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ABOUT THIS BOOK

ABOUT THIS BOOK

Universe 1s divided into three main sections. The
INTRODUCTION is an overview of the basic concepts of
astronomy. GUIDE TO THE UNIVERSE looks, in turn, at
the solar system, the Milky Way (our home galaxy), and
the regions of space that lie beyond. Finally, THE NIGHT
SKY is a guide to the sky for the amateur skywatcher.

INTRODUCTION

=

This section is about the universe and astronomy as a
whole. It is subdivided into three parts. WHAT IS THE
UNIVERSE? looks at different kinds of objects in the
universe and the forces governing how they behave and
interact. THE BEGINNING AND END OF THE UNIVERSE covers the origin
and history of the universe, while THE VIEW FROM EARTH explains what
we see when we look at the sky.

MATTER = gt

GHEMICAL ELEMENTS

A WHAT IS THE UNIVERSE?

This section begins by looking at some basic questions about the size and shape
of the universe. It goes on to explain concepts such as matter and radiation, the
motion of objects in space, and the relationship between time and space.

A THE BEGINNING AND
END OF THE UNIVERSE

The universe is thought to
have originated in an event
known as the Big Bang. This
section describes the Big
Bang in detail and looks at
how the universe came to
be the way it is now, as well
b as how it might end.

DAILY SKY MOVEMENTS

i

YEARLY SKY MOVEMENTS

@

3

A THE VIEW FROM EARTH

This section presents a simple model for making sense of the
changing appearance of the sky. It also contains practical advice on
looking at the sky with the naked eye, telescopes, and binoculars.

This part of the book focuses on specific regions
of space, starting from the Sun and then moving

GUIDE TO THE UNIVERSE
outward to progressively more distant reaches

of the universe. It is divided into three sections,

covering the solar system, the Milky Way, and features beyond the
Milky Way. In each section, introductory pages describe features in a
general way and explain the processes behind their formation. These
pages are often followed by detailed profiles of actual features (such as
individual stars), usually arranged in order of their distance from Earth.

"\ ATMOSPHERE
| AND WEATHER

A THE SOLAR SYSTEM

TS sEien sl fhm S artwork main image illustrations

. 5 of planet’s shows planet show atmospheric
and the many bodies in orbit interior as it appears composition for
around it. It covers the nine structure from space each planet

planets one by one and then
looks at asteroids, comets,
and meteors, as well as the
remote regions on the margins
of the solar system. For most
planets, profiles of individual
surface features or moons

are also included.

TRIGGERS TO STAR
FORMATION

STAR FORMATION

colorcoded panel
contains references
to other relevant
sections

THE MILKY WAY >

The subject of this section is
the Milky Way and the stars,
nebulae, and planets that it
contains. Pages such as those
shown here describe how
particular types of features
are formed.

THE NIGHT SKY

This section is an text
atlgs qf Fhe n?ght sky. f;‘ifjfgfisf
It 1s divided into interest
two parts. The first

(THE CONSTELLATIONS) is a guide to the 88 regions
into which astronomers divide the sky. It contains
illustrated profiles of all the constellations, arranged
according to their position in the sky with the most
northerly ones first and the southernmost last. The
second part (the MONTHLY
SKY GUIDE) is a month-by-
month guide, containing a
summary of the highlights
for each month, detailed star
charts, and charts showing
the positions of the planets.

detailed
chart

THE CONSTELLATIONS >
Each constellation profile is
illustrated with a chart, two
locator maps, and one or
more photographs. A more
detailed guide to the section
can be found on pp.348—49.
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<l EXPLORING SPACE
This type of feature is used to
describe the study of space,
sphere of —gither from Earth’s surface or
stars  from spacecraft. Individual

EXPLORING SPACE
ARISTOTLE’S SPHERES

Until the 17th century AD, the idea of a -
celestial sphere surrounding Earth 15
was not just a convenient fiction—

THEMED PANELS

Three types of color-coded
panels are used to present a
more detailed focus on

CONTRIBUTORS

selected subjects. These

panels appear both on
explanatory pages and
in feature profiles.

many people believed it had a
physical reality. Such beliefs
date back to a model of the e

3
MYTHS AND STORIES

ASTROLOGY AND THE ECLIPTIC

panels describe particular
discoveries or investigations.

