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From the study of the smallest members of the Solar System to the
most distant galaxies, astronomy is a science that knows no bounds.
It attempts to answer the most fundamental questions: Where did
we come from, and are we alone? Yet it remains a science in which
amateurs can play a role.

A casual glance at the sky transports us across recycled into new generations of stars, planets,
gulfs of space and time. What you see may appear and perhaps even life. When humans first began
to be unchanging points of light, but the real truth to study the heavens a few thousand years ago,
is far more complex. There is the Orion Nebula, for no one knew what stars were. Only in the past
example, a cloud of gas nearly 1,500 light-years few hundred years has it become clear that they
distant, within which are being re-enacted the are distant versions of our own Sun, but an
processes that led to the formation of the Sun understanding of what made the Sun and other

and planets 4.6 billion years ago.

There is the Pleiades, a clutch of hot
blue-white stars that emerged from a
gaseous nebula like Orion’s, and whose
youngest members began to glow around
the same time as the first humans appeared
on Earth.

There is Betelgeuse, a star distended
and reddened with age, destined to end
its life in a blinding explosion that
will spill its constituent atoms
into the interstellar mix.
Over subsequent eons,
those atoms will be

stars shine awaited 20th-century advances
in nuclear physics. Now we know that all
stars are powered by the energy of nuclear
fusion, and a combination of theory and

observation has allowed us to piece together

the story of how stars are born, the ways in

which they may develop, and how they die.

Most excitingly, astronomers have begun

to discover planets around other stars,

confirming that planetary systems

are a natural by-product of star

birth and increasing the
9 chances that there may
be life elsewhere.

alidade for
sighting stars

central
pivot

2 Medieval
astrolabe
Widely used in
medieval times,
an astrolabe is a
disk-shaped device
used for finding
latitude and measuring
time by sighting on
stars, like a sextant.

mater, or main
body, with degree
scale around limb,
or edge



Taking the long view

The Moon is being observed here
with the historic 36in (0.9m) refractor
telescope at Lick Observatory,
which was opened in 1888, on
Mount Hamilton in California.
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Watching
the shadow
Amateur astronomers
use small telescopes
to follow the progress
of a lunar eclipse
on a cloudy evening.
Forthcoming eclipses
are listed in the
Almanac section
on pp.324-339.

The stars and nebulae visible to our unaided
eyes all lie within our own galaxy, the Milky
Way. Binoculars and small telescopes expand
our horizons to other galaxies millions of light-
years beyond, while modern instruments have
stretched our visual limits to a few hundred
thousand years from the Big Bang, the cosmic
eruption that marked the birth of space and
time some 13.8 hillion years ago.

Dating the Big Bang has been one of the
great achievements of modern cosmology,
but along with this success has come a new
surprise—the discovery that the expansion

of the Universe is not slowing down, as had
been supposed, but is speeding up due to

a mysterious force known as dark energy.
Under the impulsion of dark energy, the

destiny of the Universe is to expand forever,
gradually thinning out and fading into eternal
darkness. Understanding the nature of dark
energy is the major challenge facing cosmology
at the start of the 21st century.

The contents of this book, brought together
by a team of writers, editors, and designers,
provide a wide-ranging introduction to the
Universe and the objects within it. For those




who wish to see for themselves, a greater
array of equipment is available to the would-be
observer than ever before, from humble
binoculars to computer-driven telescopes fitted
with the latest electronic imaging technology.
Hints on the selection of suitable equipment
can be found in the chapter on Observation
(pp.147-165), while charts and descriptions

INTRODUCTION

In the Earth’s shadow
Lunar eclipses are a fascinating sight and easy
to observe. When the Moon enters the Earth’s
shadow, it takes a red tinge. The progress of
an eclipse can be followed with the naked eye
and with binoculars.

at the end of the book will guide you to the major
sights to be observed. With the knowledge
provided by professional astronomers, we can
better understand the different types of objects
that are within view, from star-forming nebulae
to young clusters and dying stars shedding gas

to form planetary nebulae. Farther off, we can
appreciate the varied forms of elliptical and spiral
galaxies, and catch a glimpse of galaxies in the
process of merging. Gazing at those remote
galaxies, glowing with subtle starlight, we can
only wonder if there is someone on a planet
orbiting one of its stars looking back at us.

IAN RIDPATH
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B MUL.APIN Tablet
One of a pair, this
Babylonian tablet is
inscribed with lists
of constellations in
cuneiform script. Just
3.3in (8.4cm) high, it
is a masterpiece of
miniature writing.

The beginnings of astronomy

Astronomy has been called the oldest of the sciences, and rightly
so. Since the dawn of civilization, humans have struggled to make
sense of the complex motions of celestial objects, and countless
ancient monuments and artifacts reflect their fascination.

The Babylonian tradition
Stonehenge in England and the Pyramids of
Egypt, both dating from around 2500 BCE, embody
astronomically significant alignments based on
knowledge of the skies, but the true birthplace of
astronomy was in the Middle East.

Two baked clay tablets produced around 700 BCE
by the Babylonians of present-day Iraq summarize
information on the motions of stars and planets.

The list of stars and constellations known

to the Babylonians is clear evidence of a long-
standing tradition of celestial observation.
Some constellations, such as Leo and Scorpius,
have come down to us virtually unchanged. The
Babylonians made another lasting contribution to
astronomy: having measured the length of the
year as approximately 360 days, they divided the
circle of the sky into 360 degrees, subdivided each
degree into 60 parts, and introduced the 24-hour
day, with each hour also divided into 60 parts.

The Greek view of the heavens
Knowledge of Babylonian astronomy spread to
Greece around 500 BCE. Unlike the Babylonians,
who were mainly concerned with divining celestial
omens—what we would term astrology—the Greeks
sought to understand the physical principles on
which the Universe worked, thus initiating the
separation of science from superstition. Eudoxus,
a Greek astronomer of the 4th century BCE,
developed a scheme of 27 crystalline spheres
all nested within each other, rotating on different
axes and at different speeds, which carried the
celestial bodies around the spherical Earth. Later
Greeks modified his system, but the principles
of perfect circular motion and an Earth-centered
(geocentric) Universe remained entrenched in
astronomical thinking until the 17th century.

The greatest observational astronomer of the
Greeks was Hipparchus, who compiled the first
accurate catalog of the naked-eye stars in the

Greek astronomers

In Renaissance Europe, the ancient Greeks
were still regarded as the ultimate authorities
on scientific matters, as demonstrated by this
15th-century German painting of astronomers
on Mount Athos.
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) FAR EASTERN ASTRONOMY

Other cultures developed constellations quite
different from those of the Greeks. The Chinese, for
example, recognized a total of 283 constellations,
many of them small and faint. Whereas the Greeks
pictured mythological beasts and heroes in the sky,
Chinese constellations represented scenes from
court and social life. Far Eastern astronomers kept
a particular lookout for unexpected phenomena
termed “guest stars,” which we now know as
comets, novae, and supernovae. Among the
events they chronicled was the Crab Nebula
supernova in 1054CE.

2nd century BCE. As well as measuring their
positions, Hipparchus also classified stars into
six categories of brightness, establishing the
magnitude scale we use today.

In the 2nd century cE, Ptolemy presented a
summary of Greek astronomical knowledge in
a work usually known as the Almagest, meaning
“greatest,” a name given to it by later Arabic
astronomers. This included an updated version of
Hipparchus's catalog, expanded from 850 stars to
over 1,000 and arranged into 48 constellations—the
foundation of our present-day constellation system.

Cheomseongdae
observatory

This stone tower in
Gyeongju, South
Korea, was reportedly
used by astronomers
on every clear night.
Dating from 634cCE, it
is the world’s oldest
surviving
astronomical
observatory.

Ptolemy also offered a new model for the motions
of celestial bodies. The basic orbit of each body
consisted of a large circle, called the deferent,
with its center offset from the Earth. As each
object moved along the deferent, it also traced
out a smaller circle, known as an epicycle.

Arabic astronomy

After the decline of Greek and Roman civilization,
the center of astronomical research moved east
to Baghdad, where Ptolemy’s work was translated
into Arabic. Shortly before 1000 cg, an Arab
astronomer named al-Sufi produced a revised
version of Ptolemy's star catalog, called

the Book of the Fixed Stars. As well as the star
catalog, al-Sufi's book contained drawings

of each constellation. Widely copied and reissued
with various illustrations, this became one of

the most popular Arab books of astronomy.
Between the 10th and 13th centuries, the
ancient Greek works were reintroduced to
Europe via Arab-dominated Spain.

Turkish astronomers

This 16th-century illustration of an observatory
founded by Suleyman the Magnificent shows the
great traditions of Arab astronomy being carried
on by their successors, the Ottoman Turks.
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The rebirth of Western astronomy
European astronomy was awakened from its
dormancy in the 16th century by a Polish
clergyman and astronomer, Nicolaus Copernicus
(1473-1543), who revived the Sun-centered
or heliocentric theory proposed by the Greek
philosopher Aristarchus in the 3rd century BCE.
Such an arrangement explained why Mercury
and Venus never strayed far from the Sun,
because their orbits were now recognized
to be closer to the Sun than the Earth's. It also
explained why Mars, Jupiter, and Saturn took
occasional backward, or “retrograde,” loops in
the sky, because the Earth was overtaking them
on its faster, smaller orbit.

Tycho Brahe (1546-1601), a Danish
nobleman, realized the need for new and
improved observations against which theories
of planetary motion could be judged. Between

. . Celestial globe
1576 and 1586, he built two observatories, called The positions of the stars on this globe from 1603,

Uraniborg and Stjerneborg, on the island of Hven, made by Willem Janszoon Blaeu, were plotted
between Denmark and Sweden, where he built up according to the catalog of Tycho Brahe.

a detailed series of observations of the motions
of the planets. Tycho could never bring himself

to accept the heliocentric theory. Instead, he The laws of planetary motion
developed his own ingenious compromise in Tycho bequeathed his observations to his

which the Earth remained stationary at the assistant, a brilliant German mathematician
center, orbited by the Moon and Sun, while named Johannes Kepler (1571-1630). After many
the planets orbited the moving Sun. years of diligent calculation, Kepler discovered

)) ON THE REVOLUTIONS OF THE HEAVENLY SPHERES

Nicolaus Copernicus published his theory of the Universe
in the year he died, 1543, in a book titled On the Revolutions
of the Heavenly Spheres. In it, he argued that the Earth was
not the center of the Universe, as had been supposed since
ancient Greek times, but that the Sun was at the center and
the Earth was a planet in orbit around it. His theory had one
major drawback—it still described the orbits of the planets
as combinations of circles and epicycles. Despite its
importance in the history of human thought,
his book sold so few copies on publication
that it has been dubbed “the book that
nobody read.”

Copernicus and a copy of
On the Revolutions of the
Heavenly Spheres



that the planets do indeed orbit

the Sun as Copernicus had proposed,

but not in complex combinations of
circles and epicycles. Instead, planetary
orbits are elliptical, and the orbital period
of each planet is mathematically linked to
its average distance from the Sun.

Galileo’s discoveries

While Kepler was laying the theoretical basis
for a new understanding of the cosmos, another
revolution was taking place in observational
astronomy. Unimaginable wonders were coming
into view as the first telescopes were turned
toward the heavens. The greatest pioneer of
telescopic astronomy was an Italian, Galileo
Galilei (1564-1642). Wherever Galileo looked,
he found innumerable faint stars, beyond the
reach of the human eye. The Milky Way, in
particular, was resolved into a mass of faint
stars. Whereas planets could be magnified

to disks by the telescope, the stars remained
points of light, confirming that the Universe
was infinitely vaster than supposed. As an

THE BEGINNINGS OF ASTRONOMY | 19

Stjerneborg

Tycho Brahe equipped
this observatory with
improved instruments
capable of measuring
positions with an
accuracy 10 times
greater than before.

additional blow to the ancient
view that the heavens were perfect,

Galileo saw that the Moon’s surface was
not a smooth, polished sphere but was scarred
by craters and mountains. Most significantly
of all, he found that Jupiter was orbited by four
moons, now known as the Galilean satellites.
He went on to discover that Venus shows phases,
proof that it orbits the Sun, and glimpsed the
rings of Saturn, although he did not recognize
what they were.

This new view of the heavens, coming hard
on the heels of Kepler's theoretical breakthrough,
swept away the old Earth-centered view of the
Universe for good. But a more fundamental
problem remained. What was the force that
made planets orbit the Sun as they do?

Galileo's experiments helped found modern
physics. He dropped objects of different weights
from a tall tower, reputedly the Leaning Tower
of Pisa, and found that they all reached the
ground at the same time, whereas Greek
scientists such as Aristotle had taught that
heavier objects should fall faster.

Galileo Galilei
Condemned by the
Roman Catholic Church
in 1633 for declaring
that the Earth moved
around the Sun, Galileo
was placed under
house arrest for the
remainder of his life.
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€]

"PHILOSOPHIE
NATURALIS
Principia
MATHEMATICA

Definitiones,

& Newton’s Principia
The laws of motion
demonstrated by
Newton in his Principia
Mathematica of 1687
provided a sound
mathematical basis
for all subsequent
students of physics
and astronomy.

2 Halley’s Comet
Halley correctly
calculated that one
elliptical orbit of the
comet that bears his
name took around
76 years.

Additionally, Galileo discovered that the velocity of
a falling object doubled for every 32ft (9.8m) that it
fell, a constant figure that later became known as
the acceleration due to gravity.

Newton and gravity
Half a century later, a British scientist, Isaac
Newton (1642-1727), was inspired to think about
gravity by another falling object—in this case, an
apple from a tree in his garden in Lincolnshire.
He realized that the same force that made the
apple fall to the ground must also be responsible
for keeping the Moon in orbit around the Earth.
Newton went on from this realization to deduce
his law of gravity, publishing it in 1687 in Principia
Mathematica. According to Newton, an object’s
gravitational attraction depends on its mass (that
is, the amount of matter it contains), and the
strength of the attraction falls off with the square
of the distance from the object. This law explained
for the first time why the planets orbited the Sun
as they did and why the Moon raised tides in the
Earth’s oceans. In time, it would also apply to the
motions of artificial satellites and space probes.
Using Newton's theory of gravity, the British
astronomer Edmond Halley (1656-1742)
calculated that comets move around the Sun

on highly elliptical orbits. Convinced that the
comets seenin 1531, 1607, and 1682 were
one and the same, Halley predicted that the
comet would return around 1758. When it duly
reappeared 16 years after his death, it was
named Halley's Comet.

B Bayeux Tapestry

Confirmation of Halley's calculations came
from the 11th-century Bayeux Tapestry, which
records the appearance of the comet in 1066,
shortly before King Harold of England was
defeated at the Battle of Hastings by William,
Duke of Normandy.
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)) THE DEVELOPMENT OF THE TELESCOPE

Despite references by earlier writers—including
Roger Bacon in the 13th century—to the idea of
combining lenses to see objects at a distance,
the first person to actually make a telescope

seems to have been Hans Lippershey, a Dutch
eyeglass-maker, in 1608. News of his invention
spread fast, and Galileo heard reports of it on a
visit to Venice the following year.

copper binding around wooden
tube covered with paper

small objective lens, giving
narrow field of view

Galileo’s Telescope

Galileo immediately made a telescope himself,
fitting a convex lens in one end of a tube and a
concave one in the other. This basic refracting

telescope enabled him to make the discoveries

that amazed his fellow scientists. His most
powerful instrument magnified up to 30 times.
Later 17th-century astronomers, notably
Huygens (see p.129), improved and refined
Galileo’s design.

Newton’s Telescope

One disadvantage of refracting telescopes was
that light was broken up into its component
colors, which focused at different points. This
“chromatic aberration” could be avoided by using
a mirror rather than a lens to collect and focus
the light. In 1672, Newton produced a reflecting
telescope, just 12in (30cm) long, with a concave
mirror, made of copper and tin, at the base. This
focused the light back onto a plane mirror set at
an angle, which directed the image to an eyepiece
at the side of the tube.

eyepiece

¥ overlapping
tubes slide to
change focus

mirror

Herschel's Telescope

For much of the 18th century, Newton'’s telescope
was not widely imitated. Large curved mirrors
tended to distort under their own weight, and
the development of achromatic lenses made
refracting telescopes a more attractive option.
However, German-born British astronomer
William Herschel (1738-1822) favored huge
reflectors, for which he ground and polished his
own mirrors and lenses. He was duly rewarded
for his labors by the chance discovery of Uranus
in1781.

wooden
framework
supporting
weight of tube

whole
structure
rotated on a
circular base

Lord Rosse’s Telescope

William Parsons, 3rd Earl of Rosse
(1800-1867), was a wealthy aristocrat,
whose great ambition was to build

a giant reflecting telescope. In 1845,
he completed one at his Irish estate
at Birr Castle with a 6ft (1.8m) solid
mirror and a focal length of 54ft
(16.45m). Rosse and his descendants
used the huge instrument chiefly for
the study of nebulae, star clusters,
and galaxies.

21
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Galileo demonstrates his telescope
In the summer of 1609, Galileo Galilei

demonstrated his new telescope to the
governors of Venice, who awarded him
increased funding for his research. He
went on to make improved telescopes
with which he made many pioneering

astronomical discoveries, including the
four main moons of Jupiter, now known
as the Galilean satellites.
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The rise of astrophysics

From the late 18th century onward, astronomers and physicists
made a series of key discoveries and advances in techniques and
technology. These enabled astronomers to learn for the first time
about the physical properties of stars other than our own Sun.

Secrets and light
Throughout the early history of astronomy, the
stars were mere pinpricks of light in the night
sky—too distant to reveal disks even when
studied with the highest magnifications. But
as the light-gathering power of astronomical
instruments improved, astronomers were able to
make more sophisticated use of distant starlight.
Although Isaac Newton had split sunlight through
a prism in the late 17th century, it was British
chemists such as William Hyde Wollaston
(1766-1828) who refined the process, developing
the spectroscope—a device for analyzing the

spectroscope attaches
to telescope here

eyepiece

micrometer

stand for
photographic
plate

wavelengths of light emitted from an object. In prisms A
1821, German scientist Joseph von Fraunhofer SRS
discovered that sunlight split through a B Splitting light

spectroscope was not a continuous spectrum A spectroscope passes light from a star through a

prism or “diffraction grating” (a piece of dark
glass etched with very narrow transparent slits),
deflecting different wavelengths and colors of light

of colors, but was crossed by numerous dark
lines. In 1859, his fellow Germans Robert Bunsen

and Gustav Kirchhoff successfully explained these  onto slightly different paths.

B 2 The nature

of nebulae

Nebulae like M33
(right) remained a
mystery during the
19th century. William
Parsons, Earl of Rosse,
made studies of all
kinds of nebulous
objects, including M51,
the Whirlpool Galaxy
(above), using his
telescope in Ireland.




lines as the result of chemicals in the Sun's
atmosphere absorbing the same wavelengths
of light they emitted when heated in a laboratory.
Light from the stars was at first too faint to
analyze in this way, but the arrival of photography
during the 19th century eventually allowed long
exposures that captured the spectra of stars over
time. Meanwhile, in 1838, German astronomer
Friedrich Bessel made another breakthrough,
using parallax to measure the distance to a star
for the first time (see p.65).

Order among the stars

Armed with the new tools of spectroscopy and
photography, astronomers set about the great
task of cataloging the objects in the sky. At first,
the multitude of different absorption lines in
stellar spectra and the variety of colors and
luminosities appeared chaotic, but a group

of women astronomers working at Harvard
College Observatory in the US in the 1890s
eventually discovered a scheme that made
sense. Led by Annie Jump Cannon, the “Harvard
Computers” compiled the great Henry Draper
Catalogue, sifting through thousands of stellar
spectra to sort the stars into “spectral types”

THE RISE OF ASTROPHYSICS | 25

RADIATION AND AFSORPTION SPECTRA.

distinguished by their spectral lines and their
colors (which by then were known to represent
surface temperatures). Elsewhere astronomers
were busy compiling parallax measurements

for all the nearby stars, but it was not until 1906
and 1913 that Ejnar Hertzsprung and Henry
Norris Russell independently hit upon the idea

of comparing the two sets of data on a graph (see
panel, below). The resulting Hertzsprung-Russell
diagram revealed that the majority of stars obeyed
a simple relationship between spectral type and
brightness, with the exceptions falling in distinct
regions of the graph.

) HERTZSPRUNG AND RUSSELL

In 1905, Danish astronomer Ejnar Hertzsprung
(1873-1967) became the first to suggest an
absolute standard of brightness for stars
(“absolute magnitude”). He defined it as the
magnitude of a star as seen from a distance

of 10 parsecs (32.6 light-years). A year later,

he published a paper in which he compared

the absolute magnitudes of stars in the Pleiades
with their colors and spectral types, plotting

them on a graph and noting the relationship
between the two, as well as the existence of
bright “giants” and dim “dwarfs.” However,
Hertzsprung published his work in an obscure
German photographic journal, and it went
unnoticed until 1913, when the American

Henry Norris Russell (1877-1957) presented his
own work, independently developed, to the
Royal Astronomical Society.

Ejnar Hertzsprung

Henry Norris Russell

First photographs
Photography made
possible a permanent
record of astronomical
observations for the
first time. These
stellar spectra are
from the Henry Draper
Catalogue, named
after the pioneer
astrophotographer.




General relativity
Einstein’s theories
were confirmed

in 1919 by Arthur
Eddington (see p.38).
His observations of a
solar eclipse showed
that positions of stars
are distorted as their
light bends in the Sun’s
gravitational field.

Einstein at

Mount Wilson

Many people attempted
to confirm Einstein’s
theory of general
relativity, including
Charles Edward St.
John, director of Mount
Wilson Observatory,
pictured here with
Einstein. St. John was
trying to measure the
gravitational redshift
of sunlight.
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Our place in the Universe

The early 20th century saw a revolution in astronomy, as
the true size and nature of the Universe became apparent.
This great shift of perspective was followed by the realization
that the Universe is expanding, and must have originated at

a particular point in time.

The galaxy debate
The true nature of nebulae had been the subject
of heated debate since the first spectra from
them were obtained in the 19th century. Most
astronomers agreed that “spiral nebulae”
were made up of countless stars, so small
or far away that they blended into a single fuzzy
object—but just how distant were they? Some
thought they were relatively small and in orbit
around the Milky Way, while others argued that
they were huge and unimaginably distant
independent galaxies.

The debate was finally settled by the work

of Henrietta Leavitt (see p.59) and Edwin Hubble.

Leavitt developed a method for measuring the

absolute distances of stars, which Hubble
then applied to prove that galaxies were
millions of light-years from Earth.

Early map of the Milky Way

William Herschel made the first serious
attempt at mapping the Universe in 1785.
From the distribution of stars in the sky, he
correctly deduced that the Solar System sits
in the plane of a flattened cloud of stars.
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such as during travel at high speeds or in
)) EDWIN HUBBLE strong gravitational fields. The implications

Hubble (1889-1953) trained as a lawyer before of relativity are too many to cover here,
turning to astronomy. In 1919, he joined the but they set the stage for the next great
staff of Mount \_Nil_son Qbservatory in Calif(_)rnia, cosmological revolution.

where he specialized in the study of galaxies.

In 1923, he discovered the first Cepheid variable

star (see p.76) in the “Andromeda Nebula,” M31, Expansion and origins
a_nd he antlon tohfind manylmOfrehenSb_ling Hubble's distance measurements clinched the
o calclale e s scalef 1 UNWerse case for anenormous Universe an led
the link between redshift and distance, known an even more important discovery—that the
as Hubble's Law. Hubble also devised the system farther away a galaxy lies, the faster it is receding.
of galaxy classification that is still in use today. Hubble reached the conclusion that the entire
Universe is expanding at a uniform rate. Cliqching evidence
. e Big Bang theory
To most astronomers, Hubble's discovery predicted a faint
implied that the Universe had originated at glow of heat left
a.smgle point in space at some time in the g}":}:;rgﬁv?ri:.r#gr:i”s
distant past. Belgian astronomer Georges Cosmic Microwave
Lemaitre was the first to suggest that the Background radiation
Universe originated in a “primordial atom,” was discovered in
in 1927, but it was not until 1948 that George od by Americans
Gamow (see p.50) and his colleagues worked Robert Wilson.
out the details of the Universe's explosive
origin. The term “Big Bang” was actually
coined by one of the theory’s strongest
opponents, Fred Hoyle, who believed that the
Universe was in a “steady state” of continuous
expansion and creation of matter.
pink areas are blue areas
hotter and denser are cooler

and less dense

The nature of spacetime

While Hubble's discoveries expanded
estimates of the size of the Universe
immeasurably, Albert Einstein’s theories

of relativity changed our understanding of

its very nature. Einstein confronted the
major problems in physics head-on—in
particular, the fact that light always appeared
to travel at the same speed, regardless of the

§ ; Afterglow of creation
motion of its source. In order to accommodate The Cosmic Microwave Background radiation causes the

this fact, he formulated a completely new entire sky to glow at just 3 degrees above absolute

4 : “ — zero, but it has minute temperature fluctuations that
F:once.pt of four-dimensional spacetlm.e, reveal the state of the Universe at the instant it became
in which measurements of space and time transparent (see p.53). These “ripples” were mapped
could become distorted in extreme conditions, for the first time by the COBE satellite in 1992.
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& Robert Goddard
Goddard (1882-1945)
is shown here
alongside his

first successful
liquid-fueled

rocket, launched

from a Massachusetts
field in 1926. Although
it only reached an

altitude of 41ft (12.5m),

this pioneering flight
paved the way for
Goddard and others to
develop increasingly
powerful rockets
throughout the 1920s.

