sea to an accuracy of half a degree. Harrison’s chronom-
eters were subsequently used by the British Navy, obtaining an accuracy of about one
minute of longitude, but he did not receive the full award until 1773.

1750

English astronomer and teacher Thomas Wright (1711-1786), of Durham, pub-
lishes An Original Theory or New Hypothesis of the Universe, in which the Sun is
assumed to be similar to the rest of the stars, that there is a multitude of worlds,
and that all the stars are located in a thin spherical shell. The entire Milky Way is
just an edgewise view of a small segment of the shell. Wright also suggested that
the nebulae might be other collections of stars, resembling the Milky Way but lying
outside it, and that life might be present on other worlds. His alternative, less pre-
ferred model portrayed the Milky Way as a flat ring, and it was taken up in 1755 by
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FIG. 3 Thomas Wright’s model of the Milky Way According to Thomas
Wright of Durham (1711-1786), the Milky Way is composed of a large
number of stars arranged in a slab-like layer, with the Sun placed at the center
of the slab. A cross section of this stellar layer is shown here. It is a small
segment of a much larger spherical shell of stars, with the Divine Presence
signified by an eye located at the center.

the German philosopher Immanuel Kant (1724-1804), converting the ring into a
disk-shaped system.

1755

The German philosopher Immanuel Kant (1724-1804) publishes his book Allgemeine
Naturgeschichte und Theorie des Himmels or Universal Natural History and Theory of
the Heavens, in which he proposes that the Milky Way is a flattened, spinning disk of
stars, and argues that the nebulae are disk-shaped island universes, or galaxies, similar
to the Milky Way and located far outside it, but seen at various angles with different
shapes. Kant also proposed that the Sun and planets formed together out of a single
collapsing, rotating cloud of interstellar gas, now called the solar nebula, that new plan-
ets would be discovered beyond Saturn, and that other planets in the Solar System are
either inhabited now or will be in the future. The French astronomer and writer Pierre
Simon Marquis de Laplace (1749-1827) popularized this nebular hypothesis for the
origin of the Solar System in 1796, extending it to the formation of rings and moons
around the planets.
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1761

Astronomers travel to remote locations to observe the transit of Venus across the Sun,
repeating the observations during the 1769 transit. Both sets of observations were used
to place limits to the mean distance between the Earth and the Sun, the astronomical
unit, at between 148 and 154 million kilometers.

1766

English natural philosopher Henry Cavendish (1731-1810) demonstrates the exis-
tence of “inflammable air”, a substance that was named hydrogen by the French chemist
Antoine Laurent Lavoisier (1743—-1794) in 1783; both scientists showed that hydro-
gen combustion in oxygen produces water.

The German mathematician Johann Daniel Titius (1729-1796) first notices the for-
mula that approximately describes the distances of all the then known planets from
the Sun. It was brought to prominence by the German astronomer Johann Elert Bode
(1747-1826) in his popular book on astronomy entitled Anleitung zur Kenntnis des
gestimten Himmels, or Instruction for the Knowledge of the Starry Heavens, and is now
known as the Titius-Bode law. The law states that the relative distances of the planets
from the Sun can be approximated by taking the sequence 0, 3, 6, 12, 24, . . . adding 4,
and dividing by 10. The Titius-Bode law predicts the distances of Uranus and the first
asteroids, which were discovered after the law was stated; it also predicts the approxi-
mate distance of Neptune.

1771

French astronomer and comet hunter Charles Messier (1730—1817) creates his first
Catalogue des nebuleuses et des amas d etoiles or Catalog of Nebulae and Star Clusters,
consisting of 45 objects. By 1784 the catalogue included just over 100 objects. Astrono-
mers still designate these objects by the capital letter M followed by the number in
Messier’s list. The Crab Nebula is, for example, known as M1, and the Andromeda
Nebula as M31.

1781

German-born English astronomer William Herschel (1738-1822) discovers the
planet Uranus using a homemade reflecting telescope on the night of 13 March 1781.

1784

In unpublished work, the reclusive English scientist Henry Cavendish (1731-1810)
calculates the gravitational deflection of light rays by the Sun using Newtonian gravity
and the assumption that a light ray is a material corpuscle.

The English astronomer John Goodricke (1764-1786) discovers a periodic variation
in the intensity of light from the star Delta Cephei. It is the prototype of the Cepheid
variable stars that are used to infer cosmic distances through the period-luminosity
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relation discovered by the American astronomer Henrietta Swan Leavitt (1868—1921)
in 1912.