Martin Rees General editor

Robert Dinwiddie
What is the Universe?
The Beginning and End

q o 2. The German astronomer Johannes
Astrology is the study of the positions and movements . N h R Of the Universe
MYTHS AND of the Sun, Moon, and planets in the sky in the belief :: Eeepllilvi(ltillla}lsitl)x)' ittg;;rﬁ“ h . ’ h
e el s bei hat thse inlence Buran s A gne Gt e 3 o st o s o che <! BIOGRAPHY The View From Eart
S Well as pein 5 7 Y ‘ D o= S in elliptical paths. The nex i
g astronomy and astrology were intertwined, but their S sumiolc P il g ne Profiles of notable The SOlar System

studied scientifically,
objects in the night
sky have featured in
myths, superstitions,
and folklore, which

aims and methods have now diverged. Astrologers pay
little attention to constellations, but measure
the positions of the Sun and planets in
sections of the ecliptic that they call
“Aries” and “Taurus,” for example.
However, these sections no longer

states that the closer a planet comes
to the Sun, the faster it moves,
while his third law describes the
link between a
planet’s distance
from the Sun
and its orbital

astronomers and
pioneers of spaceflight,
as well as a brief
summary of their
achievements, appear

Philip Eales The Milky Way

David Hughes Exploring Space
The Solar System

form the subject of ) match the constellations of period. S ) .
this type of panel. ?& ) Aries, Taurus, and so on. R oion e | 11 IS type of panel. lain Nicolson Glossary
- Kepler’s

=} swRcaAzER

name or astronomical catalog
number of feature (features
without a popular name are

identified by number)

EMISSION NEBULA

Carina Nebula

CARINA

CATALOG NUMBER
NGC 3372

MAGNITUDE 1

DISTANCE FROM SUN
8,000 light-years

SPITZER TELESCOPE

locator map shows
constellation in which
feature can be found
and its position within
the constellation

lan Ridpath The Night Sky

Rohin Scagell
The View from Earth

Giles Sparrow Exploring Space
Beyond the Milky Way

Pam Spence The Milky Way
Carole Stott The Solar System
Kevin Tildsley The Milky Way

table of summary
information (varies
between sections)

selected features
are described in
double-page
feature profiles

A FEATURE PROFILES
Throughout the Guide to the
Universe, introductory pages
are often followed by
profiles of a selection of
specific objects. For
example, the introduction to
star-formation (left) is
followed by profiles of
actual star-forming regions
in the Milky Way (above).

AR CLUSTERS
themed panel

(see above)

BEYOND THE MILKY WAY >
This section looks at features
found beyond our own galaxy,
including other galaxies and
galaxy clusters and superclusters,
the largest known structures in
the universe.

0 <
> L =
4
c
locator shows artwork of =
constellation figure depicted = THE GREEK ALPHABET
in context by constellation z

Astronomers use a convention for
naming some stars in which Greek
letters are assigned to stars according to
their brightness. These letters appear on
some of the charts in this book.

Qo alpha VvV nu
B beta € xi
Y gamma O omicron
O delta T pi
' € epsilon p rho
€ zeta O sigma
N eta T tau
0 theta V upsilon
A MONTHLY SKY GUIDE v : 1 iota ¢ phi
: . chart on this page lines on chart show :
This section includes two charts for each S v (ee s ElEREEs el K kappa X chi
month of the year, for observers in northern north, with view to for observers at A lambda Y psi
and southern latitudes. The section is south on facing page different latitudes W mu ® omega

described in more detail on pp.428-29.
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THE PACIFIC OCEAN
This view of Earth, taken from the Space
Shuttle, is dominated by the Pacific
Ocean. Above the water are clouds of
;. water vapor and a volcanic ash plume,

“4s 4= areminder of the continuing geological
%, ‘-q._.t_'. E* activity of the planet’s interior.

PR R, o

- ‘—,‘ 4 ;- ™
. g o5 PNy T -
TN TR

¢




A SHORT TOUR OF THE UNIVERSE

KENNEDY SPACE CENTER
Many of humankind'’s
first ventures into space
were set in motion on the
launch pads of Kennedy
Space Center. This remains
the busiest launch and
landing site of the US
space program, and it is
also the main base for the
Space Shuttle.

THE NIGHT SKY has always evoked mystery
and wonder. Since antiquity, astronomers
have tried to understand the patterns of
the “fixed stars,” and the motions of the
Moon and planets. The motive was partly
a practical one, but there has always been
a more “poetic”’ motivation, too—a
quest to understand our place in nature.
Modern science reveals a cosmos far
vaster and more varied than our ancestors
could have envisioned.