-

Into orbit

Until the mid-20th century, space travel was a dream pursued by

a few visionaries and eccentrics. The military rockets of World War II
brought it within reach, while the Cold War between the United
States and Soviet Union made it a reality.

Early ideas on space travel

Although space travel had been a popular topic

of fantasy since Roman times, it was not until

the 19th century that writers began to seriously
consider its problems. French author Jules Verne
launched his heroes to the Moon with a giant
cannon (in fact, the acceleration would have killed
them), while British writer H. G. Wells invented

a material that shielded his lunar capsule from

the effects of Earth’s gravity. In reality, the only
practical solution was the rocket. Long used as a
military weapon, a rocket’s self-propelled nature
means that it can push itself forward without a
medium to travel through, making it

R

ideal for the vacuum of space. Many of the
principles of rocketry for use in space travel were
worked out by Russian schoolteacher Konstantin
Tsiolkovsky around 1900, but it was not until the
1920s that American physicist Robert Goddard
began to experiment with liquid propellants

that had the potential power to reach space.
These developments were followed with keen
interest by a small German rocket society, the
VfR, whose members included Wernher von Braun

@ war rocket
The liquid-fueled German

V2 rocket was designed to

be rapidly deployed and fired
from mobile launch platforms

in northern Europe. Targeted

at London and southeastern
England, it was an indiscriminate
and frightening new weapon.




(1912-1977). When the Nazis seized power in
Germany, members of the VfR were recruited
to work on military programs that culminated
in the first ballistic missile, the V2 rocket.
Although the V2 had little effect on the course
of the war, it clearly showed the potential for
rockets, both as a weapon and as a means of
peaceful exploration.

The first animal in space

Within a month of Sputnik 1, the Soviet team were
ready to launch a far more ambitious satellite.
Sputnik 2 weighed 1,120lb (508kg) and carried

a passenger—a dog named Laika. She died after a
few orbits when the spacecraft overheated.

}) KONSTANTIN TSIOLKOVSKY

Konstantin Eduardovich
Tsiolkovsky (1857-1935)
is regarded as the
founder of modern
rocketry, although he
never built a rocket
himself. (The picture
shows him alongside
a model.) He proved
the efficiency of liquid
rocket fuels and
multiple-stage
rockets, and even
worked out the
principles of steering
a rocket in flight.

His work was not
recognized until

the foundation of the
Soviet Union in 1917.

The Space Race /
After Germany’s defeat, the United States and

the Soviet Union raced to capture as much //
German rocket technology as they could.
Both sides saw rocket-powered ballistic
missiles as the ideal method for
delivering nuclear weapons.
However, rocket scientists such
as von Braun, working for the
United States, and the Soviet

antenna

Union’s Sergei Korolev, both aluminum
genuinely motivated by the desire to sphere
2ft (58cm)

conquer space, were able to divert their
respective countries’ missile programs
toward other more ambitious goals.
Both countries aimed to launch a satellite
in the International Geophysical Year of 1957.
Political considerations led the United States to
attempt launches with an underpowered naval
research rocket rather than von Braun’s more
powerful military rockets. The Soviets had
no such problems, and stole an early lead,
successfully launching the first satellite,
Sputnik 1, on October 4, 1957.

in diameter

Red star
Sputnik 1
transformed the world
when it was launched
in 1957. An 185lb
(84kg) metal sphere,
its main instrument
was a radio beacon
that transmitted a
simple signal back

to Earth to prove it
had survived intact.

Playing catch-up
On December 6, 1957,
US attempts to launch
a satellite with a
Vanguard rocket ended
in an explosive fireball.
Von Braun’s military
team were then told
to prepare for launch,
and the first US
satellite, Explorer 1,
reached space on
January 31, 1958.



B Man in space

Yuri Gagarin (1934-
1968) completed a
single orbit of the Earth
in 108 minutes aboard
Vostok 1. He was killed
in a plane crash while
training for a return to
space aboard Soyuz 3.

& Mercury Seven

The Mercury Seven
astronauts were feted
as heroes even before
the first launch. Early
suggestions that
women might be more
suited to spaceflight
were ignored for
political reasons.
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The race to the Moon

With the Soviet Union leading the Space Race, the next great
challenge was to put humans in space. Here, too, the Soviets had
an advantage. However, a greater challenge lay in the race to the
Moon, and it was this that the United States would ultimately win.

Humans in orbit

The Soviets had a flying start in the race to put
humans in space—their rockets were powerful
enough to launch comparatively massive satellites,
while even the largest American rockets could
only put a few pounds in orbit. Much of the
challenge lay in how to bring an astronaut or
cosmonaut home, and both countries carried out
successful and unsuccessful missions with
animals to test shielding and re-entry procedures.

Again, the Soviets worked under a veil of secrecy,
selecting an elite group of potential cosmonauts
from whom Yuri Gagarin was eventually picked.
The Americans were caught by surprise when
Moscow announced Gagarin’s flight on April 12,
1961 (a considerable risk since Gagarin was still
in orbit at the time and was nearly killed during
re-entry). A month later, Alan Shepard became the
first American in space during a brief suborbital
flight, but it was another 9 months before John
Glenn finally reached orbit.

Even before this, President Kennedy had
announced the next leg of the race, vowing that
America would put a man on the Moon by the
end of the decade. This new challenge was to

)) SERGEI KOROLEV

Sergei Pavlovich Korolev (1907-1966) was the
mastermind of the early Soviet space program.
After working on liquid-fueled rockets during the
1930s, he was imprisoned in 1938. Released after
World War Il, he was put in

charge of the rocket
program. He was
planning a Soviet
lunar mission before
his death during a
routine operation.

push both sides to the limit. America launched the
new two-man Gemini program, which would
rehearse many of the techniques needed for a
successful lunar mission. The Soviets, meanwhile,
suffered a series of setbacks that eventually
pushed them out of the race altogether.

Apollo to the Moon

The Apollo program began disastrously,

when a fire killed all three crew members of

Apollo 1 during launch rehearsals in 1967. After

a series of unmanned tests and a mission to Earth

orbit, however, Apollo 8 successfully completed
a loop around the Moon in December 1968.

Y After two more rehearsal missions, Apollo
¥y 11 completed a flawless flight, and the

lunar module Eagle touched down in
the lunar Mare Tranquillitatis on July 20,
1969. Five more landers put astronauts
on the Moon before the program
ended in 1972.



B Saturn vV

Still the most powerful launch vehicle ever
built, the Saturn V stood 360ft (110m) tall
and used three stages to propel the Apollo
spacecraft toward the Moon.

@ Last man
Eugene Cernan,
the last Apollo
astronaut to step
on the Moon,
salutes the US flag
before he departs
on December 14,
1972.

}) APOLLO MOON LANDINGS

APOLLO 11 Landed
July 20, 1969, in the
Mare Tranquillitatis.
Neil Armstrong
became the first man
on the Moon, stepping
down from the lunar
module Eagle.

APOLLO 12 Landed November 19, 1969, in the
Oceanus Procellarum, allowing the astronauts
to inspect the nearby Surveyor 3 probe, which
had been on the Moon for 2.5 years.

APOLLO 14 Landed February 5, 1971, in the Fra
Mauro region. The mission was commanded by
Alan Shepard, who had been America’s first
man in space.

APOLLO 15 Landed
July 30,1971, near
Hadley Rille. A
modified lunar
module carried an
electric lunar rover
for the first time,
extending the range
of exploration.

APOLLO 16 Landed April 20, 1972, near the
crater Descartes. The only mission to explore
the lunar highland regions, it helped answer
many questions.

APOLLO 17 Landed December 11, 1972, in Taurus
Littrow region. This was the only lunar mission to
carry a qualified geologist, Harrison Schmitt.
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B Handshake in orbit
This mission patch
celebrates US-Soviet
collaboration in the
joint Apollo-Soyuz
mission of 1975.

Soviet success
The Mir space
station used a
“modular” design—
new elements such
as extra laboratories
were added throughout
its lifetime. The same
idea has been applied
to the International
Space Station.
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Shuttles and stations

The decades since the Apollo Moon missions have seen exploration
efforts refocus on near-Earth orbit. Space stations opened the way
for long-duration spaceflight, while NASA’s Space Shuttle, until its
retirement, offered new ways of living and working in orbit.

At home in space

Once it became clear that America would win

the race to the Moon, the Soviet Union redirected
its space efforts closer to home. The duration of
space missions had steadily extended throughout
the 1960s, but if cosmonauts were to carry out
long-term research in orbit, a semipermanent
space station would be needed.

The early years were troubled—Salyut 1's
first crew were killed by a leak in their re-entry
capsule on their return to Earth. However, the
Soyuz capsules used to ferry people to and from
orbit were soon made more reliable and are still
in use today. Salyuts 6 and 7 operated for 4 years
each and were replaced in 1986 by Mir, a much
larger station that operated until 1999.

America’s initial response was Skylab, a
converted Saturn V rocket stage lifted into orbit
in 1973. The first US space station had its share
of problems but hosted three crews for periods of
up to 84 days. However, when Skylab was
abandoned in 1974, the US had no immediate
plans for a successor.

Skylab

This photo of the US Skylab shows a makeshift
sunshade put in place by the first crew after the
original shield was torn off during launch. The crew
also had to pull open the main solar panel by hand.

Routine spaceflight

The US space agency, NASA, was increasingly
focused on developing the Space Shuttle—a
“spaceplane” launched with the aid of a massive
external fuel tank and two rocket boosters.

The Shuttle made a successful maiden flight in
April 1981, followed by five more space shuttles.
But problems from the outset prevented it fulfilling
its potential—problems with the fragile insulating
tiles that protected the orbiter on re-entry and the
spaceplane’s position during launch alongside
the fuel tank and rocket boosters left it vulnerable
to disaster. The Challenger explosion of January
1986 led to a long suspension of flights and
expensive redesigns.



All change
By the 1990s, priorities were changing—the end
of the Soviet Union led to renewed cooperation
between NASA and the newly formed Russian
Space Agency, first with a series of shuttle
missions to the Mir station and later with plans for
the ambitious International Space Station (ISS), a
huge project that also involves contributions from
the European Space Agency, Japan, and Brazil.
Construction on the ISS got underway in 1998,
and the station welcomed its first permanent crew
in 2001. However, the schedule was derailed by the
loss of a second Space Shuttle, Columbia, in 2003.
The decision was soon made to bring the Shuttle
program to an end after completion of the ISS in
2011, with station crews delivered by Russian
Soyuz capsules. While US policy encouraged
space businesses such as Elon Musk’s SpaceX to
fill the gap in manned and unmanned launches
to Earth’s orbit left by the Shuttle’s retirement,
NASA's own development efforts have focused
on a new launch system and spacecraft for
manned exploration beyond Earth’s orbit.

Reusable rockets

The fact that most rocket hardware is used just
once and then either lost or destroyed has always
been a major barrier to lowering the cost of
spaceflight. So when SpaceX successfully landed

the lower stage of a Falcon rocket in 2016, upright
and ready for refueling and reuse, it marked

a major leap forward. Some estimates suggest
reusable launch vehicles could soon cut the cost
of access to space by 90 percent.

|33

Space laboratory
Orbiting at a height
of around 250 miles
(400km) above
Earth’'s surface, the
International Space
Station is as long as
a football field, with a
pressurized volume
similar to a Boeing
747. Astronauts
work in overlapping
“expeditions” ranging
from 6 months to
ayear or more.

Falcon 9

On April 8,2016, the
lower half of Falcon
9 landed intact on

a landing pad in the
Atlantic Ocean 200
miles offshore from
the Kennedy Center,
Cape Canaveral,
Florida, from which
it had lifted off.




Alone in space

In 1984, the American Space Shuttle
astronaut Bruce McCandless made
this untethered spacewalk using

a jet-propelled backpack. He flew

to a distance of about 330ft (100m)
from the Shuttle, farther than any
astronaut had ever ventured before
from the safety of a ship.
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Pioneering

The early Pioneers,
such as Pioneer 2,
were attempts to
reach the Moon.
They were the first
US probes into
interplanetary space.

B Mariner 9

As the first spacecraft

to orbit Mars, Mariner 9
put an end to ideas that
it was just a cratered,
Moon-like world.

Exploring the Solar System

While humans have remained close to Earth, machines have ventured
much farther into space. Robotic probes have explored all the planets
as well as several smaller bodies, returning spectacular images and
transforming our view of the Solar System.

To other worlds

As early as 1959, the Soviet Union began to launch
probes toward the Moon. The first Luna probe
missed by thousands of miles, but the second made
a direct hit, and the third successfully flew behind
the Moon and returned pictures of the unseen

far side.

The increasing power of rockets meant that the
opposing nations of the Space Race were soon
able to send probes out to the other worlds of
the inner Solar System. The US Pioneers explored
interplanetary space, while their series of Mariner
probes, often built in pairs to insure against
accidents, made the first successful flybys of
Venus (1962), Mars (1965), and Mercury (1974).
These first probes revealed just a glimpse of each
planet—it was not until space scientists perfected
the techniques for putting spacecraft in orbit and
landing them on the surfaces of other planets
(both pioneered by probes to the Moon) that our
knowledge of the inner Solar System began to
increase. The Soviets sent heavily shielded probes
into the choking atmosphere of Venus, eventually
receiving pictures from the surface in 1975, while

B Cratered world
The photographs
from Mariner 9
revealed canyons,
volcanoes, and
dried-up riverbeds.

i

Venus
lander
The Soviet
Venera 9 lander sent
back data from the
surface of Venus for
53 minutes after

its landing on
October 22, 1975.

NASA's Pioneer Venus and Magellan used radar to
map the planet from orbit. NASA's Mariner 9 went
into orbit around Mars in 1971, transforming our
view of the planet. It was followed by the twin
Viking probes of 1976, each comprising both

an orbiter and a lander.

Grand tours and beyond

The first successful flybys of Jupiter and Saturn
were made by Pioneers 10 and 11in 1973 and
1979, but a unique alignment of planets brought
the opportunity for a much more ambitious
mission. The twin Voyager probes used a
“gravitational slingshot” to tour the giant planets,

&
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swinging past Jupiter in 1979 and Saturn in
1980-1981. Voyager 2 went on to become the first
and only probe to visit Uranus and Neptune.

1986 saw an international flotilla of space
probes visit Halley's Comet, including the
European Giotto Probe, which returned pictures
of the nucleus. Subsequent missions to comets
and asteroids have taken things further, orbiting
these small bodies and even landing on them.
Since the late 1990s, space probes have also
returned to Mars with a series of orbiters,
landers, and rovers revealing ever more Earth-
like aspects to the red planet. NASA's Galileo,
Juno, and Cassini probes have spent long periods
orbiting Jupiter and Saturn, while in 2015 the New
Horizons probe hurtled past Pluto at the edge
of the Solar System.

Saturn surveyor

The Cassini-Huygens Saturn probe, shown here
in its protective fairing while awaiting launch, is
the size of a bus and packed with state-of-the-art
instruments to conduct a complete survey of the
Saturnian system.

Back to Mars

This view of the
Martian landscape
was taken by NASA's
Opportunity in 2004.
One of a pair of roving
robots, it landed in
the Meridiani Planum
region and proved
conclusively that it
was once under water.

)) CARL SAGAN

Famous for his TV series Cosmos, Carl Sagan
(1934-1996) was a NASA scientist involved
in many planetary probes and a pioneering
researcher into possible life elsewhere
in the Universe. He helped design
plaques and laser discs for the
Pioneer and Voyager spacecraft,

in case they are

found by an alien

civilization in the

distant future.

363 segment
of exposed
cliff face

Hyperion
This stunning false-color photograph of
Saturn’s moon Hyperion was captured by
the Cassini spacecraft in September 2005.
Cassini's complex flight path brings
it within a few hundred miles
of most of Saturn’s major
moons, revealing them in
unprecedented detail.
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The hydrogen chain
The hydrogen

or proton-proton
chain that produces
energy in the cores
of Sun-like stars
involves a sequence
of reactions in which
hydrogen nuclei
(protons) fuse with
each other and then
undergo radioactive
decay to eventually
produce a helium
nucleus (two protons
and two neutrons).

Unlocking the stars

In the early decades of the 20th century, astronomers had the
techniques to study the characteristics of distant stars, and
even their compositions, but the power source that lay within

hydrogen

them and made them shine was still unknown.

Stellar furnaces

The discovery of radioactive elements in the
1890s opened the way for new dating techniques
that suggested an age for the Earth of several
billion years. Because it was generally accepted
that the Sun and the planets had formed at

the same time, this meant that the Sun, too, had
been shining for billions of years, but there was
no known energy source capable of sustaining
it for that long. (The previous favorite had

been gravitational contraction and heating,
which could have sustained the Sun for a few
million years.)

Fortunately, while nuclear physics had revealed
the problem, it was also able to produce the
solution. As knowledge of reactions between
atomic nuclei improved, astronomers such as
Arthur Eddington began to realize that nuclear
fusion (the joining of light atomic nuclei to make
heavier ones) was a potential source of immense

neutrino

*]
neutron

o\clg

(proton) 40——--—""'

\.

O—=3

When two protons collide, another proton fuses

with the proton-
neutron pair, releasing
a gamma-ray photon

one changes into a neutron,
releasing a positron and
a neutrino

energy from the destruction of relatively little
material. It still took until 1938 for German-born
physicist Hans Bethe to work out the precise
details of the hydrogen fusion chain that powers

)) ARTHUR EDDINGTON

British astronomer Arthur Eddington
(1882-1944) led the 1919 expedition
to the island of Principe to prove
that Einstein’s theory of general
relativity was correct (see p.26).

He went on to make the first direct

measurements of stellar masses in

binary stars, discovering the link
between mass and luminosity
for main-sequence
stars. He also correctly
suggested that fusion
was the primary
source of energy
in stars.

mass lost in the reaction
is converted into energy
in accordance with
equation E = mc?

helium
nucleus

i

the two groups collide,
forming a helium nucleus
and releasing two protons



Particles from the Sun

Neutrino observatories such as this one in Canada
use huge underground detector tanks to record
the near-massless neutrino particles that are
released by nuclear fusion in stars like the Sun.

stars like the Sun. It is now estimated that the Sun
and stars like it have a sufficient mass of hydrogen
to keep shining for about 10 billion years.

Extreme objects

The suggestion that stars were giant machines
for releasing vast amounts of energy by turning
hydrogen into helium triggered a burst of
discoveries and wild new theories. Breakthroughs
in the study of atomic physics on Earth proved
to have implications for the nature and structure
of some exotic stars. For example, astronomers
had known for some time of the existence of
superdense white dwarfs, but it was in 1927 that
Indian astronomer Subrahmanyan Chandrasekhar

UNLOCKING THE STARS |

(1910-1995) suggested that they might be the
collapsed cores of burned-out stars, supported
only by the pressure between their atoms. In
1932, Russian physicist Lev Landau realized
that atomic physics put an upper limit on the
mass of white dwarfs. Above a certain weight,
known as the Chandrasekhar limit, the forces
between the particles in the star would not be
able to resist gravity, and the stellar remnant
would collapse to an even denser state, a neutron
star. Such stars were finally detected with the
discovery of the first pulsar (see p.71) in 1967.
And even neutron stars proved to have an upper
limit, above which their particles would dissolve
into even tinier quarks and they would collapse
to form black holes.

) STEPHEN HAWKING

Best known for his book A Brief History of Time,
Stephen Hawking did much of his groundbreaking
work in the 1960s and 1970s on the structure

of black holes. Such objects, whose gravity
prevents light escaping from them, had first been
suggested in the 18th century, but were revived
by the discoveries of particle physics in the 1960s.
Hawking discovered many aspects of black hole
behavior, most famously the “Hawking radiation”
that is generated around their boundaries.

Over the limit
The Crab Nebula

supernova remnant
shows “ripples”
caused by the rapidly
rotating neutron star
(pulsar) at its heart.
Neutron stars are
collapsed stars heavier
than the 1.4-solar-
mass “Chandrasekhar
limit” that marks the
heaviest possible white
dwarf. The limit was
actually discovered

by Lev Landau.
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M Astronomers’ peak
The summit of Mauna
Kea in Hawaii is studded
with observatories. The
largest are the twin
Keck telescopes, one
of which is seen here
on the right. Both have
33ft (10m) mirrors,
but their images

can be combined

by interferometry to
simulate the resolution
of a telescope with an
278ft (85m) mirror.

The Keck | telescope
was completed in 1992
and Keck Il'in 1996.

Pushing the limits

The late 20th century saw great advances in the tools at astronomers’
disposal. Telescopes grew larger and larger and orbiting observatories
studied the sky at wavelengths blocked from the surface of the Earth,
while computers allowed data from them to be handled in new ways.

Looking deeper
From 1948 to 1991, the Hale Telescope on Mount
Palomar in California, with its 200in (5m) mirror,

was the largest functional telescope in the world.

Since the 1990s, however, the development of
thinner mirrors and computer-controlled systems
that constantly correct distortions in a mirror’s
shape to ensure peak performance (so-called
“adaptive optics”) have led to a new generation
of giants. Interferometry, a technique first used
in the 1940s to combine the images from separate
radio telescopes and compensate for their

low resolutions (see p.42) is now used with
optical telescopes, leading to huge “networked”
telescopes such as the Very Large

Telescope (VLT) in Chile.

)) LYMAN SPITZER

American astronomer Lyman Spitzer (1914-1997)
made breakthroughs in the study of star formation,
the interstellar medium, and the formation of
planetary systems. One of the
first to see the advantages of
space-based observatories,
he set out the benefits to
both optical and invisible
astronomy in a paper
in 1946. It was largely
due to his lobbying
efforts that the
Hubble Space
Telescope was
launched in 1990.




New horizons
The revolutionary new generation of telescopes
brought entirely new types of object within

the range of astronomers. While the Hubble

Space Telescope (HST) mirror was not large, its
position above the atmosphere meant it did not
lose light through absorption, and its resolution
was second to none. In contrast, giant ground-
based telescopes such as the Keck and the VLT
can see deeper and fainter, but not quite as clearly
as the HST. Recording technology has changed,
too—electronic CCDs (see pp.162-163) respond

to light in a different way from
photographic plates, and
because they record digitally,
data from many short
exposures can be combined
into a long-exposure image
in a way that was impossible
with conventional
photography. Among the
discoveries made in this
new era have been the Kuiper
Belt beyond Pluto, extrasolar
planetary systems, and the
deep structure of the
Universe itself.

The limits of
the Universe
Astronomers can now
measure the redshifts
of thousands of distant
galaxies. Plotting their
distribution reveals
features such as
the filaments and
voids of the large-
scale Universe. The
most detailed map
so far was created by
the Sloan Digital Sky
Survey project.

Worlds beyond
This HST photograph shows a ring of dust around
the nearby Sun-like star Fomalhaut, within which
planets may be forming. It was photographed using
a black “occulting disk” to block light from the star
itself—a technique that only works well in space.
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2 billion
light-years

dots represent 1 billion
galaxies light-years
; 500 million
Milky Way light-years

The edge of the Solar System
The latest telescopes have detected extremely
faint objects in our cosmic backyard, such as
the large Kuiper Belt object Eris, seen moving
slowly against the background stars.
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The hot Universe
Most maps of the

sky at nonvisible
wavelengths can only
be made from orbit.
This X-ray chart of the
whole sky, produced by
the European ROSAT
satellite, reveals hot
gas bubbles in the
solar neighborhood

in yellow and green,
and intense radiation
sources such as
supernova remnants
in blue.