English clergyman and astronomer John Michell (1724-1793) proposes that an invis-
ible, black star might be so large and massive, and its gravitational pull so intense, that
light could not escape from it. Such dark and invisible stars are now known as stellar
black holes. Michell also speculated that the unseen star might betray its presence by
its gravitational effect on a nearby luminous star in orbit around it. French astronomer
Pierre Simon Marquis de Laplace (1749-1827) subsequently developed the idea that
the most massive stars might be unable to send light outside because their gravity is too
strong.

1787

German-born English astronomer William Herschel (1738-1822) discovers the two
largest satellites of Uranus, and, two years later, two satellites of Saturn.

1789

German-born English astronomer William Herschel (1738-1822) completes con-
struction of his 40-foot reflector, with a 1.2-meter (48-inch) mirror, which remained
the largest telescope of its time for half a century. It soon gained a reputation as the
“eighth wonder of the world”, and was visited by many people, including Franz Joseph
Haydn (1732-1809) whose visit was the direct inspiration for “The Heavens Are Tell-
ing” passage in his great oratorio The Creation. Although the 40-foot reflector brought
many faint stars into view and pushed the edge of the known Universe further into
space, Herschel eventually concluded that his new telescope could not fathom the
depth of the Milky Way.

1795

Scottish natural philosopher James Hutton (1726-1797) publishes the definitive ver-
sion of his Theory of the Earth, in which geological change is exceptionally gradual, and
hence the Earth must be incalculably old.

1796

French astronomer and writer Pierre Simon Marquis de Laplace (1749-1827) popu-
larizes the nebular hypothesis for the origin of the Solar System in his Exposition du
systéme du monde, arguing that the planets and Sun formed together during the gravi-
tational collapse of a spinning nebula.

1797

English natural philosopher Henry Cavendish (1731-1810) uses an apparatus devised
by the English clergyman and astronomer John Michell (1724-1793) to measure the
force between two objects in the laboratory, and to thereby determine Newton’s gravi-
tational constant and the mass of the Earth. He obtains a mass density of about 5.5
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times that of water and a mass of about 6 billion trillion tons (6 X 10?! tons or 6 X 10*
kilograms).

1800 to 1900 AD

1800-1849

1800

German-born English astronomer William Herschel (1738-1822) discovers invisible
caloric rays or radiant heat, later named infrared radiation, by noticing a rise in temperature
when a thermometer is placed beyond the red end of the visible spectrum of sunlight.

1801

Sicilian astronomer and monk Giuseppe Piazzi (1746—1826) discovers the first aster-
oid on the night of 1 January 1801, naming it Ceres after the patron goddess of Sicily.
He followed it for six weeks, until it moved too close to the Sun to be observed and
was lost. The German mathematician, physicist and astronomer Karl Friedrich Gauss
(1777-1855) developed a least-squares approximation method of calculating an orbit
from just a few observations, and using Piazzi’s data predicted the location of Ceres.
The German astronomer Heinrich Wilhelm Olbers (1758—1840) rediscovered the
asteroid where Gauss had predicted it would be found. While following Ceres, Olbers
discovered a second asteroid, Pallas, in 1802; the German astronomer Karl L. Harding
(1765-1834) discovered a third, Juno, in 1804.

The German physicist Johann Wilhelm Ritter (1776-1810) discovers ultraviolet light
in the spectrum of sunlight, at wavelengths just a bit shorter than the wavelength of
violet light.

German astronomer Johann Georg von Soldner (1766—1833) uses Newton’s theory of
gravity to calculate the bending of light by the Sun under the assumption that light is a
stream of material particles, obtaining a deflection of 0.84 seconds of arc for a grazing
light ray. The German physicist Albert Einstein (1879-1955) confirmed this value in
1911, but he obtained twice this amount in 1915 using his General Theory of Relativity
in which the Sun curves nearby space. The greater light bending was confirmed during
solar eclipse observations in 1919.

English physician and physicist Thomas Young (1773-1829) discovers the interfer-
ence of light when he observes that light passing through two closely spaced pinholes
produces alternating bands of light and dark in the area of overlap. He thereby estab-
lishes the wave theory of light, proposing that light waves are transmitted as undulatory
motions in an all-pervasive aether.

1802

German-born English astronomer William Herschel (1738-1822) discovers binary
stars, consisting of two stars that revolve around each other, and eventually catalogues
848 of them.
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English astronomer, chemist and physicist William Hyde Wollaston (1766—1828) dis-
covers dark gaps, or absorption lines, in the spectrum of sunlight.

1803

English chemist John Dalton (1766-1844) proposes that gases are made of atoms, and
that atoms of different elements have different weights.