No continents on Earth remain to be

THE FLORIDA COAST

The islands and reefs of
the Florida Keys are seen
here from Earth orbit. The
reefs are partly made of
living organisms, in the
form of corals. To date,
life has not been found
anywhere other than on
Earth, but the search for
alien life will be perhaps
the most fascinating
quest of the 21st century.

discovered. The exploratory challenge has
now broadened to the cosmos. Humans
have walked on the Moon; uncrewed
spacecraft have beamed back views of all
the planets; and some people now living
may one day walk on Mars.

The stars, fixed in the “vault of
heaven,” were a mystery to the ancients.
They are still unattainably remote, but we
know that many of them are shining even
more brightly than the Sun. Within the
last decade, we have learned something
remarkable that was long suspected: many stars are, like our Sun, encircled by
orbiting planets. The number of known planetary systems already runs into
hundreds—there could, all together, be a billion in our galaxy. Could some of
these planets resemble the Earth, and harbor life? Even intelligent life?

All the stars visible to the unaided eye are part of our home galaxy—a structure
so vast that light takes a hundred thousand years to cross it. But this galaxy, the
Milky Way, is just one of billions visible through large telescopes. These galaxies are
hurtling away from each other, as though they had all originated in a “big bang”
13 or 14 billion years ago. But we don’t know what banged, nor why it banged.

The beauty of the night sky is a common experience of people from all cultures;
indeed, it is something that we share with all generations since prehistoric times.
Our modern perception of the “cosmic environment” is even grander. Astronomers
are now setting Earth in a cosmic context. They seek to understand how the cosmos
developed its intricate complexity—how the first galaxies, stars, and planets formed
and how;, on at least one planet, atoms assembled into creatures able to ponder their
origins. This book sets humanity’s concept of the cosmos in its historic context,
and presents the latest discoveries and theories. It is a beautiful “field guide” to our
cosmic habitat: it should enlighten and delight anyone who has looked up at the
stars with wonder, and wished to understand them better. MARTIN REES

THE MOON
1.3 light-seconds from
Earth

- The Earth is seen here
rising above the horizon
of its satellite, the Moon.

- ; Our home planet's
delicate biosphere

~ contrasts with the sterile
Y. 4 / moonscape on which the
/ Apollo astronauts left

J their footprints.




The Sun

OUR LOCAL STAR

The Sun dominates the
solar system. Our chief
source of heat and light,
it also holds Earth

and the rest of the
planets in their orbits.
This ultraviolet image
reveals the dynamic
activity in the ultra-hot
corona above the Sun's
visible surface.

~

A SOLAR FLARE

The Sun usually appears
to the unaided eye as a
bright but featureless
disk. However, during a
total solar eclipse, when
light from the disk is
blocked out by the Moon,
violent flares in the outer
layers of the atmosphere
can be seen more clearly.

ULTRA-HOT CORONA

The gas in the Sun'’s
corona is heated to
several million degrees,
causing it to emit X-rays,
which show up in this
image taken by the
Japanese YOHKOH
satellite. The dark areas
are regions of low-density
gas that emit a stream of
particles, known as the
solar wind, into space.

PROMINENCES

In the corona, electrified
gas called plasma forms
into huge clouds known
as prominences, flowing
through the Sun’s
magnetic field. As the
prominence in this image
erupts, it hurls plasma out
of the Sun’s atmosphere
and into space.

* SUNSPOTS ON THE SOLAR SURFACE
8 light-minutes from Earth

These regions, cooler and darker than the rest of
the Sun's surface, are sustained by strong
magnetic fields. Some sunspots are large enough
to engulf the Earth. Sunspot numbers vary in
cycles that take about 11 years to complete, and
peaks in the cycle coincide with disturbances,
such as aurorae, in our own atmosphere.










CANYONS ON MARS
4 light-minutes from Earth

Mars is one of the solar
system’s four inner rocky
planets. This image (with
exaggerated vertical
scale) shows part of the
Valles Marineris, a vast
canyon system.

SATURN AND ITS RINGS
71 light-minutes from Earth

There are rings of dust
and ice particles in nearly
circular orbits around

all four of the giant gas
planets, but those around
Saturn are especially
beautiful. This close-up
was taken by the Cassini
spacecraft.