The invisible Universe

Until the middle of the 20th century, astronomers
could only study celestial objects through the
radiation they emitted at visible wavelengths.
But visible light is only a tiny portion of the
spectrum of electromagnetic waves, ranging
from extremely long-wavelength radio waves

to short-wavelength gamma rays. Short
wavelengths in particular are very damaging

to living tissue, but fortunately the Earth's
atmosphere blocks out nearly all wavelengths
except for visible light and some radio waves.
Astronomers only discovered that objects like the
Sun emitted energy at these other wavelengths
in 1946, when they used rockets to launch the
first detectors into the upper atmosphere.

Since then, the arrival of the space age has
created new fields of invisible astronomy. Orbiting
observatories have now mapped the Universe at
wavelengths from gamma rays and X-rays, where
some of the most violent events in the Universe
can be detected; through ultraviolet light, where
the hottest stars emit most of their radiation; and
into the infrared (heat) waves primarily emitted
by cool objects too dim to be seen in visible light.

Radio astronomy

The first of the new radiations to be explored,
however, were the radio waves—for the simple
reason that many of them reach Earth intact.
Radio signals from the sky were first detected by
US engineer Karl Jansky in 1932. He realized that
the signals peaked when the Milky Way was in

view, but took the research no further. The
earliest dish antenna was built a few years
later by another American, Grote Reber, but
the first of the huge radio telescopes, pioneered
in Britain by Bernard Lovell, were not built until
the 1950s. Today, radio astronomers are able
to use interferometry to combine images from
telescopes scattered around the world. Among
the major discoveries made by radio astronomy
are the distribution of interstellar gas (mapped

)) SIR BERNARD LOVELL

British radio astronomer Bernard Lovell
(1913-2012) was the driving force behind the
world’s first large radio telescope, the 250ft
(76m) dish at Jodrell Bank in England. This
paid off in 1957, when the beginning of the
space age made the radio tracking of satellites
a priority. Lovell's achievements include the
first radio detection of meteors and studies
of the radio activity of the Sun and of faint
variable stars called "flare stars.”




through the radio emissions of hydrogen);
radio emission from black holes, such as the
one at the center of our galaxy; and the active
“radio galaxies.”

Frontiers of astronomy

The science of astronomy continues to find

new fields of inquiry even today. With the latest
generation of telescopes, entire new classes of
object are available for study. As thousands of new
planets are discovered outside the Solar System,
the search for life elsewhere in the Universe, and

especially intelligent life, has intensified. A
whole new science—astrobiology—studies

the conditions under which life might survive
among the stars. The Search for Extraterrestrial
Intelligence (SETI) program is constantly listening
for telltale signals for alien civilizations. Powerful
telescopes that allow us to look closer and closer
to the Big Bang are also revealing the secrets of
galaxy formation, and are on the verge of showing
us the first generation of stars. In these and other
ways, modern astronomy is bringing us closer

to our origins.
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(@ Active galaxies
Radio galaxies are

a type of active galaxy
(see p.81) that forms
when jets of high-
energy particles
from the galaxy's
central region collide
with material in
intergalactic space.
They are among the
most intense radio
sources in the sky.

Looking for life
The 1,000ft (305m)
radio telescope at
Arecibo, Puerto Rico,
beamed our first
deliberate message
to the stars in 1974.
It has also discovered
extrasolar planets
and a binary pulsar.










Supernova remnant
Cassiopeia A

Generations of stars have
recycled the matter in the
Universe, creating and
dispersing heavier elements
as they died in spectacular
supernova explosions.




Origins

The study of the Universe itself, its origins and evolution, is known
as cosmology. It is a highly theoretical science but one on which the
foundations of astronomy all rest. Throughout history, astronomers
and others have used various theories, some more scientific than
others, to explain the Universe, but modern cosmology is based on the
Big Bang theory. Developed in the mid-20th century, it is still the most
successful explanation for the observed properties of the Universe

and the laws of theoretical physics.

All the distant objects we can see in the sky are
part of the same Universe, and we can only hope
to understand them if they obey the same physical
laws and are broadly similar to other objects close
at hand. Cosmologists are limited by their inability
to conduct experiments, and the fact that the only
Universe they have to study is our own. Computer
models have partly rectified this problem, but
cosmology is still largely an effort to find theories
that explain the features of the Universe as we
see and measure them today. These include the
fixed speed of light, the fact that the Universe

is expanding, and the way in which matter is
distributed through the cosmos.

The Big Bang
The Big Bang traces the expansion of the Universe
and the creation of all matter back to a cataclysmic
explosion 13.8 hillion years ago. It accounts for
many features of the present-day Universe, and
the clinching evidence in its favor is that the
entire sky is still glowing with faint radiation
left over from the initial explosion.

However, the theory has had to be patched
up a few times in order to explain new problems
with the Universe itself. The largest of these

“growth spurt,” in which the early Universe grew
from the size of an atom to the size of a galaxy.
In the process, microscopic variations in density
were blown up to a scale where they can explain
today’s distribution of galaxies.

Looking into the future

Modern cosmology faces numerous challenges.
One of the biggest is to predict the ultimate fate
of the Universe. Recent measurements of the
expansion of the Universe suggest that its growth
is accelerating rather than slowing down, which
means that it may continue to expand forever.
This acceleration is due to a mysterious force
called dark energy that is causing space itself to
stretch apart. Just what dark energy is, and how
it is best incorporated in current models of the
Universe, are still open for debate.
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The Hubble
space telescope

patches is “inflation,” developed in the 1970s
when astronomers discovered that galaxies were
distributed very unevenly through the Universe—
the original Big Bang theory suggested that matter
would be more evenly distributed. According to
the theory, inflation was a brief but spectacular

One of the telescope’s
primary aims was to
measure the distance
to remote galaxies
and help calculate
the rate of expansion
of the Universe.
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The structure of the Universe

The Universe is everything—space, time, and all the matter
and energy they contain, from the largest stars to the smallest
subatomic particles. We can study only a small region in any
detail, but from this, astronomers can form ideas about the scale
and structure of the whole.

B Filaments and voids
Plots of galaxy clusters
and superclusters
show patterns in the
large-scale Universe.
Clusters form stringlike
filaments and two-
dimensional sheets
around the edges of
vast dark spaces or
voids. This underlying
structure must

have originated

in the earliest era

of the Universe

(see pp.54-55).

The bigger picture
The Universe stretches for unimaginable distances
in every direction—perhaps to infinity itself. From
our point of view on Earth, we are at the center
of an “observable Universe” whose most distant
visible objects are now about 46.5 billion light-
years away. Light from more distant parts has
simply not had time to reach us since the Universe
was created.

But the Universe stretches even farther beyond
our observable limits. Observers on a planet
13.8 billion light-years from Earth would
have their own observable Universe

encompassing regions unknown to us, and so on.
There is certainly no recognizable “edge”—there is
nothing beyond the Universe for it to border—but
because space and time can be warped by gravity,
the Universe might “curve” in strange ways,
perhaps even folding back on itself in places.

Planet Earth

Terrestrial planets such

as the Earth typically have
diameters of a few thousand
miles or more. Gas giant
planets like Jupiter can grow
much bigger—over 62,000
miles (100,000km) across.

™ Cosmic distances
The vastness of the
Universe can be
represented only with
a logarithmic scale.
On the chart below,
the first division
represents 6,200 miles
(10,000km). Each
further division marks
a 10x increase in

The Solar System
The planets are lost in the space
of the Solar System—orbiting the
Sun at distances ranging from tens of

The scale of the Universe
The Universe is so vast that it is
almost impossible to grasp. One way to

scale on the previous
one (not all divisions
are labeled).

get a feel for its size is to use a series of
astronomical stepping stones—from a planet,
to a solar system, to a galaxy, and beyond.

Earth

Radius of Earth
is 3,960 miles
(6,380km)

Moon Sun
239,000 miles
(384,000km)

93 million miles
(150 million km)

e

millions to billions of miles. The Sun itself
is a typical middle-aged star, with a
diameter of 869,000 miles (1.4 million km).

The Oort Cloud
approx. 1 light-year
5.9 trillion miles
(9.5 trillion km)

Venus Saturn The Kuiper Belt Nearest star
26 million miles 745 million miles 6.2 billion miles (Proxima Centauri)
(42 million km) (1.2 billion km) (10 billion km) 4.35 light-years
Distance
from center 6,200 miles 620,000 miles 62 million miles 6.2 billion miles 6.2 x 10" miles
of Earth 0 (10%km) (10¢km) (108km) (10"°m) (10"%km)



The Milky Way
The Sun is just one of more than 200
billion stars in the Milky Way. A typical
spiral galaxy, the Milky Way has a
diameter of at least 100,000 light-years.

11

possible date
for Big Bang:

years ago

Galaxy supercluster
On the largest scales, galaxies group

together in clusters, and clusters merge

into each other to form superclusters,
sometimes containing thousands of major
galaxies and countless smaller ones in a space
a few tens of millions of light-years across.

most likely
date for

earliest possible

Big Bang: date for Big Bang:
13.8 billion 15 billion years ago
years ago

hot young
Universe
densely packed
young galaxies

latest

billion

) THE EXPANDING UNIVERSE

The Oort Cloud

When astronomers look at distant galaxies in every direction,
they find evidence that they are moving rapidly away from us,
and from each other. The farther away a galaxy is, the faster
it is receding. The only logical explanation is that the Universe
itself is expanding and carrying every galaxy cluster farther
away from its neighbors. If everything in the Universe is
now moving apart, then in the distant past, everything must
have been much closer together, and because it was more
tightly packed, it would also have been hotter. This is the
origin of the Big Bang theory—that the Universe was born

in a single vast explosion billions of years ago.

The Sun's gravity
dominates a region of
space with a radius
of roughly 1 light-year,
or 5.9 trillion miles
(9.5 trillion km). At
the outer edge of the
Solar System lies a
vast spherical halo of
deep-frozen comets—
the Oort Cloud.

The 1,000-light-year sphere
90 percent of naked-eye stars are
within 1,000 light-years of Earth

The Andromeda Galaxy
2.5 million light-years/ 1
15 million trillion miles
(24 million trillion km)

gravity holds
galaxies within

the Universe

clusters
together

today

Nearest quasar

billion light-years/

5.9 billion trillion miles
(9.5 billion trillion km)

The Virgo Cluster
60 million light-years

The Center of
the Milky Way
28,000 light-years

6.2 x 10" miles
(10"®km)

6.2 x 10" miles
(10"®km)

62 trillion miles
(10"“km)

6.2 x 10" miles
(10%°%km)

o -

The edge of the
visible Universe

13.8 billion light-years
77 billion trillion miles
(124 billion trillion km)
6.2 x 10%" miles

(10%2km)
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The Big Bang

The Big Bang is currently the best model of how the Universe began.
About 13.8 billion years ago, the Universe came into being in a violent
explosion. In a fraction of a second, all the energy and matter in the

cosmos were created, and matter took on its present form.

In the beginning singularity
The Big Bang was not an explosion in the atthe start
conventional sense—it was an explosion of of time
space itself and the beginning of time. The theory

does not and cannot attempt to explain what came

u w o . . . & L ]
before,” since time and space did not exist. All we .

can say is that the Universe was infinitely small, Diameter 3x10%it/10%m SSTR AL
dense, and hot as it came into being. For the first Temp. 107K (1,800 trillion trillion °F / 1,000

10% seconds, the so-called “Planck Time,” the Rl U0

normal laws of physics did not apply.

From the Planck Time onward, however,
the theory is more successful. The density of
energy was so high that particles of matter
could form and decay spontaneously, in
accordance with Einstein’s famous E=mc?
equation. As the Universe expanded, density
and temperature dropped, and the mass of the
particles that could form in this way grew smaller,
until, after one microsecond (one millionth of a
second), the temperature dropped below 1,800
trillion °F (1,000 trillion °C), and matter could
no longer form.

v
Time A 100-billionth of a A 100-millionth
yoctosecond / of a yoctosecond
10" seconds 5! Q’i?-sgconds

)) GEORGE GAMOW

The Big Bang theory was developed by
Russian-born physicist George Gamow
(1904-1968) and his colleagues in
the 1950s. Gamow was an
atomic physicist who helped
explain how thermonuclear
reactions power the stars. His
knowledge of high-energy
nuclear physics helped him
explain how different particles
formed in a “Hot Big Bang.”

The start of time
The first 1073 seconds of time
saw the sudden burst of inflation,
accompanied by a dramatic drop
in pressure and temperature, and
a resurgence of temperature as
inflation came to a halt.



)) INFLATION AND THE SEPARATION OF FORCES

Inflation—a brief period of sudden
expansion in the first instant of creation,
during which the Universe grew from
smaller than an atom to bigger than

a galaxy—is needed to explain

the uniformity of the Universe as it
appears today. The best suggestion

as to what could have driven

this growth spurt is that
huge amounts of energy
were released as four

have governed the Universe
ever since, separated from
a unified “superforce.”

10°m (62 miles / 100km)

102K (18 billion trillion °F /
10 billion trillion °C)

Particle soup

In the extreme temperatures,
matter was created
spontaneously from energy,
forming a broiling mass of
exotic particles. As well as
familiar types of matter, these
included heavy particles
that scientists today can
make only in high-energy
particle accelerators.

“fundamental forces,” which

10¢m (620 miles / 1,000km)

107K (1.8 billion trillion °F / 1 billion

THE BIG BANG

More matter than antimatter
The Big Bang must have created
equal amounts of matter and
antimatter, yet today’s Universe
is dominated by normal matter.
The explanation may lie in

a particle called the X-boson,
which, as it decays, produces
slightly more matter. In this way,
a tiny imbalance (perhaps just
0.000001 percent) was created.

10°m (620,000 miles / 1 million km)

10K (1.8 million trillion °F / 1 million trillion °C)

particles and
antiparticles (the
same as normal
particles, but with
opposite electric
charge) collide,
“annihilating”
each otherin a
burst of energy

10"2m (620 million miles / 1 billion km)

10K (1,800 trillion °F /1,000 trillion “C)

Freeze out and annihilation

As particles and antiparticles
collided, the material created in the
Big Bang was nearly all converted
back to energy, leaving a tiny excess
of matter behind. The energy release
sustained the Universe’s temperature
for a while, but eventually even light
particles could not be spontaneously
created, and the content of the
Universe was fixed.
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The early universe so were the quarks—heavy particles that make up
After the first microsecond, falling temperatures the protons and neutrons in the heart of all today's
meant that particles were no longer moving so atoms. A small proportion of these then bonded to
rapidly and could bond together. The first to do form the atomic nuclei of light elements. Photons

Diameter | 60 billion miles / 100 billion km

10K (18 trillion °F / 10 trillion °C) 10'?K (1,800 billion “F /
1,000 billion °C)

The first protons and neutrons Nucleosynthesis
The first of the familiar particles to form As the temperature dropped,
were protons and neutrons—the particles protons and neutrons formed
found in the nuclei of today’s atoms. Two up stable bonds. Only the lightest
quarks and a down quark coming together atomic nuclei formed in this
formed a positively charged proton, while way, so the young Universe
two down quarks and an up quark formed was dominated by hydrogen
an uncharged neutron. nuclei (unattached protons)
and helium nuclei.

108K (180 million °F /
100 million °C)

Opaque Universe

Nucleosynthesis reduced the
numbers of free particles, but there
were still countless leptons—light
particles dominated by negatively
charged electrons. Electromagnetic
radiation, such as light photons,
bounced back and forth between the
leptons and nuclei, creating a fog.




bounced back and forth between particles of
matter, preventing them from coalescing, and
the cosmos was foggy rather than transparent.
Dark matter, unaffected by the

10,000 light-years 100 million light-years |

3,000K (4,900°F / 2,700°C)

hydrogen
atom

The first atoms

380,000 years after the Big Bang, the
temperature dropped to a point where
atoms could remain stable. Electrons joined
to atomic nuclei to form atoms of the light
elements, and as the density of particles
reduced, the fog cleared and photons were
free to travel in straight lines.

THE BIG BANG

photons, began to form structure. Finally, after
380,000 years, nuclei and electrons combined
into atoms. The number of particles dropped
rapidly, and the Universe fog cleared.

INSIDE AN ATOM

An atom is made up of a nucleus
of protons and neutrons
(collectively termed nucleons),
orbited by shells of electrons.
Each proton or neutron is itself electrons
made up of three even tinier have
particles, called quarks. Every negative
chemical element has a different electric
number of protons and neutrons charge
in the nucleus of its atoms.

nucleus

neutron

nucleus, consisting of
protons and neutrons

electrons

orbit nucleus

blue
quark protons have positive

electric charge

gluons

proton, formed, like
a neutron of quarks
and gluons

)) WHAT IS DARK MATTER?

Ninety percent of all matter is
thought to be “dark.” It makes
its presence felt in gravitational
effects within galaxy clusters
and around individual
galaxies, as revealed by

the rotation of M81, shown
here. Some may be formed
from failed or dead stars,

but most are thought to

be undetectable Weakly
Interacting Massive
Particles (WIMPs). These
began to coalesce in the
aftermath of the Big Bang,
forming a structure around
which visible matter would
later take shape.

Galaxy M81

b3
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The first stars and galaxies

The beginnings of structure in the Universe, and the origin
of the first objects within it, lie hidden in a mysterious “dark
age,” just beyond the grasp of current telescopes, and are

still largely theoretical.

Sowing the seeds

The Cosmic Microwave Background radiation
reveals the beginnings of structure in the Universe
380,000 years after the Big Bang. Two billion
years later, galaxies were in an advanced state

of formation. This implies that matter clumped
together rapidly after the Big Bang. The presence of
structure in the early Universe is the best evidence
for inflation (see p.50). The idea is that, when the
early Universe was blown up to form our observable
cosmos, microscopic variations in temperature and
density were blown up, too, and became seeds of
today's galaxy clusters and superclusters.

First light

Before galaxies could begin to form, the light
gases from the Big Bang must have been through
a certain amount of processing. Astronomers

The structure of the Universe

If all the matter in the Universe started out evenly
spread and then fell together under the influence
of gravity alone, galaxies would not have formed
for billions of years. The large-scale structure of
filaments and voids throughout the Universe would
not have developed at all. There has simply not
been enough time since the Big Bang for them to
have been formed by gravity, so they must have
been there from the very beginning.

Filaments and galaxies through time

Explaining the origin of the Universe’s large-scale
structure of filaments and voids is a key challenge
for any theory of creation. This computer
simulation shows how the filaments and voids
might have developed and formed individual
clusters and galaxies.

The long look back

The farther away we look, the farther
back in time we are seeing. The most
distant objects yet photographed
are those captured in the Hubble
Ultra-Deep Field—primitive galaxies
less than a billion years after the
Big Bang.

think this was done by a generation

of giant stars—the “megasuns.” Unlike today's
stars, they would have been pure hydrogen and
helium. This would have allowed them to grow
much larger, reaching several hundred times
the mass of the Sun. As they ran out of fuel and
detonated in enormous explosions, they scattered
heavier elements throughout the Universe and
left black holes that might have been the starting
points of galaxies.

A The Universe at 500 million years old

Just half a billion years after the Big Bang, the
large-scale structure of filaments and voids is in
place. The seeds of galaxy clusters are forming
in the regions where material is most dense.




A Typical early galaxy

A detail from the Hubble Ultra-Deep Field
shows an indistinct blob with a bright core
that appears to be sweeping up dust and
gas from its surroundings.

A The Universe at 1.3 billion years old
Individual galaxies are now forming within the
crowded filaments. Photographs of the early
Universe show an excess of “blue” galaxies,
rich in dust and young stars, at this time.
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Gravitational waves

While the impenetrable barrier of

the Cosmic Microwave Background
radiation frustrates all attempts to

track the Universe's early evolution

with electromagnetic radiation, the

2016 discovery of gravitational waves
may provide a new way of studying the
infant cosmos. Ripples in space itself,
caused by shifting masses and violent
events of the Big Bang, have been
spreading across the Universe ever since
and could be directly measured by future
gravitational wave observatories such as
at the Virgo Observatory near Pisa, ltaly
(see right).

_waves passing
" through Earth
S change the relative
length of the tunnels
' e /

wave detectors consist of two
long tunnels at right angles

)) PLANET FORMATION

Planets like Earth are made mostly from
heavy elements, which were created and
scattered through the galaxies by countless
supernovae. This makes it unlikely that any
Earth-like planets formed with the early
generations of stars. However, star formation
would have provided leftover material that
might have formed gas giant planets or faint
“brown dwarf” objects (see p.83).

2 Potential planets

Five protoplanetary disks—objects made

of gas and dust that surround recently born
stars—were discovered by the Hubble Space
Telescope in the Orion Nebula. They might
evolve into planetary systems like ours.

A The Universe at 13.8 billion years old
Galaxies have evolved and much of the material
that lay between the clusters has now fallen into
them, but the overall pattern of today’s Universe
is similar to that of 10 billion years ago.
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Hubble Ultra Deep Field

Captured by the Hubble Space Telescope,
this image, known as the Ultra Deep Field,
shows approximately 10,000 galaxies
scattered across space and dating back
almost to the beginning of time. The
image shows a small patch of sky in the
southern constellation Fornax, and is a

composite of exposures that were taken
at various wavelengths, from ultraviolet
to near-infrared.
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M Red and blueshifts
The Doppler effect
explains why light
from distant sources
is shifted to the red if
the source is moving
away from us and to
the blue if the source
is moving toward

us. The movement of
the source affects the
frequency at which
the peaks and troughs
of a light wave reach
us, and so affects

the wavelength

we measure.

wave front
of emitted
radiation

wave front
spreads

h\

Observer 1

=

Redshifted spectrum line

The expanding Universe

The discovery that distant galaxies are moving away from us at
great speed has revolutionized our understanding of the cosmos.
Galaxies are not moving away from each other because of a force
that drives them—they are carried by the expansion of space itself.

Stretching space
Evidence that the Universe is expanding comes
from the light of distant galaxies. When astronomers
split this light up into a spectrum of colors and
look for the telltale spectral lines that reveal
the presence of gases in stellar atmospheres (see
p.64), they find that the lines are in the wrong
place—they are shifted toward longer wavelengths
and appear redder than expected. The best
explanation for this “redshift” is that it is a
“Doppler effect” (see below), caused by the motion
of the source galaxy away from our own position.
Different galaxies show different amounts of
redshift. In the 1920s, Edwin Hubble (see p.27)
compared the distances of galaxies with the
redshifts in their light and found that the two were
related—the farther away a galaxy is, the greater
its redshift, and therefore the faster it is moving
away from us. The only explanation for this is
that the entire Universe is expanding—the farther
away an object lies, the larger effect the general

galaxy
approaches
Observer 2

e

/ Observer 2

),
/

Blueshifted spectrum line

expansion has, and the faster it is carried away
from us. The expansion of the Universe is, however,
a large-scale phenomenon—in smaller regions of
space, it can be modified or even overcome by the
gravitational attraction of galaxies.

The precise measure of the rate at which
the speed of a galaxy's retreat increases
with increased distance is known as the
Hubble constant. If the rate of expansion has
remained constant throughout time, then this
will also determine the age of the Universe,
since the expansion can be tracked back to the
Big Bang. The best estimates of the Hubble
constant so far, made by the Hubble Space
Telescope and other experiments, put the age
of the Universe at 13.8 billion years.

)) LOCAL GRAVITY

If you think of the Universe as a stretching rubber
sheet, the weight of galaxies creates localized
dents that draw passing objects toward them. This
analogy illustrates Einstein’s theory of General
Relativity. Our Local Group of galaxies is governed
by the gravity of the Milky Way and Andromeda
galaxies, which are drawing closer to each other
and will eventually merge.

The Great Attractor
This huge
concentration of
mass lies more
than 200 million
light-years away
in the direction

of Centaurus. Its
gravity affects our
own galaxy and
other galaxies for
400 million light-
years around it.




The expansion of space

This illustration gives an idea of how a region of
space may have changed over a period of 9 billion
years. Individual galaxies are like currants in a
rising cake, carried apart by the expansion of the
sponge between them. And our galaxy is not static
at the center of this motion—it is carried along
with it. It is only because we have to measure
motion relative to our own location that we
appear to be static.

the Universe
6 billion years
ago was
much smaller

galaxies
close together

THE EXPANDING UNIVERSE

}) HENRIETTA LEAVITT

In 1912, US astronomer Henrietta Leavitt
(1868-1921) identified a number of Cepheid
variable stars (see p.76) at about the same
distance in the Large Magellanic Cloud.
She discovered that the periods

of variation were related to their
brightness. This “period—

luminosity relationship” meant

that the periods of Cepheids in

other galaxies could be used

to estimate their distances.

free gas and
dust not yet
absorbed

into galaxies

diffuse young galaxy,
not yet condensed
into tight spiral

galaxy cluster,

bound by gravity,
does not expand voids between galaxy clusters
gradually enlarge and become

almost empty of gas and dust
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The fate of the Universe

How the Universe will age and die is a subject of great interest for
today’s cosmologists. Although there are probably trillions of years
until the Universe begins to change in any significant way, research
into its ultimate destiny reveals hidden properties of today’s cosmos.