1804

The Sicilian astronomer and monk Giuseppe Piazzi (1746-1826) notices that
one relatively undistinguished star, known as 61 Cygni, has an exceptionally large
proper motion of 5.2 seconds of arc per year. Also called the “Flying Star” due to
its rapid motion, 61 Cygni became the first star other than the Sun whose distance
was reliably determined, by the German astronomer Friedrich Wilhelm Bessel
(1784-1846) in 1838.

1808

German mathematician, physicist and astronomer Karl Friedrich Gauss (1777-1855)
discovers a method of determining an orbit from just three observations, describing it
in his Theoria motus corporum coelestium in sectionibus conicis solem ambientum, or
Theory of motion of the celestial bodies moving in conic sections around the Sun, which
also includes his presentation of the least-squares method.

1814

German astronomer Joseph von Fraunhofer (1787-1826) allows light to pass through
a narrow slit and then a prism, detecting and cataloguing more than 300 absorption
lines in the spectrum of visible sunlight, assigning Roman letters to the most promi-
nent; these absorption lines are now sometimes called Fraunhofer lines.

1823

The Hungarian mathematician Janos Bolyai (1802—-1860) describes a non-Euclidean
geometry in a paper entitled The Absolute True Science of Space. Bolyai invented
a geometry that violates Euclid’s fifth postulate, that there is only one line through
a point outside another line that is parallel to it, showing that there might be many
such lines drawn through the point.

German astronomer Heinrich Wilhelm Olbers (1758-1840) discusses the paradox
that now bears his name, in a paper entitled Ueber die Durchsichtigkeit des Weltraumes,
or On the Transparency of Space, presented in 1823 and published in English transla-
tion in 1826. According to his paradox, the sky in an infinite, uniform Universe should
be covered by stars shining as brightly as our Sun, so the night sky should be as bright
as the day. Olbers explained the darkness of the night sky by assuming that space is
not absolutely transparent, and that absorbing matter distributed throughout space
obscures our view of distant stars. Olbers’ paradox is now resolved by the expansion of
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the Universe; the Doppler effect of the distant moving galaxies redshifts their light out
of the visible part of the spectrum.

1826

Russian mathematician Nikolai Lobachevsky (1792-1856) discovers a hyperbolic,
non-Euclidean geometry in which more than one line can be drawn through a point
outside another line parallel to it, and the sum of the angles in a triangle is always less
than 180 degrees. This was similar to the non-Euclidean geometry introduced by the
Hungarian mathematician Janos Bolyai (1802—1860) in 1823, but the work of both of
them was largely ignored at the time.

1827

In a paper entitled Microscopical Observations of Active Molecules, the Scottish botanist
Robert Brown (1773-1858) states that very fine pollen grains move about in a con-
tinuously random manner when suspended in water and observed under the micro-
scope. This phenomenon, now known as Brownian motion, is true for any small solid
particles suspended in a liquid or a gas. In 1905 the German physicist Albert Einstein
(1879-1955) explained the effect in terms of the random motion of molecules of water,
which will knock a sufficiently small particle into Brownian motion. In 1909 the French
physicist Jean Baptiste Perrin (1870-1942) demonstrated the existence of atoms by
careful measurements of Brownian motion.

The French mathematical physicist Joseph (Jean Baptiste) Fourier (1768-1830)
develops new mathematical tools to describe the transfer of heat, known today as Fou-
rier analysis and the Fourier series, and in a Mémoire sur les Températures du Globe Ter-
restre et des Espaces Planétaires describes how the Sun’s heat is retained by the Earth’s
atmosphere. Visible sunlight passes through our transparent atmosphere to warm the
Earth’s land and oceans, and some of this heat is reradiated in infrared form. Our atmo-
sphere absorbs some of the infrared heat radiation, emitting part of it downward to
warm the planet’s surface and the air immediately above it. This ability of the atmo-
sphere to hold heat near a planet’s surface, and warm it to higher temperatures than
possible without an atmosphere, is popularly known as the greenhouse effect.

1830

Scottish geologist Charles Lyell (1797-1875) publishes The Principles of Geology, in
three volumes from 1830 to 1833, with regular revisions until 1875. He proposes that
the Earth’s geological structure evolved gradually over eons of time through the slow
continuous action of forces still at work today.

1836

The English astronomer Francis Baily (1774-1884) describes the total eclipse of the
Sun on 15 May 1836, noting that immediately before the Sun disappeared behind the
Moon the sunlight appeared as a discontinuous line of brilliant spots of light, now
known as Baily’s beads. They are caused by sunlight shining through the valleys between
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mountains on the Moon’s edge or limb, while the mountains block the sunlight in other

places along the limb.