10
34 light-minutes from Earth

Jupiter has 64 known
moons—and there are
almost certainly others
yet to be discovered. lo,
Jupiter’s innermost moon,
is seen here moving in
front of the turbulent face
of the planet.

433 EROS
3.8 light-minutes from Earth

A vast number of asteroids
are in independent orbit
around the Sun. Eros is
marked by the impact of
much smaller bodies. This
image was taken by the
NEAR-Shoemaker craft
from only 60 miles (100 km)
above the surface.

The planets

JUPITER'S GREAT RED SPOT
34 light-minutes from Earth

The gas giant Jupiter is more massive than all the
other planets in the solar system combined. Its
mysterious swirling vortex, the Great Red Spot,
has been known since the 17th century, but our
knowledge of Jupiter improved greatly when the
planet was visited by uncrewed spacecraft in the
1970s. This image of the Great Red Spot was
taken in 1979 by Voyager 1, using filters that
exaggerate its colors.




Stars and galaxies B

THE CENTER OF OUR GALAXY
25,000 light-years from Earth

The center of our galaxy,
the Milky Way, is thought
to harbor a black hole as
heavy as 3 million Suns. This

image reveals

ray activity close to the event
horizon, the point of no return
for any objects or light that
approach the black hole.

flare-ups in X-

CENTAURUS A

15 million light-years

from Earth

Not all galaxies exist in
isolation; occasionally, they
interact. Centaurus A is
far more “active” than our

own galaxy. It

bigger black hole than the
Milky Way's, and its gravity
may have captured and
“cannibalized"”

neighbor.

" a smaller

has an even

THE WHIRLPOOL GALAXY
31 million light-years

from Earth
The Whirlpool

in another case of galaxy
interaction. A spinning, disk-
like galaxy, viewed face-on,
its spiral structure may

have been induced by the
gravitational pull of a smaller
satellite galaxy (at the top of

this picture).

is involved

THE ORION NEBULA
1,500 light-years from Earth

The Orion Nebula is a vast cloud of glowing
dusty gas within the Milky Way, inside which
new stars are forming. The nebula contains
bright blue stars much younger than the Sun,
and some protostars whose nuclear power
sources have not yet ignited.
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“There are grounds for cautious optimism

that we may now be near the end of the
search for the ultimate laws of nature.”

Stephen Hawking

THE UNIVERSE IS ALL OF EXISTENCE—

all of space and time and all the matter and energy
within it. The universe is unknowably vast, and ever
since it formed, it has been expanding, carrying
distant regions apart at speeds up to, and in some
cases possibly exceeding, the speed of light. The
universe encompasses everything from the smallest
atom to the largest galaxy cluster, and yet it seems
that all are governed by the same basic laws. All
visible matter (which is only a small percentage of
the total matter) is built from the same subatomic
blocks, and the same fundamental forces govern

all interactions between these elements. Knowledge
of these cosmic operating principles—from general
relativity to quantum physics—informs cosmology,
the study of the universe as an entity. Cosmologists
hope to answer questions such as “How big is the
universe?”, “How old is 1t?”’, and “How does

it work, on the grandest scale?”.

BOW SHOCK AROUND A STAR

This mysterious image from the Orion Nebula shows how matter and
radiation interact on a stellar scale. A star surrounded by gas and
dust has met a fierce wind of particles blowing from a bright young
star (out of frame). Around the star, a crescent-shaped gaseous bow
shock has built up, like water flowing past the prow of a boat.




INTRODUCTION

WHAT IS THE UNIVERSE?

THE SCALE OF THE UNIVERSE

the Andromeda
Galaxy, 2.65 million light- 922Xy NGC 185

EVERYTHING IN THE UNIVERSE is part of something larger. years from the Milky Way
The scale of the Earth and its moon may be relatively easy for

. 0 o 0 Andromeda |
the human mind to grasp, but the nearest star is unimaginably P
remote, and the farthest galaxies are billions of times more Andromeda Il
distant yet. Cosmologists, who study of the size and structure Triangulum Galaxy
of the universe, use mathematical models to build a picture of
the universe’s vast scale.