Assessing the options )) SUPERNOVA COSMOLOGY

M Cold death

In the "Big Chill"
scenario, all galaxies
will merge to form
giant ellipticals like
NGC 1316. Star
formation will end,
and eventually the last
stars will go out. Over
trillions of years, even
the matter within them
will disintegrate.

The fate of the Universe is governed by the
balance between two forces—the outward push
of expansion and the inward pull of gravity. Today
we know that the Universe is still expanding with
energy it gained in the Big Bang, and the rate of
this expansion has been measured. The strength
of gravity, meanwhile, depends on the amount of
matter in the Universe, and astronomers know
that a substantial amount of this is undetected
“dark matter.” The best models predict that the
amount of dark matter is enough to just balance
expansion. If these were the only factors involved,
gravity would slow expansion almost to nothing,
but not reverse it.

The Supernova Cosmology Project searches for
Type la supernovae detonating in remote galaxies.
These supernovae, caused by white dwarfs
collapsing to form neutron stars (see p.71), all have
the same intrinsic brightness, so their distance
can be calculated by their apparent brightness.
Distances calculated in this way are consistently
larger than the
theoretical distances
calculated from the
redshifts of the
supernovae host
galaxies, suggesting
that the expansion
of the Universe

is accelerating.

-
2

Supernova Primo

in a distant galaxy

No Supernova Supernova

Oct. 10,2010

Dark energy
However, in recent years, a new factor has entered
the equation. Cosmologists using a new method
to cross-check the rate of universal expansion
(see panel, above) discovered that the most
distant galaxies are farther away than they
should be if expansion has been slowing
down since the Big Bang—in other words,
something is giving expansion a “boost.”
This “dark energy” is seen as a force that
causes space itself to stretch apart at an
increased rate. Improved measurements
suggest that this force may be increasing
over time and has only overcome the
general deceleration in the past 6 billion
years. Its presence seems to indicate that
the Universe will expand forever, but if its
strength is increasing, it could have more
drastic effects.



Possible destinies

Debates about the future of the Universe
used to focus on two alternatives—"Big
Crunch” and “Big Chill." The discovery of
dark energy seems to have ruled out a

Big Chill

Modified Big Chill
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time

Big Crunch but has opened up two new Big Crunch
possibilities. The four possible scenarios
are shown here.
present day
Big Bang
Big Crunch

¢ contracting
Universe
heats up

Universe
contracts
after reaching
maximum
diameter

The Big Crunch

In a Big Crunch scenario, the Universe’s gravity is
stronger than the force imparted by the Big Bang, so
expansion slows to a halt and reverses. The Universe
grows denser and hotter and collapses back into a
singularity. This might even give rise to a new Universe.

expansion
continues
forever

dark energy
overcomes
gravity

The Modified Big Chill

If the Universe’s dark energy force remains steady, then
the rate of expansion will steadily increase, overcoming the
pull of gravity and pulling galaxies farther and farther away
from each other. The Universe's ultimate fate, however,
would still be a Big Chill.

expansion
continues
extremely
slowly
forever

gravity
slows
expansion

The Big Chill

In a Big Chill Universe, the amount of matter is too
small for gravity to slow the expansion to a halt. The
Universe continues to expand but more and more
slowly. Galaxies disintegrate, stars turn dark, and
eventually atoms decay into their component particles.

expansion
overcomes
fundamental
forces

Big Rip

dark energy increases
expansion over time

v

The Big Rip

If the expansion effect of dark energy continues to
increase, in billions of years it might grow to overcome
not only gravity but also the forces between and within
atoms. Matter would be torn apart in a cataclysmic
“Big Rip,” and time itself would come to an end.



The Cat’s Eye Nebula

The complex symmetry of this
beautiful planetary nebula has been
created by a succession of bubbles
of dust and gas ejected from its
central star.




Phenomena

PHENOMENA

The stars are the most obvious feature of the night sky, yet for
millennia they were one of the most mysterious. To the untrained
eye, the visible Universe still appears to be just a disorganized
scattering of stars, but closer inspection reveals that it is host

to an enormous variety of objects. Quite apart from the nearby
worlds of the Solar System (covered in the next chapter), there
are stars of many kinds, nebulae formed in a number of different
ways, star clusters, and countless galaxies.

The stars are so far away that even the most
powerful telescopes show them as nothing
more than points of light. Until recently, there
was no way to tell what they were—though
some astronomers guessed correctly that

they were stars like the Sun. It took a series of
breakthroughs in the 18th and 19th centuries to
create the science of astrophysics, the study of
the physical properties of stars (see pp.24-25).
Today astronomers are able to explain nearly all
the phenomena they observe in stars as aspects
of a single model of stellar evolution.

Stardust

Nebulae are simply clouds of gas and dust, but
they can be created in various ways. Emission
and reflection nebulae are the stuff of which stars
are made—often enriched with the remains of
previous stellar generations. They become visible
when the fierce radiation from stars embedded
within them makes them glow, or when they reflect
the light of nearby stars. Dark nebulae are simply
dense dust clouds that form a silhouette in front
of more distant reflection nebulae or star clouds.
Planetary nebulae and supernova remnants are
the glowing material flung off by stars during
events late in their lifetimes.

Galaxies and clusters

Our galaxy, the Milky Way, is made up of 200
billion or more stars, their associated gas and
dust clouds, and the planetary systems that orbit

many of them. The Milky Way is visible to the
naked eye as a pale band across the sky and

can be resolved into countless points of light by
any optical instrument. Within the galaxy, many
stars are found in clusters. Loose “open” ones—
the aftermath of star formation—are found in the
plane of the galaxy, while dense, globular clusters
orbit above and below the galaxy, and have much
more ancient origins.

Our own galaxy is just one of at least 200 billion.
Many are spirals like the Milky Way, but there
are other types, equally numerous. Ellipticals are
ancient and sometimes huge balls of stars, while
irregulars are chaotic havens of starbirth on
a massive scale. Most galaxies are dwarfs, too
faint to see except when they are on our cosmic
doorstep. All these galaxies are typically found in
clusters, but it is only recently that astronomers
have begun to piece together the relationship
between the different types.
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The Tadpole Galaxy
This distant spiral
galaxy, 420 million
light-years from Earth,
may have acquired its
striking tail of stars,
gas, and dust in a clash
with another galaxy.
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Colorful starfields
The rich starfields
visible in the
constellation
Sagittarius, toward
the center of our own
Milky Way Galaxy,
reveal almost every
variety of star, from
dim dwarfs to bright
giants, and from

hot blue stars to

cool red ones.

Star classification

Even the most casual glance into the night sky will reveal
that the stars have different brightnesses and colors, and are
distributed unevenly in the sky. These characteristics are in fact
just the most obvious signs of fundamental differences between

different types of star.

Gathering data

The stars are unimaginably distant from Earth—
only the Sun is close enough to study in detail.
Even through the largest telescopes, other stars
appear as mere points of light. In order to discover
the nature of these stars, astronomers use a
variety of ingenious techniques and scientific
models pieced together from laboratory work
and studies of the Sun.

hot, bright
blue star

intermediate
white star

cool, bright
red giant

Color and the H-R diagram

A star’s color depends on its surface temperature.
Just as an iron bar heated in a furnace glows first
red, then yellow, then white hot, so the amount
of energy heating each region of a star’s surface
controls its color. However, stellar size can vary,
and if a star grows larger at a certain phase

of its life cycle, its surface area increases, and
the amount of energy heating each region of the
surface falls. So a star can grow larger and cooler
at the same time. By plotting the relationships
between luminosity and color (or more accurately,
spectral type) on a graph called the Hertzsprung-
Russell diagram, astronomers have discovered
rules that allow them to estimate the true
brightness of a star.

)) THE USES OF SPECTROSCOPY

Astronomers use an instrument called a spectroscope to split up the
light from stars and study the brightness of different wavelengths.

A spectrum can reveal the wavelengths at which the star is brightest,
allowing its surface temperature to be calculated. Most spectra are
crossed by a number of dark lines, where light of certain wavelengths
is absorbed between us and the star. These “absorption lines” are
caused by atoms of different elements in the star’s own atmosphere
absorbing radiation with certain energies. Each element absorbs

or emits specific wavelengths, allowing astronomers to study

the make-up of stars, planets, and nebulae.

dark absorption line

Spectrum

& Annie Jump Cannon

Working at Harvard College Observatory
from the 1890s, Cannon cataloged
thousands of stellar spectra and helped
prove the link between star colors and
elements in their atmospheres.
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A star’s brightness in the sky is termed Star A
its apparent magnitude, while its true
brightness or absolute magnitude is
defined as its magnitude at a distance
of 32.6 light-years. The only direct Star B
way of measuring a star’s distance
uses the parallax effect caused by the
Earth’s orbit around the Sun each year, but
this only works for relatively nearby stars. @ = position of Earth parallax
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Hertzsprung-
Russell diagram
When stars are
plotted on an H-R
diagram according to
their brightness and
spectral type, patterns
become obvious. The
vast majority of stars
lie along a diagonal
from faint red to
brilliant blue—the
“main sequence.” A
smaller number of red
stars (the red giants)
are much brighter,
while some stars (the
white dwarfs) are faint
but still white hot.

The parallax effect
Direct measurement of
the distance to stars
relies on parallax—the
movement of nearby
objects against a more
distant background as
the observer’s point of
view shifts. The farther
away an object lies, the
less it will appear to
move against the
“background” stars.

of nearby

T | parallax shift
| Star A

| smaller
parallax shift
of Star B
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M Life cycle

This sequence shows
the early stages of
stellar evolution. Most
protostars with more
than about 10 percent
of the Sun’s mass will
eventually reach the
main sequence, but

a significant number
with less mass will
peter out as dim
brown dwarfs.

Collapsing protostellar clouds inside
star-forming nebulae form cocoons—
knots of gas and dust in which stars
develop. A cocoon may separate into dark
disks called Bok globules or proplyds.

P Stellar life stages

Stars forming today are likely
to contain material from earlier
generations of stars, enriched
with heavier elements. The
most massive stars form the
heaviest elements and detonate
in supernova explosions that
scatter them across the galaxy.

PHENOMENA

Stellar life cycles

Although stars are found in huge variety, nearly all can be seen as
stages in a standard model of stellar evolution. In this model, a star’s
mass governs the nuclear reactions in its core, which in turn determine
its other physical properties, its life span, and its eventual fate.

The birth of a star

New stars are created by the collapse of vast
clouds of gas and dust within galaxies. Such
collapses are frequent—they can be triggered

by the gravity of nearby stars, the shock waves
fro a supernova explosion, or simply the slow,

Protostars

nuclear
reactions
in star

condensing
clouds
form stars

gigantic star sheds
molecular material— star shrinks to form
clouds mass loss brown dwarf

for nuclear reactions at the core

regular rotation of a spiral galaxy. Depending on
the size of the cloud and other factors, stars can be
born in large clusters or smaller, looser groups. As
the cloud collapses, it becomes denser and heats
up. Any random motion in the initial cloud builds up
until it becomes a spinning, flattened disk. More

Pressure and temperature rise
As a protostar collapses
under gravity, material near
the center flattens into a disk
and becomes hotter. Radiation
blows away material from
above and below the disk.

protostar with insufficient mass

gravity causes
star to contract



and more material is swept up by
the gravity of the central part of the
cloud, called a protostar, which heats
up to the point where it begins to
glow. Its core becomes denser and
hotter, until it reaches the point
where nuclear fusion reactions can
begin, and it has truly become a star.

Adolescent stars

Young stars are still surrounded
by a large cloud of gas and dust.
Some of this will spiral into the
star itself, but often just as much

will be ejected. Many young stars
develop a magnetic field that
traps material and spits it out in
jets from the poles. The pressure
of radiation may also be enough
to blow away lighter elements
such as hydrogen. Meanwhile, the
star itself continues to collapse
and may go through a period of
pulsation and instability known
as a “T-Tauri” phase before settling
down as a main-sequence star,
where it will remain for most of
its life span.

_____ strong stellar winds
of charged particles

Stellar adolescence

As the star approaches the
main sequence, material
from the disk continues to
spiral inward. The protostar’s
increasingly strong magnetic
field can trap some of this
material and eject it at

the poles.

Main sequence
The star shines steadily for most
of its life. Its brightness and life
span are determined by the
nuclear reactions inside the star,
which are governed by its
composition and mass.

Emission nebula
Newly formed stars often emit fierce
ultraviolet radiation. This can be
absorbed by surrounding gases and

then re-emitted at visible wavelengths,

creating spectacular emission
nebulae such as the Trifid Nebula.
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) STAR-FORMING NEBULAE

Some of the sky's outstanding emission nebulae
are listed below. Since star formation is associated
with our galaxy’s spiral arms, it is unsurprising
that the finest star-forming nebulae are scattered
along the length of the Milky Way.

Name Constellation
Eagle Nebula (M16) Serpens
Lagoon Nebula (M8) Sagittarius
Orion Nebula (M42) Orion
Tarantula Nebula (NGC 2070) Dorado
Trifid Nebula (M20) Sagittarius
Omega Nebula (M17) Sagittarius
Taurids Taurus
Leonids Leo
Geminids Gemini
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The evolution
of stars

The most massive
stars may eventually
detonate in supernovae,
leaving behind a neutron
star or a black hole.
Sun-like stars become
red giants, before
collapsing into white
dwarfs, while the least
massive stars simply
dwindle away.

new fusion reactions
produce sodium,
magnesium, silicon,
sulfur, and

other elements

core develops

low mass star
(0.1 solar masses)

Sun-like star
(1 solar mass)

high-mass star

(8 solar masses) supergiant star

Star death

Main-sequence stars generate energy by nuclear
fusion of hydrogen in their cores. When supplies
are exhausted, they find a new source of power—
burning the helium they have spent their lives
generating, and perhaps other, heavier elements.
These changes in the star’s energy supply make
it unstable, causing it to swell to giant size. The
star’s ultimate demise is determined, like most
aspects of its evolution, by its mass.

force acts
inward

onionlike layers _&

outward pressure
exerted by
radiation in core

the heaviest element
produced is iron

Red supergiant star

Gases in any “layer” are trapped between two
equal and opposing forces—the inward pull of
gravity and the outward pressure of radiation.
As the intensity of radiation varies, the star can
expand and contract.

gravitational

ollapsing star at heart
of planetary nebula

red giant

neutron star

dense
black hole

star explodes
as a supernova

)) GIANTS AND SUPERGIANTS

Many of the sky’s brightest stars are giants—their
high luminosity makes them brilliant at far greater
distances than normal stars. This list includes red
giants as well as even more massive supergiants.

Name Magnitude Type Constellation
Arcturus 0.0 orange giant Bodtes
Betelgeuse 0.5 red supergiant Orion
Aldebaran 0.9 red giant Taurus
Antares 1.0 red supergiant Scorpius
Pollux 1.1 orange giant Gemini
Eta Carinae 5.5 blue supergiant Carina

Giant stars

When a star has exhausted the hydrogen at its
core, the hydrogen-burning process moves out
into a spherical shell. The star becomes much
brighter, but radiation from within makes its outer
layers balloon and cool. Stars like the Sun become
red giants, but more massive and luminous stars
can become supergiants of any color. Inside the
giant, the core itself collapses, until it becomes hot
and dense enough to burn helium. The star then
stabilizes, shrinking back to a more normal size
for however long the helium lasts.



Planetary nebulae

Helium is the heaviest element a star like the
Sun can burn, and its exhaustion marks the star’s
death throes. As the hydrogen- and helium-burning
shells move farther out, the star’s instability
increases, eventually causing the outer layers

to blow away, creating the glowing shells of a
planetary nebula—so named for their resemblance
to ghostly, planet-shaped disks. Such nebulae
are typically spherical but are easily distorted

by magnetic fields or by companion stars to

form even more complex and beautiful shapes.

@ The Helix Nebula
The ringlike
appearance of

this spherical
planetary nebula

is created where
we look through
the thickest parts of
its gaseous shells.
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The Eskimo Nebula
One of the most
spectacular planetaries,
the Eskimo shows
multiple shells of
ejected matter,
including cometlike
outer trails. Its
appearance is probably
due to the interaction of
the dying red giant with
an unseen companion.

Supernovae

For a star with eight times or more the Sun’s mass,
helium burning is not the end. It can continue the
fusion of successively heavier elements in its core.
Eventually, the core develops an onionlike layered
structure. However, the atomic structure of the
different elements means that each new layer
burns for a shorter time and produces less energy.
Eventually, the sequence reaches iron, the first
element whose fusion absorbs more energy than
it releases. When the star attempts to fuse iron,
its central energy source is cut off, and, with no
outward pressure of radiation to hold it up, the
layered core collapses under its own gravity.
The rebounding shock wave tears the star apart
and briefly allows fusion to form heavier elements.

Before

During

outer layers of subatomic Supernova
core collapse neutrinos burst When the outward
inward from iron at force of radiation from

the core cuts out as the
star attempts to burn
iron, the core collapses
instantaneously,
emitting a signature
burst of neutrinos
before the star is

torn apart.

the center

inward force
exerted by gravity

core collapses
in on itself

Brighter than a galaxy

The brightest supernova of recent times was
SN1987A, in the Large Magellanic Cloud, one of
the Milky Way's companion galaxies. For a few
weeks, the supernova briefly outshone the whole
of its host galaxy, as shown clearly in these two
photographs of the same area. Astronomers
have since identified its progenitor star—a

blue supergiant of 18 solar masses.




Dog Star

The first white dwarf
to be detected was
Sirius B (circled here),
companion of the
brightest star in

the sky. It could be
detected from the
wobble it causes in
the motion of Sirius A.

& The Crab Nebula
This spectacular
photograph shows the
Crab Nebula, remnant
of a 1,000-year-old
supernova, seen
through the European
Southern Observatory’s
Very Large Telescope
in Chile.
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White dwarfs

Once a Sun-like star has shed its outer layers as
a planetary nebula, only the core region remains.
Typically, this is a ball of dense, hot matter, about
the size of the Earth and glowing intensely. Such
white dwarf stars have surface temperatures of
180,000°F (100,000°C), but their small size makes
them very hard to spot. Some have atmospheres
of carbon, oxygen, and other elements created in
their helium-burning phase.

Most are doomed to fade slowly over many
millions of years, eventually becoming black
dwarfs. However, white dwarfs in close binary
systems sometimes have sufficient gravity to pull
material from their companion stars. This may
result in the white dwarf becoming a cataclysmic
variable (see p.77).

)) WHITE DWARFS

White dwarfs are so faint that very few are
within reach of amateur astronomers. In addition,
two of the brightest (Sirius B and Procyon B) are
companions of extremely bright stars. The easiest
example to spot is Omicron? Eridani.

Name Magnitude Constellation
Sirius B 8.4 Canis Major
Procyon b 10.9 Canis Minor
Omicron? Eridani 9.5 Eridanus
Van Maanen’s Star 12.4 Pisces
NGC 2440 11.0 Puppis
IP Pegasi 14.0 Pegasus

Supernova remnants

When a star goes supernova, most of its material
is torn to shreds and blasted across surrounding
space to form a glowing ghost of the former star.
The most famous supernova remnant is the Crab
Nebula, created by a stellar explosion recorded

by Chinese and Native American astronomers in

1054 ce. Because they are composed of intensely
hot gases, supernova remnants often emit most
of their radiation as X-rays. As the hot gas speeds
out across nearby space, it carries with it heavy
elements from the supernova. These may collide
with other interstellar gas clouds, perhaps even
triggering another generation of starbirth.

The Cygnus Loop

The Hubble Space Telescope captured
this stunning image of the Cygnus Loop,
remnant of a 5,000-year-old supernova.
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Neutron stars jets of radiation from [@ The origin

magnetic poles of a pulsar

- If a neutron star's
magnetic and rotational
poles are not aligned,
its beams of radiation
will sweep around like
a lighthouse beam,
so the star appears
to wink on and off.

A supernova leaves a massive core, whose gravity
is so strong that it shreds the star’s individual
atoms. Oppositely charged protons and electrons pulsar’s
combine, leaving a fast spinning ball of neutrons, rota:;ir;
which typically stops collapsing at around the

size of a city. The neutron star’s magnetic field magnetic
becomes highly powerful, channeling its radiation field
into two beams that emerge from the star’s
magnetic poles.

neutron star

Geminga pulsar
Geminga is one of

the brightest gamma-
ray sources in the sky—
it emits nearly all its
radiation at these high-

energy wavelengths. magnetic pole

Black holes

When a star’s core is truly massive, its collapse
does not stop at a neutron star. The neutrons in
turn are broken up into their component quarks,
and the core becomes so dense that its gravity
will not even allow light to escape. The result is
a stellar-mass black hole. Sealed off from the
Universe, black holes are among the strangest Gravity of a black hole
objects known to science. Their gravity affects A black hole forms a kind of

the space around them, but they are extremely gravitational “funnel” in space.
difficult to detect. Anything that comes within the
event horizon"—where the hole’s
escape velocity exceeds the speed
of light—is doomed never to return.

relatively
weak gravity

intense gravity

event horizon,
beyond which
nothing, not

even light, can

) FINDING BLACK HOLES

A black hole is easiest to detect when it material pulled brea_k fr_ee of t_he
exists in a binary star system. In some away from gravitational field
cases, a hole can be detected by its hot spot where  pinary companion

gravitational effect on the visible star— material from

if the mass of the companion exceeds star contacts disk
the upper limit for a neutron star, it must
be a black hole. In close systems,
spectacular X-ray binaries can also
form, as shown here.

extremely

superheated matter intense gravity

gives off X-rays as it

aeareiion alisk falls into black hole

surrounding
black hole

gravitational
“well” in which
gravity increases
to infinity

e

black hole at center of disk

gas close to center of disk is heated to

180 million °F (100 million °C) singularity at

the center of the
black hole




Stellar flashbulb

This Hubble Space Telescope image
shows a halo of dust around the star
at the center of the picture, V838
Monocerotis. The dust has been
illuminated by a flash of light emitted
during a brilliant outburst from the star,
in which it brightened to more than
60,000 times the luminosity of the Sun.
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Multiple stars and clusters

Single stars such as the Sun are a minority within our galaxy—
most are found in binary or multiple systems. Nearly all stars
are born in substantial clusters—some of which hold together,

while others slowly drift apart.

Multiple stars

Binary and multiple star systems form when
a collapsing protostellar cloud separates into
two or more individual clumps that are still
bound to each other by gravity. Simple binaries
are the most common type, but larger groups are
also widespread. Because the protostellar
cloud can separate unevenly, stars in a multiple
system can develop with different masses,
and therefore can follow different evolutionary
pathways and age at different rates. This gives
rise to spectacular binaries with strongly
contrasting colors and brightnesses, and

also to systems in which one star has become
a stellar remnant while the other remains on
the main sequence—a common recipe for some
types of variable star.

Stellar pairings
Albireo, or Beta (B)
Cygni, is one of the
most colorful binary
stars in the sky. It
consists of an evolved
yellow giant and a less
massive blue-green
star that is still on the
main sequence.

both members
share same orbit

) Weighing multiple stars
Multiple stars offer

astronomers their only

way to measure the relative y_
masses of stars. All the starsin  /
a system will orbit a common
center of mass, known as the
barycenter. If the stars are of
equal mass, the barycenter will

be midway between them, but

if one is more massive, then it

will be closer to the barycenter.

barycenter 4 Y 4

Binary system
of equal mass stars

Often, the stars in a multiple system are so
close together that they cannot be separated

by even the most powerful telescope. However,
such systems can still give themselves away if
their planes lie in the same direction as Earth and
they form eclipsing variables (see p.76). In other
cases, the only clue to a multiple system may be
the presence of “double” absorption lines in the
spectrum of an apparently “single” star.

)) MULTIPLE STARS

The great majority of the stars in the sky are
multiples—those listed below are some of the
most spectacular that can be seen through a small
telescope. Some of the multiple systems contain
component stars that cannot be separated visually.

Name Magnitude Type Constellation

Albireo 3.1 binary Cygnus

Epsilon Lyrae 3.9 quadruple Lyra

Mizar 2.0 quadruple Ursa Major
lzar 2.4 binary Bodtes
Castor 1.6 sextuple Gemini
Trapezium 4.7 quadruple Orion

more massive star has
tighter orbit and shorter
orbital period

&

R

Binary system of
unequal mass stars



Stellar Jewel Box

The Jewel Box cluster (NGC 4755), in the
constellation Crux, is one of the youngest known
open clusters. Thought to be only about 10 million
years old, it is dominated by hot blue stars, with
one red supergiant.