1838

German astronomer Friedrich Wilhelm Bessel (1784-1846) measures the annual
parallax of the star 61 Cygni, also known as the “Flying Star”, thereby obtaining the
first reliable measurement of the distance to a star other than the Sun. He used a spe-
cial telescope, known as a heliometer because of its previous use to establish the Sun’s
apparent diameter. Bessel’s heliometer consisted of a lens, just 0.15 meters (6 inches)

Background
Star EAS

Twice Annual
Parallax, T

Earth’s Orbit

FIG. 4 Annual parallax When a
distant and nearby star are observed

at six-month intervals, on opposite
sides of the Earth’s orbit around the
Sun, astronomers measure the angular
displacement between the two stars. It
is twice the annual parallax, designated
by r,, which can be used to determine
the distance, D, of the nearby star. The
German astronomer Friedrich Wil-
helm Bessel (1784-1846) announced
the first reliable measurement of the
annual parallax of a star in 1838.

in diameter, cut exactly in half. When the two
halves were moved apart, their separation could
be used to precisely measure the angle between
61 Cygni and a nearby, fainter star, which Bessel
did with the utmost care every clear night for
more than a year, usually repeating his observa-
tions at least sixteen times a night. He found that
the star 61 Cygni has a parallax of 0.31 seconds
of arc, very close to the modern value of 0.287
seconds of arc, corresponding to a distance of
11.4 light-years. The following year the Scottish
astronomer Thomas Henderson (1798-1844)
announced his measurement of the annual
parallax of Alpha Centauri, which is just 4.29
light-years away, and in 1840 the German-born
Russian astronomer Friedrich Georg Wilhelm
Struve (1793-1864) reported his measurement
of the parallax of the bright star Vega.

German mathematician and astronomer Karl
Friedrich Gauss (1777-1855) publishes a
mathematical description of the Earth’s dipo-
lar magnetic field, using his calculations with
observations to show that the magnetism must
originate within the Earth’s core. A unit of mag-
netic strength is subsequently named Gauss in
his honor.

1842

German astronomer Friedrich Wilhelm Bessel
(1784-1846) attributes periodic variations in
the proper motions of the bright stars Sirius and
Procyon to the gravitational attraction of unseen
companion stars that revolve about the visible
ones. The invisible objects are now known to be
white dwarf stars, about the size of the Earth.
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1842

Austrian physicist Christian Johann Doppler (1803-1853) publishes Uber das farbige
Licht der Doppelsterne, or On the Colored Light of Double Stars, in which he describes
how the frequency, or wavelength, of sound and light waves change with the motion of
their source relative to the observer, a phenomenon now known as the Doppler effect.
The observed wavelength depends on the relative velocity of the source and observer,
with shorter waves detected when the source is moving toward the observer and longer
wavelengths when moving away. The size of the change in wavelength caused by the
motion can be used to infer the radial velocity, along the line of sight.

1843

German pharmacist and amateur astronomer Samuel Heinrich Schwabe (1789-1875)
announces that the number of sunspots varies from a maximum to a minimum and
back to a maximum again in a period of about ten years. This periodicity is now known
as the sunspot cycle, and more generally called the cycle of solar magnetic activity. His
discovery only became widely known in 1851 when the German explorer and natural-
ist Alexander von Humboldt (1769-1859) published it in his book Kosos.

1845

Irish astronomer William Parsons (1800-1867), the third Earl of Rosse, completes
his reflecting telescope, known as the Leviathan of Parsonstown, with a metallic mirror
that is 1.8 meters (72 inches) in diameter, and uses it to resolve the nebula M51 into
a spiral shape that he attributed to its rotation. He went on to find 15 spiral nebulae,
and resolved other nebulae into clusters of stars, while also naming the famous Crab
Nebula. His telescope remained the largest in the world until the 2.5-meter (100-inch)
Hooker telescope was completed at the Mount Wilson Observatory in 1917.

1846

French astronomer Urbain Jean Joseph Leverrier (1811-1877) uses the differences
between the observed and predicted location of the planet Uranus to predict the position
of alarge unknown planet, located far beyond Uranus, whose gravitational tug on Uranus
causes it to deviate from its expected position. German astronomer Johann Gottfried
Galle (1812-1910) and his student Heinrich Louis d’Arrest (1822—-1875) discover the
planet Neptune on the night of 23 September 1846, near the position predicted by Lever-
rier. The English astronomer John Couch Adams (1819-1892) performed similar cal-
culations, also predicting the existence of the unknown planet at about the same time as
Leverrier.

1847

The German physicist Hermann von Helmholtz (1821-1894) formulates the law of
conservation of energy in the general form that we use today.
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FIG. 5 Doppler effect A stationary star (fop) emits regularly spaced light
waves that get stretched out or scrunched up if the star moves (bottom).
Here we show a star moving away (bottom right) from the observer (bottom
left). The stretching of light waves that occurs when the star moves