Celestial objects 24-27
Expanding space 44-45
The fate of the universe 58-59
The family of the Sun 102-103
The Milky Way 226-29
Beyond the Milky Way 300-39

the stellar neighborhood lies in the
Orion Arm of the Milky Way, some
26,000 light-years from its center galactic

THE SIZE OF
THE UNIVERSE

Cosmologists may never determine exactly
how big the universe is. It could be infinite.
Alternatively, it might have a finite volume,
but even a finite universe would have no
center or boundaries and would curve in on
itself. So, paradoxically, an object traveling off
in one direction would eventually reappear
from the opposite direction. What is certain is
that the universe is expanding and has been
doing so since its origins in the Big Bang,
13.7 billion years ago (see p.48). By Alpha
studying the patterns of radiation left from  Centauri
the Big Bang, cosmologists can estimate
the minimum size of the universe,
should it turn out to be finite. Some
parts must be separated by at least tens
of billions of light-years. Since
a light-year is the distance
that light travels in a year,
(5.878 trillion miles,

or 9.46 trillion km),

the universe is
bewilderingly big.

Sun

Sirius

5,000 light-years

THE MILKY WAY

The solar system and its stellar
neighbors are a tiny part of the
Milky Way galaxy, a disk of 200
billion stars and some enormous
clouds of gas and dust. The Milky
Way is over 100,000 light-years
across and has a supermassive

¥ 5 light- black hole at its central nucleus.
years

;I THE STELLAR NEIGHBORHOOD

orbit of
Pluto

asteroid
belt

Sun

Earth

The closest star system to the Sun,
Alpha Centauri, lies 4.35 light-
years, or 25 trillion miles (40 trillion
km), away. Within 20 light-years
- of the Sun are 79 star systems
7 1 lgithour containing 106 stars. The total
includes binary stars—two stars

THE SOLAR SYSTEM within the same system. These
The Earth—Moon system is part binary stars include Sirius, the
of the solar system, comprising brightest star in the sky. Most of

the rest are small, dim, red stars.

our local star, the Sun, and all
the objects that orbit it, including
comets 1.6 light-years away.

‘i : Neptune, the outermost planet,
0.5 light- o is on average 2.8 billion miles
e iiea ohtsecends ' (45 billion km) from the Sun
moves THE EARTH AND MOON
around the
Earth in Earth has a diameter of 7,930
ashgntly | miles (12,760 km), while the G LA
Sputes @ || oo o (e Wlamis @k The red patches in this Hubble
around Earth is about 480,000 Space Telescope false-color image The Milky Way galaxy is a
miles (770,000 km). A space probe are some of the most remote objects complex 3-D structure, but
sent to the Moon takes around ever detected. The light from them from our position within it,
two to three days to get there. began its journey toward us about it appears as a 2-D band
13 billion years ago. across the sky (above).




- ’ e ) THE SCALE OF THE UNIVERSE
. -
. . ! " !.
THE LOCAL GROUP THE LOCAL SUPERCLUSTER o . : DISTANT GALAXY CLUSTER
OF GALAXIES " . 4 The vast galaxy cluster Abell 2218 (!eft)
The Local Group of galaxies, ' " ; i ' | isvisible from Earth even though it is
The Milky Way is one of a cluster together with some nearby galaxy I - more than 2 billion light-years away.
of galaxies, called the Local Group, clusters, such as the giant Virgo .. ‘ . w
that occupies a region 10 million Cluster, is contained within a g~ i LARGE-SCALE STRUCTURE
light-years across. It contains around vast structure called the Virgo - . Gal | | .
50 known galaxies, only one of Supercluster. It is 100 million ' ellehgy SUBEISIETS dump (i
which—the Andromeda Galaxy— light-years across and (if dwarf . - knots or _e)gtend aslﬂlaments that
is bigger than the Milky Way. Most galaxies are included) contains ' . . lcan be p'#'lons of Il_ght—years .
others are small (dwarf) galaxies. tens of thousands of galaxies. - . - . ong, with large voids separating
" them. However, at the largest
ram scale, the density of galaxies,
Ursa Minor ik and thus all visible matter, in
dwarf galaxy e the universe is uniform.
Milky { =

Way | i | '..-'i.