Open clusters

Groups of dozens or even hundreds of recently
born stars are called open clusters, loosely
clustered together, and often surrounded by traces
of the nebulosity from which they were created.
They are usually dominated by a few intensely hot,
blue-white stars, the most spectacular of which
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)) OPEN AND GLOBULAR CLUSTERS

Open clusters are found close to the Milky Way,
while globulars are mostly found above and
below the plane of the Galaxy. Magnitudes given
are estimated from the combined effect of all the
member stars.

Name Magnitude Type Constellation
Pleiades 1.6 open Taurus
Hyades 0.5 open Taurus
Jewel Box 4.2 open Crux
Butterfly Cluster 4.2 open Scorpius
Beehive Cluster 3.7 open Cancer
Double Cluster 4.3, 4.4 open Perseus
Omega Centauri 3.7 globular  Centaurus
M4 5.6 globular Scorpius
47 Tucanae 4.0 globular Tucana
M13 5.8 globular Hercules

are called “OB associations,” from the spectral
types of these stars. Such bright blue stars are
rarely found elsewhere in the sky. They are so
massive that they live and die in a few tens of
millions of years and have no time to get caught
up in the eventual dispersion of the cluster’s
more moderate stars.

}) CHARLES MESSIER

French astronomer Charles Messier (1730-1817)
listed more than 100 of the brightest open and
globular clusters in his famous Messier Catalog
of 1781. He drew up his catalog to avoid
confusion between newly
discovered comets—he
himself discovered
15—and permanent
features of the night
sky. Nevertheless,
it became the first
standard reference
for astronomers
investigating so-called
“deep-sky” objects, and
the Messier or “M” numbers
are still in use today.

Globular clusters

Much denser and more structured than
open clusters, globular clusters are balls
of thousands or even millions of yellow
and red stars that form independent
systems in orbit around our galaxy and
others. Unlike most stars, they are not
confined to the plane of our spiral galaxy—
they mostly orbit above and below it

in a spherical region called the halo. The
spectra of the stars in these clusters
indicates that they are unusual in having
only tiny traces of heavy elements. Such
clusters may form during the galactic
collisions that give rise to spiral galaxies
like our own.

Stellar relics

Small amounts of
heavier elements
mean that the stars

in globulars age very
slowly—those in the
Milky Way, such as 47
Tucanae, are thought
to be about 10 billion
years old. Massive blue
or white stars have
long since died, leaving
only lower-mass red
and yellow stars.
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Variable stars

Not all stars shine with a constant magnitude. Many are variable,
their brightness changing in cycles that may last hours or years,
or may be completely unpredictable. This variability can occur due
to a number of different causes.

Pulsating variables composition can make its outer layers transparent
Many stars pass through a period of instability at or opaque, altering how they are affected by the
some point in their lives. T-Tauri stars, which vary outward pressure of radiation, and causing the

in size and brightness as they settle onto the main star to expand or contract. Frequently, a cycle of
sequence, are one example. The most common type,  instability arises, with the star swelling and shrinking
however, is a star that leaves the main sequence periodically. The change in size is accompanied by

starexpands 4 cwells into a giant. Changes in its internal variations in brightness and in color.
and contracts
(exaggerated

here) coolest state hottest state Pulsating variables

Cepheid variables are
yellow supergiants with
hotteststate more than three times

the mass of the Sun.
period of one
pulsation

They pulsate in periods
Time Light curve of Cepheid variable

of a few days, and
astronomers can plot
their changing brightness
over time on a “light
curve” that shows a quite
sharp rise to maximum
brightness followed by a
slower fall to minimum.

Brightness

Eclipsing variables When the stars are seen alongside each other,
Arising from a line-of-sight effect seen in some their light output is combined, giving maximum
binary systems, eclipsing variables are one of the brightness. When one star disappears entirely
easiest types of variable to understand. They occur  or partially behind its companion, the total
when the members of a binary star system passin  output of light is reduced, and the star abruptly
front of and behind each other as seen from Earth. drops in brightness.

light curve is
star dims when slight dimming steady, with
brighter star when fainter sudden changes
is eclipsed star is eclipsed during eclipses

Eclipsing variables \ L )
The distinctive light curve of - P f Q> P (D, 0¢
an eclipsing variable is easy to N— J — ( A
identify. Typically, the light remains
steady for most of the time, with two
evenly spaced drops in brightness.
Depending on the relative sizes and
brightness of the eclipsing stars, one
minimum may be shallower than the
other, or they may be equal. Time Light curve of eclipsing variable

NS

period for one orbit

Brightness




) JOHN GOODRICKE

British astronomer
John Goodricke
(1764-1786)
overcame profound
deafness to become a
gifted mathematician
and observer.

He invented the

“light curve,” and
demonstrated that
the star Algol, or Beta
(B) Persei, varied with
aregular period. He
died aged just 22 from
pneumonia contracted
while observing.

Cataclysmic variables

Spectacular but generally unpredictable,
cataclysmic variables are usually seen in close
binary systems where the more massive star

has evolved to a white dwarf and the less massive
staris in its giant phase. In such cases, the white
dwarf's gravity may be enough to pull material
away from its companion onto itself. The dwarf
star builds up a hot, dense atmosphere that can
eventually detonate in a burst of nuclear fusion.
The result is a nova, and the cycle can repeat many
times, at predictable or unpredictable intervals.
Even more spectacular are Type la supernovae.

B Eta Carinae
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These occur when a particularly massive white This supergiant star is a highly unpredictable
variable. Today, it shines at 5th magnitude, on

dwarf in a nova system gains enough mass totipit [\ och Sk d eve visibility, but in 1843, it
over the Chandrasekhar limit (see p.39), causing reached magnitude -1, becoming the second

it to collapse into a neutron star.

brightest star in the sky.

Rotating variables

A recently recognized type of variable is a
rotating star in which some areas of the surface
are brighter than others—perhaps due to dark
starspots (like our Sun’s sunspots) or a bright
“hotspot” like the one on Betelgeuse. As the star’s
rotation carries the darker or brighter region in
and out of view, its brightness can vary. Another
type occurs when stars are stretched into an
ellipse by rapid rotation or the gravity of a binary
companion. These vary in brightness as we see
different amounts of the surface.

Computer map

of Betelgeuse

The map shows a
large bright spot,
caused by hot material
welling up from within.
This may cause some
variation in the star’s
brightness, although
Betelgeuse is also a
pulsating variable.
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Galaxies

Galaxies are systems of billions of stars, held together by their
own gravity, usually mingled with dust and gas. There are several
types, and it seems that galaxies are transformed by collisions

within galaxy clusters.

Our place in the Universe

The Milky Way is home to our Sun and all the
other stars that we can see in the sky. It is a vast
spiral system, and our celestial neighborhood
sits roughly two-thirds of the way from the center,
on the outer edge of a spiral arm. Because the
galaxy is essentially disk-shaped, there are more
stars in our line of sight as we look along the plane
of the galaxy than there are when we look above
or below the plane—the dense star clouds of the
plane form the band of the Milky Way that wraps
around the sky.

The Sun orbits the center of the galaxy roughly
once every 240 million years, but the Milky Way
does not behave like a solid body, so the inner
regions orbit the center faster than the outer
ones. The central region is dominated by a dense
hub of old red and yellow stars, while the outer
disk has a mix of stars. The brightest blue stars

globular cluster
in spherical halo

galactic disk
central bulge

Our home galaxy

Seen edge-on, the Milky Way Galaxy is a thin disk,
with the hub forming a huge bulge of old red and
yellow stars at the center. The spiral arms and
disk contain younger, bluer stars and gas clouds.

are concentrated in the spiral arms, usually in
recently formed open star clusters. Stars in the
disk and spiral arms of the Milky Way are known
as Population | stars—they are typically relatively
young. Older stars found in the hub and globular
clusters form Population Il.

Our celestial neighbors

The Milky Way is not alone in its region of space.
For their size, galaxies are relatively crowded
together, and our galaxy is a key member of a
small cluster called the Local Group. There are
two other major members—the Andromeda

distance from
center in thousands
of light-years

distance of
rotation

Galactic limits

The Milky Way is a disk some 100,000 light-years
across and a few thousand light-years deep. The
hub is an elongated ball of stars roughly 25,000
light-years in diameter, longest along the axis that
points toward the Sun—our galaxy may in fact be a
barred spiral (see p.80).



The Milky Way

This long-exposure photograph of the Milky Way reveals the
dense star clouds toward its center. The dark areas are created
by intervening dust clouds that obscure the brilliant stars behind.

and Triangulum spirals, which are about 2.5 and 2.7 million
light-years away respectively, plus at least four dozen other
small galaxies in the group. The Andromeda Galaxy is the
biggest galaxy in the Local Group, twice the size of the Milky
Way. The gravitational attraction between the two is so strong
that the galaxies are moving together, doomed to collide and
merge billions of years from now.

Around 160,000 light-years away orbit two shapeless
“irregular” galaxies of moderate size, called the Magellanic
Clouds. Even closer, a tiny, sparse “dwarf elliptical” galaxy
is actually colliding with our own on the far side of the
galactic hub from us.

Globular cluster
Some of the oldest
stars in the Milky
Way are found in its
globular clusters,
such as NGC 5139,
also known as
Omega (o) Centauri.

Companion galaxy

The Large Magellanic Cloud looks like
a detached region of the Milky Way. It
is rich in gas, dust, young stars, and
pinkish star-forming nebulae.

)) THE MILKY WAY'S BLACK HOLE

While the galaxy is littered with stellar-mass black holes left
over from supernova remnants, a much bigger secret lurks at
its heart. The very center of the Milky Way is home to a black hole
with the mass of 3 million Suns. This supermassive hole has long
since swept the region around it clear of stars and gas, but its
gravity still affects the rotation of stars in the hub. Astronomers
now think that most large galaxies have supermassive black
holes at their centers.

Heart of the galaxy

Although the central black hole

is dormant, the region around the
Milky Way's center contains many
violent objects. This X-ray image
reveals superhot stars, stellar
remnants, and glowing material left
by explosions around the black hole.
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Types of galaxy

The four major types of galaxy in the Universe—spirals, barred spirals, ellipticals, and irregulars—are distinguished by more than just
their shape. Each type possesses a unique balance of stars and other material within it, and they display a number of significant
features that offer clues to how they may have evolved and how they may be related.

The Andromeda Galaxy (M31)

Spiral galaxies

The hub, which is dominated by old red and yellow stars,

is surrounded by gas- and dust-rich spiral arms. The space
between the arms is not empty, but contains a scattered mix of
stars—the arms are prominent only because they contain most
of the brightest, short-lived stars. This is a clue that the arms
are not permanent, but are regions of increased density that
sweep around the disk, triggering starbirth as they go.

Galaxy M87

Elliptical galaxies

Ellipticals come in a huge range of sizes, encompassing the very
smallest and the very largest galaxies. They are huge balls of
mostly old red and yellow stars, each of which follows its own
elliptical orbit around the center. They contain very little gas and
dust, so little or no star formation is occurring within them. The
largest are found only in the center of galaxy clusters—a clue to
their origins (see p.82).

Galaxy NGC 1300

Barred spiral galaxies

In a barred spiral, the hub of a spiral galaxy is crossed by an
elongated "bar” of stars, from which the spiral arms emerge.
There is some evidence that the Large Magellanic Cloud, for
example, is in fact a stunted spiral with a bar and a single
arm. It now appears that our own Milky Way is also a barred
spiral—the bar just happens to be aligned at an angle of about
45° to our line of sight.

The Large Magellanic Cloud

Irregular galaxies

Usually rich in gas and dust, irregular galaxies such as the
Large Magellanic Cloud are more or less shapeless collections
of stars. Some appear to have central black holes, bars, and the
beginnings of spiral arms. Irregulars are frequently sites of
intense starbirth activity, with large glowing emission nebulae.
The most active of these “starburst” galaxies are forming stars
at a much faster rate than normal spirals.



Active galaxies

Most galaxies are the sum of their stars—the
radiation they emit comes from their individual
stars. But for a substantial number, this is not
the case. These “active galaxies” divide into four
main types. Quasars and blazars are extremely
distant galaxies in which most of the radiation
comes from a small, rapidly varying region
around the hub. Seyfert galaxies resemble
normal spirals but have much brighter cores
than expected, and radio galaxies are often
insignificant galaxies surrounded by huge lobes
of gas-emitting radio waves.

Astronomers think all these different types
of activity are caused by the black holes at the
centers of the galaxies. While in most galaxies
the central black hole is dormant, starved of
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Multiwave image

of Centaurus A

One of the closest
active galaxies, this
elliptical has become
active as it merges
with a spiral. The image
combines X-ray, radio,
and optical pictures.

material to feed on, in active galaxies material is
still falling inward. In Seyfert and radio galaxies,
the effects are relatively restrained, but quasars

jet of particles
shooting from
black hole's

magnetic pole

and blazars, at greater distances from us, are
remnants from an earlier, more violent phase.

)) STAR-FORMING GALAXIES

This box lists some of the brightest galaxies

of various types. The majority are in our Local
Group of galaxies, although the Whirlpool and
M87 are more distant but spectacular examples
of their type.

Name Magnitude Type Constellation
Andromeda 3.4 spiral Andromeda
LMC - irregular Dorado
SMC - irregular Tucana
Triangulum 5.7 spiral Triangulum
Whirlpool 8.4 spiral  Canes Venatici
M87 8.6 elliptical Virgo

The core of an active galaxy
This illustration shows a black
hole at the core pulling
material into its accretion

disk. Most active galaxies
share the features shown
here, but they may appear
different when we see them
from other angles.

torus of dust,
typically 10
light-years
across

seen edge-on, the
dust torus can
completely hide the
disk and black hole,
so only the radio

jets are apparent spinning

accretion disk
of heated gas

accretion disk
glows, emitting
light and X-rays

star being

\ ripped apart
jetexpandsinto DY intense

lobe thousands of ~9ravity
light-years long




82 | PHENOMENA

Cluster formation
Clusters—and their
galaxies—merge over
time. A cluster’s age
can be estimated
from how many large
ellipticals it contains.
Abell 1689 (left) is
considered to be
highly developed.

Galaxy evolution and clusters

Galaxies are gregarious—they are usually found in
clusters that merge together to form superclusters
in the large-scale structure of the Universe. Inside

the clusters, galaxies continually collide and
merge in ways that are thought to explain how
the different types of galaxy arise.

Galaxy evolution

Astronomers once thought that galaxies followed
a simple evolutionary sequence from elliptical to
spiral. Today, the sequence is thought to be much
more complex. Studies of galaxy collisions have
shown that gas is often stripped away from the
galaxies, becoming hot gas that falls toward
the center of galaxy clusters. Robbed of their
star-forming gas, merged galaxies are thought
to become ellipticals, dominated by red and
yellow stars as their blue and white ones burn
out. However, cool gas pulled in by an elliptical
can eventually rejuvenate a star-forming disk,
allowing the cycle to repeat itself.

How galaxies develop

The best modern theory for galaxy evolution
suggests they go through a series of mergers
and collisions against a steadily declining supply
of cool “background” gas. Mergers begin to form
elliptical galaxies that eventually come to dominate
the central regions of galaxy clusters.

early galaxies start life

as small ellipticals dense background gas

l

spiral arms
develop around
elliptical hub

spirals
merge,
stripping
gas away
to form
a larger
elliptical

spiral arms
reform as
background
gas pulled in

spirals merge
again to form
giant elliptical

Galaxy clusters

Clusters of galaxies can contain anything from a
few dozen spirals and irregulars (as in our own
Local Group), to thousands of mostly elliptical
galaxies, dominated by one or more giant
ellipticals at the center. Surprisingly, there is

not much variation in size—most galaxy clusters
occupy a space

a few million
light-years across.
Although clusters
frequently merge
at their edges, each
is distinctive as it is
governed by its own
local gravity.

)) GEORGE ABELL

American astronomer George Abell (1927-1983)
carried out the first detailed survey of galaxy
clusters and developed the
techniques required

to distinguish clusters

from randomly distributed
background galaxies.

A keen popularizer of
science, Abell did most

of his work at Mount
Palomar observatory ¢
during the 1950s, using

the most powerful

telescope available at

the time (right). Abell's
catalog is still the

standard reference for
galaxy clusters.
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PLANETS OF OTHER STARS

Planets of other stars

The Sun’s Solar System is not unique, and since the 1990s,
astronomers have finally been able to study planets and
“brown dwarfs” orbiting nearby stars.

Planet hunting

While early infrared satellites discovered
structures that looked like planet-forming disks
around young stars, actual evidence for other
fully formed planetary systems remained elusive,

A

Beta Pictoris

Optical and infrared images of Beta (B) Pictoris, a
Sun-like star 50 light-years away, show it ringed by
a disk of softly glowing material, with a clearing at
its center about the size of our inner Solar System.

thanks in large part to their faintness. It was not
until the mid-1990s that astronomers used new
approaches to confirm “extrasolar” planets for
the first time, and the decades since have seen a
revolution in astronomy, with thousands of planets,
and many more unconfirmed candidates, identified.
While the original “radial velocity” planet-hunting
technique (below) tends to find giant planets
comparable to Jupiter, the more recent transit
method can find much smaller worlds and has
confirmed several very Earth-like planets. Along
the way, astronomers have also discovered large
numbers of “brown dwarfs"—dense balls of gas
somewhere between stars and planets.

) DETECTING PLANETS

The original method used to detect extrasolar
planets involved looking for their effect on
stars. Just like the stars in a binary system,

a star and its planets orbit their common center
of mass, or barycenter. In a planetary system,

direction of star
star's movement

barycenter

®

|

Observer

toward us

"~ light to Earth
is blueshifted
as star moves

this point is likely to be well within the parent
star, but by studying its light spectrum at
regular intervals, astronomers can detect
minute red and blueshifts as the star
“wobbles” about the barycenter.

barycenter

" light is
redshifted

as star orbits
away from us

®

|

Observer

First photograph
The first direct image
of an extrasolar planet
was captured in 2005
by the VLT telescope in
Chile. The planet (left),
with five times the
mass of Jupiter, orbits
a faint brown dwarf.

@ Other Earths
Small Earth-like
planets like those of
the TRAPPIST-1 system
(illustrated left) are
found by looking for
dips in a parent star’s
brightness as they
block its light. Future
giant telescopes may
be able to image such
worlds directly.



Jupiter and lo

In this image captured by the
Hubble Space Telescope, the upper
atmosphere of Jupiter is the backdrop
to one of its moons, lo. The moon'’s
shadow is cast onto the Jovian

cloud tops.




THE SOLAR SYSTEM

The Solar System

Earth is a ball of rock that abounds with life, and it is a special place
for humans because it is their home planet. But it is not the biggest nor
the most important object in its space neighborhood. The Sun has
that position. Earth is part of the Sun’s family, the Solar System, which
consists of eight planets, several smaller bodies called dwarf planets,
over 180 moons, and billions of asteroids and comets. They have existed
together for about 4.6 billion years within the Milky Way Galaxy, just one
of the millions of galaxies that make up the Universe.

The Sun exerts its influence on a vast number
of bodies and an immense volume of space.
As the central, largest, and most massive
member of the Solar System, all other members
orbit around it. Mercury, Venus, Earth, and
Mars orbit closest to the Sun. The largest
planets—Jupiter, Saturn, Uranus, and Neptune—
are beyond Mars. A number of large objects
have also been discovered in the Kuiper Belt.
The best known of these objects is the world
of rock and ice named Pluto, which was regarded
as a planet when it was discovered but has since
been reclassified as a dwarf planet.

All the bodies within the system formed
at the same time, about 4.6 billion years ago.
Their origin was a nebula, a cloud of gas
and dust many times larger than the present
Solar System. By the time the system was
formed, just two thousandths of the nebula’s
original mass remained. The rest had been
blown or pushed out into space. The Sun
was made first, followed by the planets.
Tiny particles of nebula material clumped
together to form larger and larger pieces,
chunks, boulders, and finally huge spheres,
the terrestrial planets. The gas giants formed

View from Earth

The closest objects seen in Earth’s sky belong

to the Solar System. The Sun brightens Earth’s
day, and illuminates the Moon and planets to shine
at night. All the planets, except Neptune and the
dwarf planet Pluto, can be seen with the naked
eye if conditions are good. The Sun, Moon, and
six of the planets—Mercury, Venus, Earth, Mars,
Jupiter, and Saturn—have been known since
ancient times, as have comets, although their
nature was not then understood. Other objects,
such as moons, were discovered once the newly
invented telescope was turned skyward in the
early 17th century. Uranus was discovered in
1781, the first asteroid in 1801, Neptune in 1846,
Pluto in 1930, and the first Kuiper Belt object in
1992. Space probes have been revealing close-up
details of these remote, fascinating worlds to

us for almost 60 years. They are set to continue,
along with ever-improving Earth-based observing
techniques, to reveal more, as well as new
members of the system.
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@ Local star, the Sun
The Sun is the only
star we can see

in detail. Here, an

enormous prominence
is seen shooting into
space from its surface;
the Earth is shown to
scale above it.

a solid core first, then these captured a gas
atmosphere. Material between Mars and
Jupiter failed to make a planet and became
the Main Belt of asteroids. Remaining material
beyond Neptune became objects in the Kuiper
Belt and the comets.




The Solar System consists of the Sun and its large family of space
objects. These include the planets and moons, as well as countless
smaller bodies, such as asteroids and comets. The number of known
members rises monthly as smaller and fainter objects are found.

Structure of the Solar System almost flat and nearly circular. Beyond this is
The Sun, which is the largest and most massive the domain of the comets. They orbit the Sun
member, dominates the system. Its central position  in any plane, from close to the planetary
and strong gravity keep the whole system plane, to above and below the Sun, to
together. Each other member moves along a path anywhere in between. They make a vast
around the Sun. One complete circuit of this path sphere around the planetary part, stretching
is one orbit; each object spins as it travels. The to about 1.6 light-years from the Sun.

‘planetary part of the system is disk-shaped; it is Beyond is interstellar space.

Earth
The only place in the
Solar System known
to harbor life

Jupiter
The largest and
most massive
planet, it has the
fastest spin

Mercury
The innermost
planet, and the
one with the
shortest and
fastest orbit

Mars

This is half Earth's
size but more
distant and
therefore colder

Venus
The second planet from the
Sun but the hottest due to
its thick atmosphere

Main Belt
This ring of asteroids separates
the inner and outer planets



Formation of the Solar System
The Solar System formed about 4.6 billion years
ago from a vast, spinning cloud of gas and dust
termed the Solar Nebula. Material collapsed
into the center and made the Sun. A spinning
disk of unused material surrounding it produced
the planets. Rocky and metallic material near the
Sun formed the terrestrial planets. In the cooler
outer regions rock, metal, gas, and ice formed
the outer gas giants.

Saturn

The second-largest
planet, it is encircled
by an extensive
ring system

direction of
planetary orbit
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The orbits of the planets

The planets orbit the Sun in roughly the
same plane and travel in the same
direction—counterclockwise when seen
from above the north pole. The length
of an orbit and the time to complete one
increases with distance. The planets
and their orbits are not shown to scale.
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B The Ganges
Delta, Earth

Only Earth has liquid
water on its surface.
Nearer to the Sun,
Earth’'s water would
boil; if farther away,
it would freeze.

Inner terrestrial planets

The four inner planets—Mercury, Venus, Earth,
and Mars—are collectively known as the
terrestrial, or rocky, planets. In fact, this is a bit
of a misnomer, as they are all rocky-metallic. A
slice through any one of them would reveal a metal
core surrounded by a rocky mantle and crust. On
the surface, they are worlds of contrast. Craters
scar Mercury’s dry, gray landscape, and the thick,
poisonous atmosphere enveloping Venus hides its
volcanic terrain. Oceans of water cover more than
70 percent of Earth, and dry, cold Mars is home to
the Solar System’s largest volcanoes.

Surface of Mars

The Martian surface has been shaped by
tectonic activity and flowing water. It is also
scarred by tens of thousands of impact craters.
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Outer gas giants

The four largest planets, which lie beyond the
Main Belt, are known as the gas giants, although
they are only made in part of gas. Excluding the
Sun, these planets (Jupiter, Saturn, Uranus, and
Neptune) are the biggest objects in the Solar
System. The visible surface of each is the top of
their cloudy upper atmospheres. All four of these
distant, cold worlds have large families of moons
and are encircled by ring systems.

B Saturn’s rings

Saturn has an extensive but thin system of
rings. This image from the Cassini probe shows
individual ringlets made up of thousands of
pieces of dirty ice.