-

250,000
light-years /

|
| |
Leo A 1 ] | |

10 million
light-years

THE OBSERVABLE UNIVERSE

Although the universe has no edges and may be infinite,
the part of it that scientists have knowledge of is bounded
and finite. Called the observable universe, it is the
spherical region around Earth from which light has
had time to reach us since the universe began. The
boundary that separates this region from the rest of the
universe is called the cosmic light horizon. Light reaching
Earth from an object very close to this horizon must have
been traveling for most of the age of the universe, that is,
approximately 13.7 billion years. This light must have traveled
a distance of around 13.7 billion light-years to reach Earth.
Such a distance can be defined as .

a “lookback” or “light-travel- e
time” distance between both planets

Earth and the distant Earth c

100 million
light-years

Planet X

object. However, the true
distance is much greater,
because since the light
arriving at Earth left the
object, the object has
been carried farther
away by the universe’s F

expansion (see p.45). : E
OVERLAPPING FROM HOME PLANET TO SUPERCLUSTERS O
OBSERVABLE UNIVERSES The universe has a hierarchy of structures. Earth | O
Earth and Planet X—an imaginary ZZI.SZ;;ZMQ 3 . is part of the solar system, nested in the Milky C
planet with intelligent life, located for Planet X — St B8 Way, which in turn is part of the Local Group. | O
tens of billions of light-years away— | | \ Ed The Local Group is just part of one of millions of q —
would have different observable \\ e T e 0| S A \ ' galaxy superclusters that extend in sheets and =
universes. These may overlap, as observable for Earth (edge of o & Rl I filaments throughout the observable universe. S

shown here, or they may not. universe for Earth observable universe)




WHAT IS THE UNIVERSE?

CELESTIAL OBJECTS

The family ofthe Sun 102-103 | THE UNIVERSE CONSISTS of energy, space, and matter. Some of
strs 22233 I | the matter drifts through space as single atoms or simple gas
The life cycles of stars 28437 & | molecules. Other matter clumps into islands of material, from
Extra-solar planets 296-97 I | Just motes to giant suns, or implodes to form black holes.
Types of galaxy 30238 I | Gravity binds all of these objects into the great clouds and disks
Galaxyusters %627 & | of material known as galaxies. Galaxies in turn fall into clusters
Galaxy superclusters 33639 & | 3 d finally form the biggest celestial objects of all—superclusters.

GAS, DUST, AND PARTICLES

Much of the ordinary matter of the universe exists as a thin and

tenuous gas within and around galaxies and as an even thinner gas

between galaxies. The gas is made mainly of hydrogen and helium

atoms, but some clouds inside galaxies contain atoms of heavier

chemical elements and simple molecules. Mixed in with the galactic

gas clouds is dust—tiny solid particles of carbon or substances such as

silicates (compounds of silicon and oxygen). Within galaxies, the gas

and dust make up what is called the interstellar medium.Visible clumps

of this medium, many of them the sites of star formation, are called

nebulae. Some, called emission nebulae, produce a brilliant glow as their

constituent atoms absorb radiant energy from stars and reradiate it as STAR-FORMING NEBULA

: light. In contrast, dark nebulae are visible only as smudges that block The Carina Nebula, a giant cloud of gas,

DARK NEBULA ’ ) A = 2 . is a prominent feature of the sky in the
ORI st 2 dense gas, Barnarli out st.arhght. Pa.rtlcles of mat.ter also ex1.st in s]?ace in the. form qf Southern Hemisphere and is visi i
is an example of a dark nebula. The thick cosmic rays—highly energetic subatomic particles traveling at high ]
dust obscures the rich star field behind it. speed through the cosmos.

GLOWING GAS

This ocean of glowing gas is an active region
of star formation in the Omega Nebula, an
emission nebula. Clouds of gas and dust may
give birth to stars and planets, but they are
also cast off by dying stars, eventually to be
recycled into the next stellar generation.
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CELESTIAL OBJECTS

STARS AND BROWN DWARFS

The universe’s light comes mainly from stars—hot balls of gas that generate BROWN DWARF

energy through nuclear fusion in their cores. Stars form from the condensation The dot to the right of center
of clumps of gas and dust in nebulae, and sometimes occur in pairs or clusters. ljnwt:rlf cpalllclteudreGlliseieerOZVS\HIE
Depending on their initial mass, stars vary in color, surface temperature, The higger, brighter objeﬁt
brightness, and life span. The most massive stars, known as giants and is the red dwarf star Gliese
supergiants, are the hottest and brightest, but last for only a few million years. 229, around which it orbits.
Low-mass stars (the most
numerous) are small, dim,
red, and may live for
billions of years; they are
called red dwarfs. Smaller
still are brown dwarfs.
These are failed stars, not
massive or hot enough to
sustain the type of fusion
that occurs in stars, and

emit only a dim glow. SUPERGIANT DOU_BLE STAR GLOBULAR CLUSTER
e dwarks may account The supergiant star_Betelgeuse lzar is a binary, or double star,  Star clusters st_Jch as M3,

y appears here as a disk because consisting of a bright yellow-  above, are ancient objects
for much of the ordinary it is so big, even though itis  orange primary star and a that orbit galaxies. M3 has
matter in the universe. 500 light-years away. dimmer, bluish companion. about half a million stars.

STAR REMNANTS

Stars do not last forever. Even the smallest, longest-
lived red dwarfs eventually fade away. Stars of
medium mass, such as the Sun, expand into large,
low-density stars called red giants before they blow
off most of their outer layers. They then collapse
to form white dwarf stars that gradually cool and
fade. The expanding shells of blown-oft matter

< -

« &

o
"
- - j o -
L
- ’ 2 surrounding such stars are called planetary
nebulae (although they have nothing to
do with planets). More massive stars have =
even more spectacular ends, disintegrating |
in explosions called supernovae. The
expanding shell of ejected matter may
ARY NEBULA be seen for thousands of years and is
owing cloud of called a supernova remnant. Not all of the star’s
alled NGC 6751, material is blown off, however. Part of the core
. z:;ﬁcdt;gasrivgézl from  collapses to a compact, extremely dense object
the hot, white dwarf star  called a neutron star. The most massive stars
visible at its center. of all collapse to black holes (see p.26).

2] ANETS AND SMALLER BODIES

e solar system (our own star, the Sun,
everything that orbits it) is thought
ave formed from dust and gas that
idensed into a spinning disk called a
rotoplanetary disk. The central material
became the Sun, while the outer matter
formed planets and other small, cold
objects. A planet is a sphere, at least 1,000 miles (1,500 km) across, orbiting A
a star and, unlike brown dwarfs, producing no nuclear fusion. Since planets F. /
and protoplanetary disks are found orbiting stars elsewhere in our " -

galaxy, it is probable that the solar system is typical, and that planets
are common in the universe. In the solar system, the planets are
either gas giants, such as Jupiter, or smaller, rocky bodies, such
as Earth and Mars. Still smaller objects fall into five categories.
Moons are objects that orbit planets or asteroids. Asteroids are 1 ' s . gas tail
rocky bodies of about 150 ft (50 m) to 600 miles (1,000 km) ) : ; - " — dust tail
across. Comets are chunks of ice and rock, a few miles in . COMET IKEYA—ZHANG
diameter, that orbit in the far reaches A few comets travel in orbits

of the solar system. Ice dwarfs are PLANET EARTH that bring them close to the Sun.

similar but are up to a few hundred Qur home planet seems Frozen chemicals in the comet
miles across. Meteoroids are the LRl I vy Sl then vaporize to produce a
i ’ water and supporting life. glowing coma (head) and long

remains of shattered asteroids or We do not know how rare tails of dust and gas. This bright
dust from comets. this is in the universe. comet was visible in 2002.
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SUPERNOVA REMNANT
The Veil Nebula is the shock wave from a
a star that exploded 5,000—15,000 years

B ago. It is 2,600 light-years away, and its
@is material may one day form new stars.

GALILEAN MOONS
Other than Earth’s own Moon,
these four large moons
orbiting the planet Jupiter
were the first ever
discovered, by Galileo
Galilei in 1610.

10 EUROPA
GANYMEDE CALLISTO
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INTRODUCTION

WHAT IS THE UNIVERSE?

GALAXIES

The solar system occupies just

a tiny part of an enormous, disk

shaped structure of stars, gas, and

dust called the Milky Way galaxy.
Until around a hundred years ago,

our galaxy was thought to comprise

the whole universe; few people =
imagined that anything might exist
outside of the Milky Way. Today, we
know that just the observable part

of our universe contains more than

100 billion separate galaxies. They

vary in size from dwarf galaxies, a

few hundred light-years across and
containing a few million stars, to

glants spanning several hundred

thousand light-years and containing several trillion stars.

As well as stars, galaxies contain clouds of gas, dust, and

dark matter (see opposite), all held together by gravity. They
come in five shapes: spiral, barred spiral, elliptical (spherical

to football-shaped), lenticular (lens-shaped), and irregular.
Astronomers identify galaxies by their number in one of several
databases of celestial objects. For example, NGC 1530 indicates
galaxy 1530 in a database called the New General Catalog (NGC).