~ H »

)) MOONS, ASTEROIDS, AND COMETS ;,‘;g’;“;;:face
Billions of small objects exist in the Solar System. Of these, Comet Izeiizg'lsazzagz
over 180 are moons orbiting seven of the planets. The two lkeya- atrfws here forms
largest are both bigger than Mercury; the smallest are potato- Zhang P

different-colored
bands and contains
raging storms.

shaped lumps just a few miles across. Billions of space rocks,
termed asteroids, make up the Main Belt between Mars and
Jupiter. The Kuiper Belt, which lies outside Neptune's orbit,
consists of many thousands of icy rocky objects, and over a
trillion comets exist in the Oort Cloud.

Asteroid Gaspra




90 THE SOLAR SYSTEM

The Sun

The Sun is a huge ball of hot, luminous gas. In its core, hydrogen is
converted to helium, releasing energy that is felt on Earth as heat

and light. The Sun has existed in this form for some 4.6 billion y 4
years and should stay the same for another 5 billion or so years. i

Inside the Sun 90 other elements. Gravity keeps the Sun'’s
The Sun is immense; its diameter is 109 times gas together, pulling it toward the center.

that of Earth, and it contains 99 percent of all the The temperature increases and the pressure
material in the Solar System. It is made mainly of builds up with depth. Pressure tries to push
hydrogen (about 71 percent by mass) and helium the gas out and prevent it from becoming ever
(about 27 percent) with tiny amounts of around more tightly packed. As long as the balance

between gravity and pressure is maintained, the
Sun will keep its present size and globe shape.
In the core, which contains about 60 percent

Photosphere of the Sun’s mass, it is about 27 million °F

The Sun’s visible surface

[~y

L (15 million °C). Here, nuclear reactions convert
Radiativezone & ) the hydrogen to helium at a rate of about
ir\n/\{[r;]izrfeoipne;gfyp:wrgt\genl: ! 600 million tons each second. In the process,
Core nearly 5 million tons is released as energy. The

Sun is not solid, so—unlike Earth, which spins as
a whole—some parts of the Sun spin at different

Where nuclear  /
reactions occur

Convective zone N speeds from others. The equator spins in 25 days,
Aregion where energy is S S o while the polar regions take about 10 days longer.
carried by convection cells T —— y
1'\ The Sun’s interior
Chromosphere e Hydrogen is converted to helium in the Sun’s core.
An irregular layer of J Energy produced moves toward the surface by
atmosphere above radiation and then by convection, before leaving
the photosphere the Sun through the photosphere.

The Sun's surface

The visible surface of the Sun is a layer 310 miles
(500km) deep called the photosphere. It is made
of cells of rising gas called granules, which give

it a mottled appearance like that of an orange
peel. These convection cells, which are about 620
miles (1,000km) across, are short-lived and
constantly renew themselves. Spicules are

Solar flares
Gas continually erupts and shoots up from
the Sun’s surface in jets and sheets. In this
series of photographs taken over an 8-hour period,
solar flares explode out from the photosphere.




short-lived jets of gas that stand out from the
surface. They look tiny compared with the
Sun’s disk but can be thousands of miles long.
Much larger and more substantial solar flares
and loops of hot gas are often associated
with sunspots.

Dark spots measuring hundreds or thousands
of miles across appear periodically on the surface

and typically last for a few weeks at a time. These

sunspots are cooler areas where hot gas cannot
reach the surface. They lie within a region that
stretches from about 40° either side of the
equator. The spots materialize according to an
11-year cycle. They appear and disappear in
positions ever closer to the equator, with the
number of spots changing during the cycle.

Sunspots

These are about
2,730°F (1,500°C)
cooler than the rest
of the photosphere.
The darkest, coolest
central zone is the
umbra; around it

is the lighter, less
cool penumbra.

THE SUN | 91

Our local star

In this SOHO spacecraft image, the Sun’s mottled
surface is clearly visible. The white regions are
faculae, which are bright active regions associated
with sunspots. The image was taken in ultraviolet
light, which is why the Sun appears dark orange.
The Sun’s usual distinctive yellow color is due

to the temperature of the photosphere.

)) SUN DATA

Diameter 869,400 miles
(1.4 million km)

Average Distance from Earth
92.9 million miles (149.6 million km)

Rotation Period (Equatorial)
25 Earth days

Surface Temperature 9,932°F (5,500°C)

Core Temperature 27 million °F
(15 million °C)

Size Comparison

The Sun

a huge solar
prominence arches
out from the Sun

Prominences

These are giant clouds and
sheets of gas that reach far
out from the visible surface.
They extend hundreds of
thousands of miles
into the Sun’s outer
atmosphere, the corona,
and can last for
days or weeks.
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SDO

NASA's Solar
Dynamics Observatory
(SDO0), launched in
2010, studies the
Sun's photosphere,
atmosphere, and
solar-wind production.

THE SOLAR SYSTEM

Atmosphere

An extensive atmosphere consisting of

two main layers stretches beyond the
photosphere. The chromosphere, just above
the photosphere, extends out about 3,100 miles
(5,000km), its temperature increasing

with height to about 36,000°F (20,000°C).

The outer layer, the corona, which extends

into space for millions of miles, is hotter still,
at 3.6 million °F (2 million °C).

Such high temperatures are unexpected,
and at present there is no generally accepted
explanation for them.

The atmosphere is not usually visible but
lost in the dazzling light of the Sun. The pinkish
chromosphere and the pearly white corona can
be seen when the disk is obscured by, for example,
the Moon during a total eclipse. Invisible from view
is the solar wind of atomic particles streaming
away from the Sun.

Chromosphere

The irregular, thin
dark pink arc is

the chromosphere;
below it is the brighter
white glow from the
photosphere. The disk
of the Sun has been
blocked out. A red
flamelike protuberance
shoots out from the
chromosphere into the
corona (not seen here).

Studying the Sun

Over 20 space probes have studied the Sun
and its effect on the space around it. Some
have investigated our local star from orbit
around the Earth, while others work from

solar orbit. Ulysses followed a path that took it
over the Sun’s poles. One craft, Genesis, brought
solar-wind particles back to Earth. The probes
have studied parts of the Sun, including solar
flares and the corona, in a range of wavelengths.

)) TEIDE OBSERVATORY

Earth-based astronomers use specialty telescopes

to study the Sun. They are housed in tall towers at
high-altitude sites where interference from the Earth’s
atmosphere is at a minimum. A moving mirror (heliostat)
at the top of the tower reflects the sunlight into a fixed
telescope. The light is directed to measuring instruments
in underground rooms, kept cool because of the intense
heat from solar radiation. The Vacuum Tower Telescope
at the Teide Observatory (the tallest tower seen on the
left side of the image) has the air removed from the tower
to limit image distortion by the Sun'’s heat.

Teide Solar Observatory, Tenerife




) SOLAR ECLIPSES

When the Sun, Moon, and Earth are in alignment, the
Moon covers the disk of the Sun and blocks it from
view. Such a solar eclipse occurs at new Moon, but not
every new Moon, only typically twice a year when the

outer shadow
(penumbra)

new Moon

sunlight

full eclipse is seen
from the part of
Earth covered by

inner shadow

In alignment (umbra)

three worlds are directly aligned. The Moon's shadow
is cast on to Earth. Anyone within the inner part of this
shadow, the umbra, will see a total solar eclipse;
those in the outer shadow will see a partial eclipse.

partial eclipse is visible
from a wider area

the deep shadow

The stages of a solar eclipse

It takes about an hour and a half for the dark disk of the Moon to
cover the bright disk of the Sun (below). Totality, or total eclipsing
of the Sun (right), usually lasts for 2 to 5 minutes, but it can last
more than 7 minutes. The Sun’s outer halo, its corona, can

LO0

then be viewed.

Observing the Sun

The Sun should never be observed directly by the
naked eye or with any instrument, as its intense
light can damage eyes. Astronomers adopt two
methods to observe the Sun with instruments.
The protection method uses, for instance, filters
to block harmful rays. The projection method
(the image is projected onto a screen) is safer,
because it does not mean looking at the Sun.

4 ____ viewing card

move
eyepiece
lens gently
until
image is
sharp

Binocular projection

Cover one lens so sunlight can only
pass through the other. Direct the
Sun’s image through the binoculars.
Adjust the viewing card until the
Sun’s image is in focus.

[@ Telescope projection
A solar image can

be directed through

a telescope’s eyepiece
onto a card. Aim the
telescope at the Sun,
position the card about
18in (50cm) from the
eyepiece, and adjust
the eyepiece to
sharpen the image.

image of

the Sun

is directed
onto card

THE SUN
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Solar flare

To the unaided eye, the Sun appears in
our sky as a featureless disk. However,
instruments on Earth or in space reveal
more detail. This image taken by the
Earth-orbiting TRACE satellite shows

a violent release of energy known as a
solar flare in the Sun’s corona.
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) The planet’s interior
Mercury is extremely
dense compared with
the other terrestrial
planets, which signifies
itisrichiniron. Its
huge iron core is about
2,235 miles (3,600km)
in diameter. This is
surrounded by a mantle
and crust, both made of
silicate rock rich iniron
and titanium.

Mercury

Moving along an eccentric orbital path, Mercury is the closest
planet to the Sun. It is a dry, rocky, cratered world that feels the
full force of the Sun’s heat during the day but, with only the barest
of atmospheres, experiences freezing-cold nights.

Structure and atmosphere

Below Mercury’s silicate rock surface is a solid
rocky mantle about 340 miles (550km) thick. This
layer would have been liquid when Mercury was
young and the source of volcanic eruptions. The
mantle has now cooled and solidified, and during
the past billion years, volcanic eruptions have
ceased. Below the mantle is a large iron core,

crust of
silicate rock

rocky, silicate
mantle

formed when heavy iron sank within the young
planet. The core is partially molten and is the
source of the planet's weak magnetic field.
Elements from Mercury's surface, such as
sodium, along with helium from the solar wind, form
a very thin atmosphere. This is temporary and needs
to be continuously replenished, because Mercury's
gravitational pull cannot hold on to the gases.

hydrogen (22%) helium (6%)

sodium (29%)

potassium and

oxygen (42%) other gases (1%)

B Atmosphere

The composition of Mercury’s thin, temporary
atmosphere varies with time as gases are lost
and replenished. Oxygen, sodium, and helium
are, however, the most abundant elements.

Surface features

Mercury is covered in thousands of impact
craters, formed when meteorites hit the surface.
The oldest date from about 4 billion years ago
when meteorites bombarded the young planet.
They range in size from small bowl-shaped ones
to the Caloris Basin, a quarter of Mercury’s
diameter. The basin formed when an impacting
body, probably about 60 miles (100km) across,
hit the planet. Shockwaves buckled the surface,
forming rings of ridges around the site and
crumpled terrain on the opposite side of the
planet. The surface also has plains formed by
volcanic lava and clifflike ridges shaped when
the young, hot planet cooled and shrank.

Pockmarked surface

The Caloris Basin is a huge impact feature
over 930 miles (1,500km) across, as seen
by the Messenger probe. It has been flooded
with volcanic lava and subsequently
pockmarked by smaller impact craters.



Missions to Mercury

Mercury is only ever seen near Earth’s horizon,
where our planet’s atmosphere is turbulent.
This makes it extremely hard to study the surface
from Earth. The first spacecraft to visit Mercury,
Mariner 10, flew by three times in 1974-1975. Its
images revealed a crater-covered world similar
to our Moon. A second probe, Messenger, went
into orbit around Mercury in March 2011. Among
other things, it has provided more detailed maps
of the surface.
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@ Moonlike planet

Mercury is the smallest major planet and the
fastest to orbit the Sun. Its volcanic plains are
dotted with meteorite impact craters.

)) MERCURY DATA

Diameter 3,032 miles (4,879km)

Average Distance from Sun
36 million miles (57.9 million km)

Orbital Period 88 Earth days

Rotation Period 59 Earth days

Surface Temperature -292°F to 806°F
(-180°C to 430°C)

Number of Moons None

Size Comparison

Earth Mercury

sunshade
protects body .
and scientific -
instruments

@ Messenger

After three close
flybys between 2008
and 2009, Messenger
went into orbit around
Mercury in 2011

in order to map the
planet’s surface and
study its geochemistry,
atmosphere, and
magnetic field.

Observing Mercury

Mercury has phases like the Moon but is difficult
to see because it is never far from the Sun. It is
found low in the twilight sky, before sunrise or
after sunset. It is best seen at greatest elongation,
when it is farthest from the Sun, six or seven times
a year. Several times a century, Mercury appears
to cross over the Sun’s face as it passes between
the Sun and Earth.

Mercury and Venus in the night sky
Mercury is seen in the evening twilight. The
Sun has set and Mercury will also soon be
below the horizon. The planet appears star-
like and is within naked-eye visibility.

Jupiter x

Venus is brighter
and farther from
the Sun’s light
| than Mercury

Mercury is
just visible in
the light of the
setting Sun
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silicate
crust

solid iron
and nickel
inner core

Barton Crater

This crater is 32 miles
(52km) across and

is named Barton
Crater after Clara
Barton, founder of

the Red Cross.

Venus

Similar to Earth in size and structure, Venus is our
inner neighbor, the planet that gets closest to us and
appears brighter than any other in our sky. Yet it reveals
little of itself—only a top layer of thick, unbroken blanket

of cloud is visible.

Structure and atmosphere

In diameter, Venus is only about 400 miles
(650km) smaller than Earth, and its internal layers
are of similar size and composition. Below its
silicate crust is a rocky mantle, and below this

a core, which is solid in the center. It spins on its
axis more slowly than any other planet, one spin

molten iron and
nickel outer core

rocky mantle

taking longer than one Venusian
orbit. It also spins from east to
west, the opposite direction from
most other planets.

The 50-mile (80km) deep
atmosphere is predominantly carbon
dioxide. A thick cloud deck of sulfuric
acid droplets reflects away over 65
percent of the sunlight hitting Venus.
The clouds also trap heat from the Sun.
As a result, Venus is an overcast place
with a surface temperature higher than
that of any other planet.

@ The planet’s interior

Venus is a dense, rocky world whose material
has settled to form layers. Its iron and nickel
core has cooled and partly solidified. Molten
subsurface mantle material is released onto
the planet’s surface as volcanic lava.

Surface features
Volcanic features dominate the surface of Venus.
About 85 percent of it is low-lying plain covered
by volcanic lava. The remainder consists of three
highland regions, the largest of which is Aphrodite
Terra. The volcanic surface is relatively young in
geological terms. Venus's hundreds of
volcanoes and their extensive lava
fields may be no more than 500
million years old.

Some volcanoes may still be active. Venus has
unique flat-topped mounds of lava—pancake
domes—and spiderlike volcanic features, known
as arachnoids. Its surface is pitted with hundreds
of impact craters. Along with other features on
Venus, these are named after women.

M The volcanic landscape

Venus's volcanoes range widely in

size. Maat Mons is a shallow-sloped
shield volcano that grew with

- successive eruptions; it

. rises 5 miles (8km)

.. above the surface.
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nitrogen and trace @ Atmospheric
carbon dioxide (96.5%) gases (3.5%) composition

‘ The atmosphere
around Venus is
rich in carbon dioxide,
with a small amount
of nitrogen and trace
elements of other
gases, such as water
vapor, sulfur dioxide,
and argon.

Cloudy Venus

The thick layers of cloud would prevent anyone
on the planet seeing out. Fierce winds blow the
clouds westward, in the same direction as—but
much faster than—the planet’s spin. They circle
the planet every 4 days. Space probes have
revealed that below the clouds lies a gloomy,
stifling world.

)) VENUS DATA

Diameter 7,517 miles (12,104km)

Average Distance from Sun
67.2 million miles (108.2 million km)

Orbital Period 224.7 Earth days

Rotation Period 243 Earth days

Surface Temperature 867°F (464°C)

Number of Moons None

Size Comparison

Venus
)) MISSIONS TO VENUS Observing Venus _
Venus shines brightly in Earth’s sky because of its
Since 1962, over 20 space probes have flown reflective cloud-top surface, and because of the
EaSt' IR pCI LS LN S IR L planet's closeness to us. At its brightest, Venus is
ave had to survive the corrosive clouds, ) .
infernal surface heat, and strong magnitude -4.7 and is then only outshone by the

surface pressure (92 times that %Z
of Earth). The spacecraft %2
Magellan (1990-1994) and —
Venus Express (2006-2014)
have orbited the planet and
mapped the entire surface

using radar and infrared.

Venus Express also studied
the planet’s thick atmosphere.  Soviet Venera

lander probe

Sun and Moon. It goes through a cycle of phases
like the Moon. When close to Earth, only part of
the planet facing us is lit. Venus is best seen at
greatest elongation—either in the evening sky
after sunset, when it is shrinking from half phase
to crescent, or in the morning before sunrise,
when growing from crescent to half phase.

-/

B Venus from Earth

Venus, seen here with the crescent Moon, is
easy to spot. Its bright presence at the start
or end of the day has earned it the nicknames
Morning Star and Evening Star. Its brightness
and apparent size vary with time.
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solid iron-nickel
inner core

solid, rocky

crust OGS

B Shaped by water
The Tigre, a tributary
of the Amazon, Earth’s
greatest river, cuts
through the Peruvian
rainforest. The Amazon
carries more water
each year than any
other river. Water, wind,
and life forms have all
shaped Earth'’s surface
to varying degrees.

THE SOLAR SYSTEM

Earth

The largest of the four terrestrial planets, Earth is the only
place known to support life. A dynamic world unlike

any other, it has an abundance of liquid water, and its
surface undergoes constant change. Its one companion

in space is the lifeless Moon.

Structure

Earth was formed about 4.6 billion years ago.
Since then, its material has differentiated into
layers. The central core, which is hot and dense,

mantle of solid
silicate rock

molten iron-
nickel outer core

Surface features

Earth’s crust varies in thickness; the thickest parts
form the seven major continental landmasses. The
rest of the crust, which amounts to over 70 percent
of Earth’s surface and is generally thinner, is
covered in water. Almost all of this is in liquid form

has solidified and consists of iron,
with some nickel. Above this is a

solid rock mantle, and then a thin
crust made up of many different
types of rocks and minerals, but
predominantly silicate rock. This crust
is broken into seven large solid plates
and some smaller ones. They float on
partly molten underlying mantle. Earth’s
continents, oceans, and air all support life.

@ The planet’s interior

Movement within the outer core, partly
driven by Earth’s rotation, produces a
magnetic field that deflects solar wind.

and makes Earth's five vast oceans. Just 2 percent
is in the form of ice, in the caps around the north
and south poles. The plates in Earth’s crust move
against and away from each other and at plate
boundaries give rise to such features as mountain
ranges, deep-sea trenches, and volcanoes.

Living planet

The Arenal volcano
in Costa Rica is one
of the many volcanoes
along the Ring of
Fire. The ring is an
arc of volcanic and
earthquake activity
formed by colliding
plates. It stretches
around the rim of
the Pacific Ocean.




Atmosphere and weather

A layer of gas, rich in nitrogen and oxygen,
surrounds Earth. The oxygen sustains life

and high in the atmosphere forms ozone,

which acts as a shield against solar radiation.
The atmosphere reaches about 310 miles (500km)
above the surface, but most of it is within about
10 miles (16km) of the planet, and this is where
the weather occurs. The Sun heats Earth unevenly,
producing a variation in air pressure. Winds
develop as a result, and these drive the air and
moisture over the planet.

nitrogen (78.1%) oxygen (20.9%)

argon and trace gases (1%)

B Atmospheric composition

The atmosphere is dominated by nitrogen.
Together with the second abundant element,
oxygen, it makes up 99 percent of dry air.
The water vapor content varies; it can be

up to about 4 percent.
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)) EARTH DATA

Diameter 7,921 miles (12,756km)

Average Distance from Sun
93 million miles (149.6 million km)

Orbital Period 365.26 Earth days

Rotation Period 23.93 hours

Surface Temperature 59°F (15°C)

Number of Moons 1

@ Blue planet

When Earth is seen from space, it is easy to
appreciate just how much of it is covered by water.
Water also moves constantly between the surface
and the atmosphere, forming white clouds of water
vapor. Forest covers about a third of the land.

B Envisat
Scientists use orbiting spacecraft to
monitor Earth just as they use them
to study other planets. The European
Envisat (shown here) was the largest
observation satellite ever built.

B Aurora Borealis

Solar wind particles entering Earth’s upper atmosphere can produce
spectacular displays in the night sky known as aurorae. The colorful
lights are a result of atmospheric gas interacting with the solar particles.
The Aurora Borealis, or Northern Lights, can be seen north of about latitude
50°N. Similar lights in the southern sky are known as the Aurora Australis.



Earth at night

In this view of the Earth at night, which
has been created from satellite images,
artificial lights reveal the locations of the
main areas of human habitation on our

planet. Individual cities and major roads
can be picked out, along with features
such as the river Nile in Egypt. Artificial
lights cause trouble for astronomers by
spreading light pollution over the night sky.







B Full Moon

The Moon is fully
lit but the strong,
direct sunlight has
swamped some of
its surface features.

& Interior

The Moon is about

a quarter the size of
Earth. Its upper crust
is cracked. Below is
solid crust, and below

this is a rocky mantle.

Its average density
indicates it may have
a smalliron core.
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The Moon

The Moon is a cold, dry, lifeless ball of rock with virtually
no atmosphere. Gray and crater-covered, it is the fifth-largest
moon in the Solar System. It looms large in our sky and was
an early target for space exploration. It is the only other world
that humans have visited.

Structure and atmosphere
This rock ball has an outer layer of calcium-
rich, granitelike rock, about 28 miles
(45km) thick on the near side and 37
miles (60km) thick on the far side. Below
is a solid rocky mantle rich in silicate 7
minerals, which becomes partially
molten with increased depth. A small
iron core may be in the center.

The atmosphere is very thin. In
total, it is equivalent to the amount
of gas released by a landing Apollo
craft. The Moon'’s gravity, one-sixth
of Earth’s, cannot hold on to the
atmosphere, but it is replenished
by solar-wind material.

) The terminator
In this view, only the left side of the Moon is
sunlit. The boundary between this and the unlit
partis called the terminator. Here, shadows are
longest and surface features, such as craters,
are seen to best effect.

)) MOON DATA

Diameter 2,158 miles (3,475km)

crust of
granite-
__ likerock

Average Distance from Sun
238,700 miles (384,400km)

Rotation Period 27.32 Earth days

Surface Temperature -240°F to 248°F (-150°C to 120°C)

possible small Size Comparison
metallic core A

thick rocky

B ~" Earth ‘g Moon



Formation of the Moon

Most astronomers think that the Moon was
formed when a Mars-sized asteroid collided
with Earth about 4.5 billion years ago. Molten
rock from the two bodies splashed into space
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and formed a ring of material around the young
Earth. In time, the material clumped together
to form one new large body. This was the young
Moon, which then cooled, solidified, and formed
a surface crust.

B 1. Collision with an asteroid & 2. Massive cloud forms & 3. Ring of debris B 4. Moon is born

An asteroid collides with the Debris creates a massive Most of the debris moves Pieces collide and form
young Earth, giving it a glancing cloud of gas, dust, and rock. into orbit around young Earth. a single large body, the
blow. Material is pushed out It quickly begins to cool. It forms a dense, doughnut- young Moon, which sweeps

of the mantle.

Surface of the Moon

About 4 billion years ago, the young Moon
was bombarded by asteroids, and craters
formed all over its surface. The impact of
the rocks also pushed up mountains. In time,
lava seeped from inside the Moon through
surface cracks and flooded the large craters.

B Open plains

Lava filled the floors of the largest
craters and produced dark, flat plains.
When observed from Earth, these look
like seas and were called maria (plural
of the Latin for sea, mare).

shaped ring. up remaining material.

Geological activity has long ceased and,
with no erosion from wind or water, the
landscape has barely changed in 2 billion
years. Today the Moon is a dead world
covered by a porous blanket of rubble.
Micro-meteorites still bombard it; astronaut
footprints will eventually be erased.

P

¢

B Impact craters & Fine dust

Impact craters range from bowl-shaped The lunar soil, termed regolith, is
ones less than 6 miles (10km) across fine-grained, fragmented bedrock.

to those larger than 90 miles (150km) It is dustlike on the surface, but the
filled by solidified lava. Middle-sized grains get larger with depth. Astronauts’

ones have outer walls and peaks. boots left crisp footprints.
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Earth and Moon partnership
The Moon takes 27.3 days to complete one
elliptical orbit around Earth. As it moves, the
Earth orbits around the Sun. It takes 29.5 days
for the Moon to return to the same position
relative to the Sun in Earth’s sky and complete

)) SYNCHRONOUS ROTATION

The Moon spins around once every 27.3 days.
This is the same length of time that it takes to
make one orbit around Earth. As a

result of this synchronization

of the Moon’s rotation and

O~
orbit, the Moon keeps

( the same side, termed the
] o near side (marked here
c } by a red dot), facing Earth.

imaginary point always
faces the Earth

its cycle of phases. The Moon's gravity pulls on
Earth, making the oceans on either side of the
planet bulge, in turn producing the tides. Tidal
forces slow down Earth’s spin, with the result
that the Moon is moving away from Earth by
about 1in (3cm) each year.

Earth’s spin causes
tidal bulges to sweep
over surface

tidal bulges

Moon's orbit

gravitational
pull of the Moon

inertial
force

B Tidal bulges

Two bulges in Earth’s oceans (exaggerated
here) are created by the gravitational
interaction of the Earth and Moon. As Earth
spins, the bulges of water sweep over the
planet’s surface, creating changes in sea
level—high and low tides.

Low tide in Oregon

The time of high tide depends on the position
of the Moon in the sky. Tide height changes
during the lunar cycle.

)) LUNAR ECLIPSES

When the Sun, Earth, and Moon are aligned, k\
a lunar eclipse can occur. The Moon can move

into the shadow cast by Earth. If it is completely only a slight darkening of the Moon
within the shadow, the Moon is totally eclipsed. may occur in the light outer shadow
If only partly covered by shadow, the Moon is
in partial eclipse. An eclipse is visible from
anywhere on Earth, as long as the Moon is
above the horizon.

Earth

Sunlight
How lunar eclipses occur
Earth blocks the Sun’s light and casts a shadow
into space. The Moon moves into the shadow. In
the darkest part, it is totally eclipsed and can
appear reddish when sunlight is bent into the
shadow by Earth’s atmosphere. Lunar eclipses
happen up to three times a year.

inner, darker
shadow (umbra)

outer, paler shadow ‘
(penumbra) /
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Phases of the Moon visible. This is at times fully lit, partially lit,
Sunlight always lights up one half of the Moon, or unlit, giving the impression of a different
just as it lights up one half of Earth. The half that shape. The changing views we have of the
is lit changes as the Moon spins and moves along Moon are known as its phases; a complete
its orbit. From Earth, just one side of the Moon is cycle of phases takes 29.5 days.

Moon as e
seen from waning last A waning
the Earth crescent quarter 2 gibbous

g

new Moon ‘ (. 0
/ orbital path

Earth of the Moon
Sunlight §
0 id

B Changing views

When the Moon is between Earth

and the Sun, the side facing waxing

Earth is unlit; this is new Moon. crescent waxing
As the Moon orbits Earth, the first quarter gibbous

sunlit area grows (waxes) until
it is fully lit (full Moon) and then

decreases (wanes) until unlit.

B Onset of eclipse & Red moon B Over halfway A Close to totality
The Moon has moved into As the Moon moves farther Earth is blocking the sunlight The eclipse is about to be total.
Earth’s shadow; part of its into Earth’s shadow, its face from most of the Moon. The Except for a sunlit sliver, the

disk is obscured. turns a pinkish red. crescent left shines brightly. Moon is within Earth’'s shadow.



Man on the Moon

Twelve men from six different
Apollo space missions walked on
the Moon between July 1969 and
December 1972. They collected over
838lb (380kg) of lunar rock and soil
from six different sites.
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Missions to the Moon

Over 60 craft have journeyed to the Moon. About
half of these flew in the decade from 1959 to 1969,
when both the United States and the Soviet Union
were preparing to land a man on the Moon. This
aim was fulfilled by the United States in 1969
(see pp.30-31). About the same time, Soviet
probes returned samples of the Moon's soil

and two robotic craft, Lunokhods 1 and 2, roved

\ across its surface. No further craft were sent until
the 1990s. Now, more probes to study the Moon
(\ from orbit and land on its surface are planned.
\\ y A
4
/ 8 v
@ SMART-1
. } \ : The European Space
= ' P = Agency's SMART-1
M| . AAER is the first European
craft to be sent to
the Moon. Launched
in September 2003,
one of its tasks is to
make an inventory
of chemical elements
in the lunar surface.
-
; :"""“”,u...r__ =
i e ——
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B Lunar topography

Accurate height measurements were made of the
surface by the Clementine probe in 1994. In these
maps, made from Clementine data, blue is low,
green medium, and red high. The Moon's far side
is shown on the right, and the near is on the left.
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Mapping the Moon

Humans have observed the Moon ever since they
looked skyward. Its full, bright disk lit up the dark
nights for early people, and its changing face and
movement marked the passage of time. The newly
invented telescope was turned moonward in the
17th century, when the first lunar maps were
made. The first photographic atlas came in 1897.
Decades later, the space age offered the chance to
see the far side and observe more detail. During
1966-1967, five Lunar Orbiter craft mapped 99
percent of its surface.

Observing the Moon

The Moon, which shines by reflecting sunlight, is
easily spotted in Earth’s sky. It only goes unnoticed
near new Moon, when its near side is unlit. But
even then, the unlit part can receive some light
reflected from Earth, known as Earthshine. The
Moon is close enough and bright enough for us to
see detail. Two types of terrain are clearly visible:
the large, dark plains (maria); and the brighter,
heavily cratered highland regions.

[@ visible by day
For part of every

month, the Moon can
be seen in the daytime
sky. It does not stand
out so well against the
brighter background,
but it is possible to
make out the dark
regions and lighter
patches on its surface.

Viewed by binoculars Viewed by telescope
The Moon is still a whole A portion of the disk is now
disk, but the image is seen. Innumerable craters
larger and more detailed and individual mountain
with more features. ranges are in view.

B Viewed by naked eye
The Moon is easy to see
and moves quite rapidly.
Dark and light features



THE MOON I 111

Montes Jura

The mountain range
Montes Jura is part
of the highland that
forms the northern
boundary of the
large, flat plain
called Mare Imbrium.

Copernicus
Copernicus is a 60-mile
(96km) wide ray crater.
Surrounding its rim are
bright rays of material
ejected from the crater.
Lunar Orbiter 2 took this
oblique view in 1966.

Ptolemaeus

The crater Ptolemaeus,
95 miles (154km)

across, is visible through
binoculars. This telescope
view shows the lava-
covered floor and some
newer, smaller craters.

[@ Theophilus

High walls surround
this impact crater

(top right). Its central
mountains formed from
rock that rebounded
after the impact.

The far side

B The near side The side of the Moon facing away
The side of the Moon from Earth has only been seen
facing Earth has a thinner directly by a small number of
crust and lower terrain astronauts. Spacecraft images
than the opposite side. provide the only other way to
Volcanic magma covered see it. The first such image

this surface more readily, was taken on October 7, 1959,
and as a result there are by the Luna 3 craft. The far side
more dark plains and is completely pockmarked by

fewer craters. craters and has no large maria.






Hadley Rille

During the Apollo 15 mission in 1971,
astronauts David Scott and James
Irwin drove the first electrically
powered lunar roving vehicle to the
edge of a valley called Hadley Rille
to collect rock samples. This image
shows the partially shadowed rille,
with Scott working at the lunar
rover in the foreground.




Martian terrain
The distinctive red
of the terrain comes
from the iron oxide
(rust) in the rocks and
soil. The rover Spirit

took this view of a

outcrop near Gusev

Crater in 2004.

B The planet's interior
A thick mantle of solid
silicate rock surrounds
a metallic core, which
probably consists of iron
and nickel. The mantle
was a source of volcanic
activity in the past.

Above the mantle

a rocky crust just tens

of miles deep.
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Mars

caps and seasons.

Structure and atmosphere
This ball of rock and metal is the outermost
terrestrial planet. When it was young and molten,
rock
The heavy iron sank to the center, and the lighter
silicate rocks formed a mantle around the metallic
core. The least dense material formed the crust.
Mars then started to cool and solidify from the
outside in. The core is probably solid now, since
the relatively small size of Mars and its distance
from the Sun would suggest it has cooled more
than Earth's core.

Mars takes almost 2 Earth years to orbit
the Sun. Its axis of rotation is tilted by 25.2° to the
plane of its orbit and, like Earth, Mars experiences

core, probably of iron and nickel

is

rock crust

mantle of silicate rock

Rust-red Mars is the fourth planet from the Sun. This
dry, cold world is about half the size of Earth. Giant
volcanoes, deep faults, rock-strewn plains, and dried-up
riverbeds mark its surface. Like Earth, it has polar ice

its material differentiated to form a core and layers.

seasons and a day that lasts
about 24 hours. Its orbit is
more eccentric than Earth's;
there is a difference of about
26 million miles (42 million
km) between its closest and
farthest distance from the Sun.
When closest, it receives 45
percent more solar radiation, which
leads to higher surface temperatures.

carbon dioxide (95.3%) argon (1.6%)

nitrogen (2.7%)

! P

oxygen, carbon monoxide,
and trace gases (0.4%)

Atmospheric composition

A thin, carbon-dioxide-rich atmosphere surrounds
the planet. Iron oxide dust particles suspended

in the atmosphere color it pink. Frozen carbon
dioxide and water ice form thin clouds.

upper atmosphere
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The red planet

The Valles Marineris canyon system
slashes across the center of Mars's
disk. The three dark circular patches
on its left limb are three giant shield
volcanoes on the Tharsis Bulge.

)) MARS DATA

Diameter 4,218 miles (6,792km)

Average Distance from Sun
141.5 million miles (227.9 million km)

Orbital Period 687 Earth days

Rotation Period 24.62 hours

Surface Temperature -193°F to 77°F
(=125°C to 25°C)

Number of Moons 2

Size Comparison

Earth Mars

Surface features as the Tharsis Bulge. Olympus Mons and other
Much of Mars's northern hemisphere is covered large shield volcanoes, formed by successive lava

by relatively smooth, low-lying volcanic plains. The flows, dominate this region.
southern-hemisphere terrain is older and typically
crater-covered highland. Mars’s major surface
features are found in a roughly 60° band that is
centered on the equator. The most striking feature

is the Valles Marineris, a complex canyon system 2 Olympus Mons
The caldera on the

£ Vera Rubin Ridge
This amalgamation of

over 2,500 miles (4,000k.m.) long. The canyons summit of Olympus 70 photos taken by the
were formed about 3.5 billion years ago when Mons is surrounded Mars rover Curiosity
internal forces in young Mars split its surface by lava flows. This on August 13, 2017,

shows clear and
distinctive layering in
the sedimentary rock
in Vera Rubin Ridge.

. . giant volcano is the
apart. They have since widened and deepened largest and tallest in

through water and wind erosion, or by collapse. the Solar System, at
Internal forces also formed raised areas such 13 miles (21km) high.
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)) EXTRATERRESTRIAL LIFE

Mars has long been thought of as a possible haven
for life. The search started in mid-1976, when Viking
1 and 2 looked for signs of life in the soil of Mars.
In the first decade of the 21st century, the rovers
Spirit and Opportunity located sites where liquid
water, generally regarded as an essential element
for life, was once present. Since mid-2012, the
rover Curiosity has worked in Gale Crater, which
was home to a lake more than 3 billion years ago.
Although the lake had the ingredients for microbial
life to form, no proof of past or present life has
been found.

Hematite pebbles

Opportunity has found hematite-rich pebbles on
Mars. Hematite is an iron-rich mineral, which
on Earth almost always forms in the presence
of liquid water.

Deimos completes a quarter
Phobos and Deimos of its orbit in the time it takes

Two small moons orbit Mars. The bigger of the Phobos to orbit Mars
. . . Mars rotates

two, Phobos, is 16 miles (26km) long and orbits every 24 hours "y

5,825 miles (9,380km) from Mars. Deimos is 37 minutes /6

just 10 miles (16km) long and two and a half

PHOBOS times farther away. These dark, rocky bodies

are believed to be asteroids captured by young

Mars's gravity.

B The orbit of the moons

Both moons follow near-circular orbits around

Mars'’s equator. Phobos, the innermost moon, is so Phobos orbits Deimos completes

close to Mars and orbits so quickly that it rises and Mars in 7 hours orbit after 30 hours
DEIMOS sets three times every Martian day. 39 minutes 18 minutes

Water on Mars

Present-day Mars is an ice-cold planet where
water can exist as ice or as vapor, which forms
mists, fogs, and icy frost. There is no liquid water
today, although dry river valleys and ancient flood
plains are evidence that it once flowed across
the planet. That was about 3-4 billion years ago,
when Mars was a warmer place. Some of that
water is today in the form of ice in the polar caps.

&) Polar ice

In 2005, Mars Express imaged this circle of water
ice on the floor of an unnamed crater not far from
Mars's northern polar cap. The ice is about 7.5
miles (12km) wide.




Observing Mars

With an average magnitude of about -2.0,
Mars is one of the easiest planets to see with
the naked eye. It is in Earth’s sky for much of
the year but is best observed at opposition,
when it is close to Earth, and at its largest
and brightest. Opposition occurs approximately
once every 2 years and 2 months. Mars's
elliptical orbit brings it particularly close at
some oppositions; such favorable conditions
occur every 15 or 17 years.
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[@ Naked-eye view
To the naked eye,
Mars appears as a
bright reddish spot,
which moves from
night to night against
the background stars.
Features such as its
dark surface markings,
white polar caps,
dust storms, and
white clouds over
Olympus Mons
require fairly large
amateur telescopes
to be seen (below).

& Mars through binoculars B With a small telescope B With a large telescope
The disk shape is clearly Mars’s orange-red color and Light and dark markings
seen through binoculars, some surface features, are now clearly in view, and
but surface features are including the white polar Mars's tilt is apparent from
not yet visible. caps, emerge. the visible pole.

Missions to Mars

Space probes were first sent to Mars in the early
1960s. Over 30 craft have now made successful
missions; they have flown by it, orbited it, landed
on it, and driven over it. The earliest probes
gave us our first close-up views of Mars. Later
craft made more detailed studies. Once only
the target of probes from the US or the Soviet
Union, Mars has now been visited by missions
from six countries.

The entire planet has been surveyed by orbiters,
notably Mars Express, working since 2003, and
Mar Reconnaissance Orbiter, which was launched
in 2005. Opportunity and Curiosity are the latest
of four rovers to study Mars. They roam across its
surface, making on-the-spot investigations.

@ Exploring

the surface

This "selfie,” shot by
Curiosity (a rover that
is exploring Mars's
surface), was taken
in January 2018. At
the time, the rover
was investigating
the Vera Rubin Ridge.



Evidence for a liquid past
Astronomers have long searched for
signs of liquid water on Mars. While there
is no sign of water at present, there is
evidence that it has flowed across the
planet’s surface in the past. The features
shown here, for example, look remarkably
similar to braided river valleys on Earth.
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Jupiter

Jupiter is huge—it has a mass 2.5 times
the total mass of all the other planets

metallic hydrogen

combined. It does not have a solid
surface and, when we look at it,
we see the top layer of its thick
atmosphere. A thin, faint ring
system encircles it, and it has

the largest family of moons.

Structure

Jupiter is made predominantly of hydrogen, with
a much smaller amount of helium. Its abundance
of hydrogen means its composition is more like
the Sun’s than that of the other Solar System
planets. Had it been made of about 50 times
more hydrogen, it would have turned into a star.
The hydrogen is gaseous in the planet's outer
layer, its atmosphere. The state of the hydrogen
changes with depth, as the density, pressure, and
temperature increase. A solid core about 10
times Earth’s mass is in the center of the planet.

core of rock,
metal, and
hydrogen
compounds

inner layer of

and helium

outer layer of
liquid hydrogen
and helium

gaseous hydrogen
and helium

The gas giant
Jupiter’s visible
surface is the top
of its atmosphere; its
colorful bands, clouds, and

storms are its surface features. Freezing
cold on the outside, it has a temperature
of 54,000°F (30,000°C) in its core.

)) JUPITER DATA

Diameter 88,793 miles (142,984km)

Average Distance from Sun
483.4 million miles (778.4 million km)

Orbital Period 11.86 Earth years

Rotation Period 9.93 hours

Cloud-top Temperature -166°F (-110°C)

Number of Moons 69

Size Comparison

Earth “® Jupiter
[@ The planet’s interior
Jupiter has a layered structure, but without
rigid boundaries between the layers. Its outer
layer is its 600-mile (1,000km) deep hydrogen-
rich atmosphere. Below, the hydrogen acts as
a liquid; deeper still, it is compacted and acts
like molten metal.



The planet's orbit and spin
Jupiter lies at an average distance of
about 483 million miles (778 million
km) from the Sun. Its axis is almost

spins on its axis once
every 9.93 hours

— Aphelion
507.4 million miles
(816.6 million km)

perpendicular to its orbit, tilted by just 3.1°.
Jupiter is the fastest-spinning planet;
material is thrown outward, causing it to
bulge at the equator.

axis tilts from the
vertical by 3.1°

Perihelion

L

_—

Jupiter orbits the Sun
in 11.86 Earth years

460.1 million miles
(740.5 million km)
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Jupiter’s orbit
Jupiter’s orbit

is elliptical. The
difference between

its closest (perihelion)
and farthest (aphelion)
distance from the Sun
is 47.3 million miles
(76.1 million km).

Atmosphere and weather
Jupiter’s fast spin and rising heat from inside
the planet disturb the atmosphere, producing
hurricanes and raging storms that can last
for years at a time, and winds in its equatorial
region can reach speeds of 250mph (400kph).

The Great Red Spot

The largest and most obvious feature on Jupiter’s
surface is the Great Red Spot. This vast storm
has been observed for over 150 years. It is
constantly changing its size, shape, and color.

It is bigger than Earth and has been up to three
times wider than Earth.

Hydrogen compounds condense to form different-
colored clouds at different altitudes in the upper
atmosphere. These are channeled into forming the
bands around the planet. The white, bright bands
are zones of rising gas, and the red-brown

bands are belts of falling gas.

hydrogen (89.8%)

Atmospheric composition

The atmosphere is mainly hydrogen. Trace
compounds in the atmosphere include simple
ones such as methane, ammonia, and water and
more complex ones such as ethane and acetylene.

@ White oval storms
Two white storms have
formed in a region of
turbulent atmosphere.
Such storms are fixed
within a particular
belt or zone but travel
around the planet to
the east or west.

helium with
traces of methane
and ammonia
(10.2%)
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)) THE GALILEAN MOONS

Jupiter has over 60 moons. Most are small and and formed at the same time as the planet. These
irregular in shape with distant orbits—they could are Jupiter's so-called Galilean moons, observed
be fragments of an asteroid. Eight moons are by the Italian astronomer Galileo Galilei in 1610.

much closer; four of these are large and round,

& Ganymede
The largest moon in the Solar System, Ganymede
is bigger than both Pluto and Mercury. This
3,268-mile (5,262km) wide moon has a rocky
interior and an upper mantle of ice. Its icy crust
has contrasting dark and bright areas.

Contrasting surfaces of Ganymede

lo Callisto

lo circles Jupiter every 42.5 or so hours. It is the Second in size to Ganymede, Callisto is

innermost of the Galileans and contrasts sharply the outermost Galilean and the eighth

with the other three. They are worlds of rock moon out from Jupiter. It is a ball of ice

and ice, whereas lo is the most volcanic body in and rock with a smooth surface, which
the Solar System. The surface is is scarred by impact craters. Ice

constantly renewed by eruptions
of molten material through
the moon'’s hundreds of
volcanoes and vents.

on the crater floors and rims
make them shine brightly
against the otherwise

dark moon.

dark areas
of Callisto

lack ice

Colorful lava flows on lo

Europa
A little smaller than Earth’'s Moon,
Europa is the smallest of the
Galileans. Its thin water-ice
crust may be covering a
liquid layer that could
harbor life. Its surface
consists of smooth ice

on the bright polar plains
and dark disrupted regions
where the crust has broken
up and floated around.

Dark grooves and ridges running
across Europa's water-ice surface



Magnetic field

Electric currents within Jupiter’'s metallic
hydrogen layer generate a magnetic field about
20,000 times stronger than Earth’s and stronger
than any other planet's. It is as if a large bar
magnet was embedded inside Jupiter, tilted by
about 11° to the spin axis. As a result, radiation
belts surround Jupiter and solar-wind particles
are channeled into the planet’s upper atmosphere
around its magnetic poles. These interact with
the gases to produce glowing aurorae.

B Shimmering aurorae

This image, taken by NASA and combined with
another image taken in ultraviolet light, shows
the brilliant extent of aurorae encircling Jupiter’s
north pole for thousands of miles.

Observing Jupiter and its moons
Even though Jupiter is hundreds of millions of
miles from Earth, sunlight reflects brightly

off its atmosphere, and it is easily spotted in the
night sky. It is brightest (magnitude up to -2.9) at
opposition, which occurs every 13 months. It then

B To the naked eye

Jupiter appears to be a particularly
bright, creamy-white star. At most
times, it is the second brightest planet,
after Venus.

B Through binoculars

The planet’s Galilean moons come into
view, ranged along an imaginary line
stretching either side of Jupiter’s equator.
They change position as they orbit.

JUPITER
)) MISSIONS TO JUPITER

Jupiter was the first of the outer planets to be
visited by spacecraft. Pioneer 10 flew by in 1973,
then Pioneer 11 a year later. Two more probes, nuclear-
Voyagers 1 and 2, flew by in 1979. Galileo, the first powered
craft to orbit Jupiter, arrived in 1995. Over the next generators
8 years, it studied the planet and flew by provide

its Galilean moons in turn. Juno started its ~ § electricity
polar orbit of Jupiter in July 2016, using
its instruments to probe beneath its ; 4

clouds and help determine how the /
planet formed.

2] Galileo

Galileo has made the longest and most
in-depth study of Jupiter. It also revealed
details of its major moons, such as Ganymede
(see p.122). On arrival at Jupiter, Galileo
released a smaller probe, which plunged
into the planet's atmosphere.

appears all night long—rising at sunset, being
highest in the middle of the night, and setting
at sunrise. Jupiter is visible for about 10
months each year. It spends about 12 months
in one zodiac constellation before moving

into the next.

B with a large telescope
Jupiter’'s banded appearance is now visible.
The view changes as the planet spins and
large surface features, such as the Great
Red Spot, can be seen.
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Jupiter viewed by Juno

Colorful swirls of clouds in the
atmosphere of the giant planet Jupiter
give the appearance of an abstract
painting in this image from NASA's Juno
spacecraft. Colors and contrast have
been enhanced to bring out details. The
white ovals are massive rotating storms
in the planet’s southern hemisphere.
South is on the left in this image.
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inner layer of
liquid metallic
hydrogen
and helium

Saturn

The sixth planet from the Sun, Saturn is twice as far from
Earth as Jupiter. Its most distinctive feature is the complex
system of rings that surrounds it. The planet, which has
a muted, banded surface, has a large family of moons.

The structure of the planet
Saturn is the second-largest and least dense
of all the planets. It is made of 95 times the
amount of material in Earth, but it occupies

a much greater volume. About 764 planets the
size of Earth could fit inside Saturn. The
planet is composed of hydrogen and
helium. In the planet’s outer layer,
these elements are gaseous. Inside
the planet, where temperature and
pressure increase with depth, the
hydrogen and helium act like a

fluid, and then deeper still, as a liquid
metal. Saturn’s central rock-and-ice core
is about 10-20 times Earth’'s mass.

)) SATURN DATA

Diameter 74,853 miles (120,536km)

core of rock Average Distance from Sun
and ice 888.56 million miles (1.43 billion km)

Orbital Period 29.46 Earth years
Rotation Period 10.67 hours

Cloud-top Temperature -292°F (-180°C)

Number of Moons 62

Size Comparison

Earth Saturn

atmosphere

[@ The planet’s interior

Saturn is made of hydrogen and helium, layered
according to their state. The changes between the
outer layer of layers are gradual. As the planet makes its rapid
liquid hydrogen spin, material is flung outward to form a bulging
and helium equator, about 10 percent wider than at the poles.
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The ringed planet Saturn’s orbit

The main rings, which are readily seen, Saturn takes almost 29.5 years to complete one
are just part of the extensive ring system

; ; orbit around the Sun. The planet's spin axis tilts
surrounding Saturn. There are faint . o
rings between the main rings and the from the vertical by 26.7°. In the course of one
planet, and more that stretch beyond, orbit, both the north and south poles lean
to about four times as far from toward the Sun. This results in a changing view

the planet. of Saturn’s rings from Earth. When

the north pole points to the
Sun, the rings are seen from & The orbital pattern
above; when the south pole, ~ Saturniis closest to

£ below: and th the Sun when its south
rom below; an eyare pole faces the Sun,

seen edge-on in between and farthest away
these times. when the north pole
faces it. The pole

Northern tilted toward the
spring Sun is covered by
equinox seasonal smog.

North »— Aphelion Perihelion — __
S‘l’;:‘me:: 938 million miles 838 million miles
solstice (1.51 billion km) (1.35 billion km) Nc_)rthern
winter
solstice

Saturn orbits the Sun
in 29.46 Earth years

Northern
autumn equinox

Atmosphere and weather
Saturn’s pale yellow surface is the top
of its thick atmosphere. It is covered by
a thin, smoggy haze. Helium raindrops
within the metallic layer generate heat
as they fall. This heat is transported to the
lower atmosphere where, coupled with
the planet’s rotation, it generates fierce
winds. Near the equator, these can reach
1,200mph (1,800kph). Giant storms are
a feature of the upper atmosphere.

Dragon storm
The pinkish feature
seen hereis a

giant storm that
was given the name
“Dragon Storm.”
This part of Saturn’s
southern hemisphere
is dominated by
storm activity and
has been nicknamed
“storm alley.”

hydrogen (96.3%) helium and trace
gases (3.7%)

gray bands
are layers of
high cloud

23 Aurora at south pole
An oval aurora, invisible to the

Atmospheric composition human eye, was captured by
The atmosphere is predominantly hydrogen; trace the Cassini probe in June 2005.
gases include methane, ammonia, and ethane. The Solar-wind particles cause
visible layer is made of ammonia ice crystals, with hydrogen to glow blue in

ammonium hydrosulfide below. ultraviolet light.
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) SATURN’S RINGS AND MOONS

Saturn has more than 60 moons. Most have been ones, some of which, like Phoebe, travel backward
discovered in the last 25 years, and it is expected compared to the others. The moons are mixes of rock
that more will be found. Titan is the largest, and water ice in varying proportions. About a third
followed by a few other large, spherical moons of its moons, and more than 150 “moonlets,” lie
such as Dione. Most are small, irregularly shaped within the ring system.

@ Surrounding Saturn

The ring system stretches for hundreds

of thousands of miles into space but is only

miles deep. The rings are made of pieces

of dirty water ice that follow their own orbits

around Saturn. Ranging in size from boulders

several feet across down to dust grains, they
reflect sunlight well, making the rings easy
to see. The conspicuous gap in the rings is
known as the Cassini Division.

Euphemus Crater

&) Phoebe

Phoebe is one of the
outer moons, orbiting
8.04 million miles
(12.95 million km)
from Saturn. Its

& Titan surface is deeply
About the size of Mercury, Titan is the only scarred with
moon in the Solar System to have a substantial impact craters.

atmosphere. Nitrogen-rich smog covers the
moon, but the surface was revealed
in Cassini images.

Jason Crater

Titan’s atmosphere

B Dione

Zipping around within the ring system, Dione
Daphnis orbits in 2.74 days. Its surface is marked by
One of Saturn’s moons, Daphnis, is one of many ice cliffs and impact craters. Saturn’s fourth-
moons that disrupt the rings with their gravity. largest moon, it shares its orbit with two small,
As a result, Daphnis has earned the nickname irregularly shaped moons—Helene moving

the “wavemaker moon.” ahead of it, and Polydeuces behind.



Missions to Saturn

Four craft have journeyed to Saturn. The first
three—Pioneer 11 (1979) and Voyagers 1 and 2
(1980 and 1981)—were all flyby missions. The
fourth, Cassini-Huygens, was an orbiter which
made an in-depth study of Saturn and its rings
and moons. An American-European venture, it
consisted of the main probe, Cassini, and Huygens,
which was attached to Cassini for the journey.

[@ cassini-Huygens
The Cassini
spacecraft, with

the Huygens probe
mounted on the
right, is assembled
before its launch
from Cape Canaveral.

Observing Saturn

Saturn is visible to the naked eye for about
10 months of each year, and it looks like a
bright yellowish star. At its brightest, it reaches
magnitude -0.3. This happens when the rings
are face-on to us and more light is reflected.

B Through binoculars

The disk is visible through any binoculars.
Powerful ones also show the rings,
when full-on to Earth, as a bump at
either side.

B With a small telescope

The ring system, seen here tilted
toward Earth, looks like two earlike
lobes or handles, one on each side
of Saturn’s disk.

SATURN

The joint probe arrived in mid-2004 after a
7-year journey. Within months, Huygens was
released on its 21-day journey to Titan, where it
descended to the moon's surface. Cassini, which
was designed to work on Saturn for 4 years, had
its mission extended twice. In total, it made 294
orbits of Saturn and 162 flybys of its moons,
finally ending its exploration in September 2017
with a deliberate plunge into Saturn's atmosphere.

)) CHRISTIAAN HUYGENS

The Huygens space probe is named after the

versatile Dutch scientist Christiaan Huygens

(1629-1695), who invented the pendulum clock,

proposed the wave theory of light,

and made excellent telescopes. In
1655, Huygens not only discovered
Titan, he also explained the
mystery of Saturn’s rings—that
they are a band of material whose
appearance changes according

to the planet’s position with

AN i respect to Earth.

@ The moon Mimas from Cassini

Mimas, which orbits Saturn in the outer part
of the ring system, is 115,208 miles
(185,520km) from the planet. The lines beyond
are shadows from its rings.

A telescope will show the rings and is needed
to reveal any surface detail. The best time to see
Saturn is at opposition, which happens annually,
about 2 weeks later each year. In the course of its
orbit, Saturn spends about 2.5 years in each
zodiacal constellation in turn.

B With a large telescope
The main rings and the Cassini Division
are now seen clearly. A number of
Saturn’s largest moons can be seen
as dots of light.
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Studying Saturn

The Cassini spacecraft orbited
Saturn 22 times, weaving its way
between the planet's many rings and
atmosphere. Cassini's mission ended
with a final, deliberate plunge into
Saturn on September 15, 2017.
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B The planet's interior
Like Jupiter, Saturn,
and Neptune, Uranus
is a gas giant. The top
of its hydrogen-rich
atmosphere is its
visible surface. Below
is a layer of ices;

below this is its core.

layer of water, methane,
and ammonia ices

atmosphere of hydrogen,
helium, and other gases

Uranus

Pale blue Uranus is the seventh planet out from the Sun. Most
of what we know of it has come from the one probe to visit it,
Voyager 2. Uranus is tipped on its side, so its ring system and
family of moons seem to encircle it from top to bottom.

Structure

Uranus is the third-largest planet. It is about
four times the size of Earth and its volume

is 63 times that of Earth. Uranus is, however,
made of only 14.5 times our planet’s mass, and
so its material is not as dense as Earth’s. Below
its gas atmosphere, Uranus consists of a deep
layer of water, methane, and ammonia ices. It is
thought that electric currents within this layer

core of rock and
possibly ice

generate the planet's magnetic field.
The boundaries between the layers
are not rigid, with one layer merging
into the next.

Seen from space

The featureless southern hemisphere of
Uranus is lit by the Sun in this Voyager 2
image dating from 1986.

)) URANUS DATA

Diameter 31,744 miles (51,118km)

Average Distance from Sun
1.78 billion miles (2.87 billion km)

Orbital Period 84 Earth years

Rotation Period 17.24 hours

Cloud-top Temperature -353°F (-214°C)

Number of Moons 27

Size Comparison

2

Earth

Uranus

Atmosphere and weather

Uranus appears featureless, but this is in part due
to haze in the upper atmosphere obscuring our
view. The haze is produced by ultraviolet sunlight
interacting with atmospheric methane. Uranus
has no complex weather system, but ammonia

@ Clouds

This infrared image of Uranus reveals the
cloud structure. The highest clouds appear
white, the midlevel ones bright blue, and
the lowest darker blue. Image processing
has turned the rings a colorful red.

and water clouds are carried around the planet by
its winds and rotation. The cloud-top temperature
is around -353°F (-214°C).

hydrogen (82.5%) methane (2.3%)

helium (15.2%)
Atmospheric composition
Hydrogen is the main element in the atmosphere.
The methane gives Uranus its blue color; it
absorbs incoming red wavelengths of light and
reflects the blue.



Spin and orbit

Uranus's spin axis is tilted so far (98°) from the
vertical that it lies almost in the plane of Uranus's
orbit. This means that from Earth the planet is
seen pole-on, side-on, or in between, as its poles
and equator face the Sun during the course of its
84-year-long orbit. A collision with a planet-sized
body in the distant past probably knocked young
Uranus into its sideways position.

Northern
Equinox winter solstice
=

Aphelion
1.86 billion miles
(3.0 billion km)

Northern
summer solstice

1.7 billion miles
(2.74 billion km)

The rings and moons

Thirteen rings, separated by wide gaps, surround
Uranus. They are made of dark carbon-rich pieces
of material ranging from dust to possibly a few
feet across. Twenty-seven moons orbit Uranus;
more probably exist. Five are major moons—dark,
rocky bodies with icy surfaces. The rest are much
smaller, mainly tens of miles across.

I False-color view of rings

The bright, colorless ring (far right) is
Uranus’s most prominent ring. Five more
rings, colored blue-green, and three,
off-white, are to its left.

&) Surface of Ariel

Ariel is about a third the size of Earth’s Moon
and orbits Uranus every 2.5 days. It was
discovered from Earth but is only seen in
detail thanks to Voyager 2. Long, broad faults
cut across the moon's icy surface.

Observing Uranus

Uranus is twice as far from the Sun than its

inner neighbor, Saturn. Its great distance makes it
difficult to see, but at magnitude 5.5, it is just
visible with the naked eye. It looks like a star to
the eye or through basic binoculars. More powerful
ones or a small telescope will show it as a disk.
Following the planet's slow progress against the
background stars will confirm its identity.

@ Uranus in

the night sky

The disk of Uranus
and the planet’s five
major moons—Ariel,

and Miranda—are
visible here through an
Earth-based telescope.
The blue coloring
of the featureless
globe is unmistakable.

Umbriel, Oberon, Titania,
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URANUS

& Orbit and spin
Uranus appears to orbit
the Sun on its side. Its
long orbit and high tilt
mean each hemisphere
faces the Sun for about
42 years at a time.

Uranus orbits Sun
in 84 Earth years

Equinox

axis tilts from
vertical by 98°
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3 The planet’s interior
Neptune has no

solid surface; its
visible surface is the
top of its atmosphere.
Inside, the planet

is layered, with each
layer merging into

the next.

layer of water, methane,
and ammonia ices

atmosphere of hydrogen,
helium, and methane gases

Great Dark Spot
Voyager 2 images
revealed a dark
stormlike cloud, since
named the Great Dark
Spot, in Neptune's
atmosphere in 1989.
Bright clouds of
methane ice surround
the spot, which was
almost as big as Earth.
It had disappeared

by 1994. A similar

but new dark spot
was observed in 2016.

Neptune

Faraway Neptune was only discovered in 1846, and
remained poorly known until Voyager 2 flew by in 1989.
The probe revealed a cold, blue world encircled by rings
and moons, with a surprisingly dynamic atmosphere.

axis tilts from
Northern = vertical by 28.3°

autumn -
equinox g 2

Northern
winter
solstice

core of rock
and possibly ice

Neptune orbits the
Sun every 164.8 years

Structure

Neptune is the smallest and
most distant of the four gas
giants. It is almost four times the
size of Earth with a structure most
like that of its inner neighbor, Uranus.
Neptune’s outer layer is its atmosphere,
which is made mostly of hydrogen. Below is
a deep layer of water and ices, and below this a
core of rock and possibly ice. Due to the planet’s
fast spin, material is pushed outward to form
a bulging equator.

Northern
summer
solstice

Spin and orbit
Neptune's path around the
Sun is less elliptical than
- that of any other planet
except Venus. This means
there is no huge difference
between its closest
(perihelion) and farthest
(aphelion) distance from
the Sun. Neptune’s spin
Northern axis is not perpendicular
spring to its orbit, but is tilted
equinox from the vertical by 28.3°.

Atmosphere and weather
Even at 30 times farther from the Sun than
Earth, Neptune is affected by the Sun’s heat
and light. The north and south poles lean
sunward in turn as Neptune orbits the
Sun, and the result is seasonal change.
Each season on Neptune lasts roughly

40 years. Yet the Sun’s heat alone is not
enough to drive the dark stormlike features
and the ferocious equatorial winds. Perhaps
the planet is warmed by internal heat.

helium (18%)

hydrogen (79%) methane and ‘

trace gases (3%)

B Atmospheric composition

The atmosphere is predominantly hydrogen,
but it is the relatively small amount of methane
in the upper atmosphere that creates the
distinctive blue color. The methane absorbs red
light and reflects blue light.



[@ Distinctively blue
This gas giant’s vividly
blue color is caused
by its atmosphere.
The white streaks
are clouds of
frozen methane.

Rings and moons

Fourteen moons are known to orbit Neptune,
and more small ones probably exist. Just one

of the moons, Triton, is large and round. The
innermost four lie within the ring system. This
consists of five complete rings, the outer of which

[@ The rings

of Neptune

Four rings are visible
in this Voyager 2 view.
A diffuse band of
material, named
Lassell, lies between
the two bright rings,
Adams and Le Verrier.
Closest to Neptune is
the Galle ring.

Observing Neptune

Neptune is far too distant to be seen by

the naked eye alone. At its brightest, it
reaches magnitude 7.8 and can then be
seen through binoculars or a small telescope.
Even then the planet will resemble a faint
star. A telescope larger than about 6in (150mm)
aperture will resolve the planet into a disk
shape. However, only the most powerful
instruments will reveal any detail, such as
changes in surface brightness.

NEPTUNE

)) NEPTUNE DATA

Diameter 30,757 miles (49,528km)

Average Distance from Sun
2.8 million miles (4.5 million km)

Orbital Period 164.8 Earth years

Rotation Period 16.11 hours

Cloud-top Temperature -328°F (-200°C)

Number of Moons 14

Size Comparison

Earth Neptune

contains three dense regions of material, as
well as a sixth partial ring. The rings are sparse
and made of tiny pieces of unknown composition.
Voyager 2 revealed the rings, but earlier
observations made from Earth had predicted
their existence.

&) Triton
The icy moon Triton was
discovered just 17 days
after Neptune. It is
bigger than Pluto.
Dark surface
patches are the
sites of geyserlike
eruptions.

@ View through

a telescope
Neptune’s disk

is seen twice
here, next to
Triton. Images
taken on separate
nights are combined
to show their
movement against
the fixed stars.
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Pluto

A dark, desolate world of rock and ice, Pluto is
difficult to observe from Earth. It remained largely
unknown until the space probe New Horizons
flew by in 2015, revealing one of the most color-
contrasted bodies in the Solar System. Pluto is the
largest dwarf planet—a body that is much like a
planet, but that has not cleared the region around

its orbit of other materials.

Structure and atmosphere

About 60 percent of Pluto's mass is made up of
the dwarf planet's huge rocky core. Surrounding
this is a comparatively thin mantle of water ice.
Evidence from New Horizons indicates that

the mantle may include a water-ice ocean.

On top of this is an icy crust of frozen nitrogen,
water, carbon monoxide, and methane. Pluto's
insubstantial nitrogen atmosphere has a
pressure just one-hundred-thousandth of Earth's
atmosphere. Seen from a distance, it appears as
a high-altitude, blue, smoglike haze surrounding
the planet. The haze is thought to be the result of
sunlight acting on methane and other chemicals.

mantle rich
in water ice

large
rocky core

B Pluto’s interior

Pluto is thought to be 70 percent rock and
30 percent water ice. The rock has sunk
to its center and is surrounded by an ice
mantle, topped by ice.

\ ____thin,icy crust

& Atmospheric content
Pluto’s atmosphere is
almost entirely nitrogen
but includes trace
elements of methane
and carbon monoxide.

nitrogen (99.97%)

trace gases (0.03%)

) MISSION TO PLUTO

After its 9-year journey from Earth, the

New Horizons spacecraft flew by Pluto in 2015.
Its suite of instruments imaged both Pluto and
Charon and tested Pluto's atmosphere. The
spacecraft was then directed onto a course for
a flyby of Kuiper Belt object 2014 MU69 in early
2019. It will be the most distant object visited by
a spacecraft.



& Colorful world

Pluto had usually been
depicted as colorless
until NASA's New
Horizons spacecraft
captured its true
hues—swathes of deep
red, pale beige, and ice
blues—in 2015.

The Kuiper Belt and the

Oort Cloud

A flat belt of rock-and-ice objects measuring

2 billion miles (3 billion km) from edge to edge
stretches out beyond the orbit of Neptune. The
Kuiper Belt, as it is known, is thought to consist
of hundreds of thousands of these objects. Most
are classed as Kuiper Belt objects, some are
comet nuclei, and the largest are dwarf planets
such as Pluto and Eris. The outer edge of the
belt merges with the Oort Cloud. This is the vast
sphere of comet nuclei that surrounds the Solar
System. It contains over a trillion comets, and its
outer edge is 1.6 light-years away, not quite
halfway to the closest stars.

Surface features
The New Horizons spacecraft revealed that Pluto
has a frozen landscape of ice plains, impact
craters, and rugged, snow-capped mountains
as high as Earth's rocky mountains. It
also showed that the surface is young—
at only about 180,000 years old—and
that it is refreshed through continuous
glaciation. The huge heart-shaped
region dominating its surface is a giant
glacier—the largest in the Solar System.
Named Sputnik Planitia, this 620-mile
(1,000km) wide nitrogen ice plain is
renewed by fresh material moving up 0
from underneath.

Charon, Pluto’s largest moon
Pluto has five moons. Charon, which is
about half Pluto’s size, is by far the largest.
Like Pluto, it is an ice-and-rock ball and
has mountains and plains. Its most
distinctive features are a red polar cap
and a huge canyon, which in places is
5.5 miles (9km) deep—five times the
depth of Earth's Grand Canyon. It is
speculated that the pair formed from
one body of material that broke up
early in their history. Charon is locked
in an orbit around Pluto that keeps the
same side of the dwarf planet always
facing the same side of Charon.
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)) PLUTO DATA

Diameter 1,476 miles (2,376km)

Average Distance from Sun
3.7 billion miles (5.9 billion km)

Orbital Period 247.9 Earth years

Rotation Period 6.39 Earth days

Surface Temperature
-382°F (-230°C)

Number of Moons 5

Size Comparison

Pluto

[@ Tiny moon
In 2015, the
New Horizons
spacecraft also
captured startling
new images of
Charon, revealing
a red north pole.

orbit of Neptune

orbit of Pluto

Kuiper Belt

B The Kuiper Belt

Encircling the planetary region of the Solar System, most of the Kuiper Belt's
cometlike objects take more than 250 years to orbit the Sun. They are the
main source of short-period comets. The small objects are difficult to see, but
over 900 have been found so far.
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B Comet Borrelly
The comet’s 5-mile
(8km) long nucleus is
shaped like a bowling
pin. Gas and dust jets
are emitted from its
surface. Borrelly is a
short-period comet;
it returns every

6.86 years.

Comet Hale-Bopp

Comets and meteors

Comets are dirty snowballs that originate in the Oort Cloud. They
are of special interest, as they are made of pristine material from
the birth of the Solar System some 4.6 billion years ago. If a comet
travels in toward the Sun, it sheds dust that can produce meteors

in Earth’s sky.

How comets change

A comet is a solid, irregularly shaped mix

of two-thirds ice and snow and one-third
rocky dust. When one of these mountain-sized
snowballs, termed a nucleus, travels closer to
the Sun than Mars, it is affected by the Sun’s
heat. Some of the ice is turned to gas and, along
with dust that is released, forms a coma—

a vast, expanding cloud, which can be many
times the diameter of Earth. Gas and dust are
pushed from the coma and form tails, typically
62 million miles (100 million km) long.

The orbit of a comet

Comets only develop a coma and tails near

the Sun. Over 500 comets return in less than
20 years and are described as short-period.
Long-period comets take hundreds or thousands
of years to return.

Comets with a large coma and tails are big
enough and bright enough to be seen in
Earth’s sky. Comet Hale-Bopp was seen
in 1997, as its orbit brought it close to the
Sun. Its gas tail is blue and its curved
dust tail is white. It will return in about

2,400 years.

tails are dust tail gas tail is straight
longest is curved and narrow

close to
the Sun

tail grows

as the comet
2 travels toward
L < the Sun
perihelion L] -
tail shrinks
as the comet

a comet's
tail always
points away
from the Sun

_ moves away
I k from the Sun

% aphelion

naked‘
nucleus
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COMETS AND METEORS

) MISSIONS TO COMETS

The first five missions to comets all flew to Halley's
Comet. Giotto was the most successful. In March

1986, it gave us our first view of a cometary nucleus.

Twenty years later, Stardust returned to Earth with
particles of Comet Wild-2. The most ambitious

From comet to meteor

The dust particles shed by comets are termed
meteoroids. If one enters Earth’s atmosphere,

it heats up and produces a short-lived trail of
light—a meteor, also sometimes called a shooting
star. A really bright meteor is termed a fireball.
When Earth passes through a stream of dust
particles shed by a comet along its orbital path,
a meteor shower will result.

Observing comets and meteors
About 3,500 comets have been detected, many by
the SOHO spacecraft. From Earth, they are, on the
whole, faint and only observable with a telescope.
A few can be seen each year through binoculars,
and one or two every decade with the naked eye.

B Leonid meteor shower

The Earth ploughs into the dust stream of Comet
Tempel-Tuttle every November. The dust particles
burn up and produce meteors while speeding
through Earth’s atmosphere.

@ Comet 67P

As it passed Comet 67P,
Rosetta took photos of

a dust plume emanating
from its surface. It is
currently unknown what
is causing this particular
plume to erupt.

mission to date, Rosetta arrived at Comet
Churyumov-Gerasimenko in 2014. It orbited
the comet, monitoring the evolution of its
coma and tails, and released Philae to make
the first landing on a comet's nucleus.

2) Rosetta spacecraft
Two solar panels,
measuring 105ft (32m)
from tip to tip, keep
Rosetta powered
on its long journey
out into space.

A bright meteor streaks past Orion

These appear like a fuzzy, possibly elongated,
patch of light. Meteors, which typically last
for less than a second, can be viewed by the
naked eye. They occur on any night of the year
but are best spotted during one of the 20 or
so annual meteor showers.

)) PROMINENT ANNUAL METEOR SHOWERS

Name Date Constellation
Quadrantids Jan 1-6 Bootes
Lyrids Apr 19-24 Lyra

Eta Aquariids May 1-8 Aquarius
Delta Aquariids Jul 15-Aug 15 Aquarius
Perseids Jul 25-Aug 18 Perseus
Orionids Oct 16-27 Orion
Taurids Oct 20-Nov 30 Taurus
Leonids Nov 15-20 Leo
Geminids Dec 7-15 Gemini






Landing on a comet

The European Space Agency'’s craft
Philae landed on the nucleus of comet
67P/Churyumov-Gerasimenko in
November 2014, seen here in this artist’'s
impression. The craft was supposed to
anchor itself to the nucleus, but in the
event, it bounced twice and ended up in
a dark corner, where it operated for 2
days before dying.
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Asteroids and meteorites

Asteroids are dry, dusty lumps made of rock, metal, or a mix of both
that orbit the Sun. If their paths cross, asteroids can collide, break up,
and be set on a path toward Earth. A chunk of asteroid landing on
Earth is termed a meteorite.

Asteroid profile Over 90 percent of asteroids are in the Main Belt,
There are over a billion asteroids, and more also known as the Asteroid Belt. Ceres, the largest
than 750,000 have been discovered so far. object in the Main Belt, was reclassified as a dwarf
Asteroids are material that failed to form a planet in 2006. Although the belt has more than a
terrestrial planet some 4.6 billion years ago billion measuring over 1.25 miles (2km) long, it is
when the Solar System'’s planets formed. not crowded; thousands of miles separate
Asteroids are, mostly, irregular in shape and asteroid from asteroid. The Near Earth Asteroids
range in size from several hundred miles across have orbits that take them outside the belt. The
down to boulder, pebble, and dust size. About Trojans are two groups that follow Jupiter’s orbit—
100 are larger than 125 miles (200km). one ahead of the planet, the other behind.

Asteroid orbits

The Main Belt, the Trojans

Trojans, and some orbital period

individual asteroids Saturn ‘ Apollo approx 11.86 years

are shown here. All orbital period

asteroids orbit close . 1.78 years

to the planetary plane . Eros Jupiter

in the same direction orbital period direction

as the planets. 1.76 years of orbits

Asteroids in the Trojans . .

Main Belt take about both groups

3-6 years to orbit. follow

They spin as they Jupiter's orbit FNAE ’

orbit, in just hours. « Sl - R Icarus

orbital
period
1.12 years

Main Belt __{

Ceres _|
orbital period
4.6 years

Hidalgo
orbital
period

13.8 years
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