QUASAR

Some, if not most,
galaxies are thought
to have been quasars
earlier in their life.
Quasars are extremely
luminous galaxies
powered by matter
falling into a massive,
central black hole.

SPIRAL GALAXY

This image taken by
the Spitzer Space
Telescope shows a
nearby spiral galaxy
called M81. The sensor
captured infrared
radiation, rather than
visible light, and the
image highlights dust
in the galaxy's nucleus
and spiral arms.

galactic
nucleus,
or core

spiral arm

BLACK HOLES

A black hole is a region of space containing, at its center, some matter
squeezed into a point of infinite density, called a singularity. Within a spherical
region around the singularity, the gravitational pull is so great that nothing, not
even light, can escape. Black holes can therefore be detected only from the
behavior of material around them; those discovered so far typically have a disk
of gas and dust spinning around the hole, throwing off hot, high-speed jets of
material or emitting radiation (such as X-rays) as matter falls into the hole.
There are two main types of black hole—supermassive and stellar. Supermassive
black holes, which can have a mass equivalent to billions of suns, exist in the
centers of most galaxies, including our own. Their exact origin is not yet
understood, but they may be a byproduct of the process of galaxy formation.
Stellar black holes form from the
collapsed remains of exploded
supergiant stars (see p.267),
and may be very common
in all galaxies.

STELLAR BLACK HOLE

The black hole SS 433 is situated in the
center of this false-color X-ray image.
It is detectable because it is sucking in
matter from a nearby star and blasting
out material and X-ray radiation, visible
here as two bright yellow lobes.

BARRED SPIRAL

In a barred

spiral galaxy,

such as NGC 1530,
above, the spiral

arms radiate from the
ends of the central
barlike structure, rather
than from the nucleus.

hot gas bubble \

GALACTIC BLACK HOLE

A huge bubble of hot gas rises from a disk of dust
spinning around what is thought to be a supermassive
black hole in the center of a nearby galaxy, NGC 4438.

spinning disk of
dust and gas
location of
black hole




CELESTIAL OBJECTS

GALAXY CLUSTERS

Galaxies are bound by gravity to form clusters of about 20 to
several thousand. Clusters vary from 3 to 30 million light-years
across. Some have a concentrated central core and a well-defined
spherical structure; others are irregular in shape and structure.
The cluster of galaxies that contains our own galaxy is called the
Local Group. The neighboring Virgo Cluster is a large, irregular
cluster of several hundred galaxies,

1L 7 e L lying 50 million light-years aw

This cluster includes a face-on spiral Chai P o 1
galaxy in the center of the image, hains of a dozen or so galaxy

two closer oblique spirals, and an clusters are linked 10056]}’ bY

elliptical galaxy at lower right. gravity and make up superclusters,
which can be up to 200 million
light-years in extent. Superclusters
in turn are arranged in broad
sheets and filaments, separated by
voids of about 100 million light-
years across. The sheets and voids
form a network that permeates
the entire observable universe.

RICH CLUSTER

One of the most massive galaxy clusters
known, Abell 1689 is thought to contain
hundreds of galaxies (colored gold here).

DARK MATTER AND DARK ENERGY

There is far more matter in the universe than is contained in stars and other
visible objects. The invisible mass is called “dark matter.” Its composition is
. unknown. Some might take the form of MACHOs (massive compact halo
objects)—dark, planetlike bodies—or WIMPs (weakly interacting massive
particles)—exotic subatomic entities that scarcely interact with ordinary
matter. Evidence for dark matter includes
the motion of galaxies in clusters. They
move faster than can be explained by
the gravity of visible matter—there
must be further mass present. Even
if all the dark matter deduced from
observations is included, the density
of the universe is not sufficient to
satisfy theories of its evolution. To
find a solution, cosmologists have
proposed the existence of “dark

energy, a force that counteracts DARK-MATTER DISTRIBUTION.

gravity and causes the universe This image from a computer simulation
shows the way in which dark matter

» - RQ
foiexpand faster (see P'bb)'ThG (red clumps and filaments) must be
exact nature of dark energy is distributed within the galaxy

still speculative. superclusters in our local universe.

EXPLORING SPACE

THE SEARCH FOR DARK MATTER

To find dark matter, scientists are investigating
some of the several forms it could
Underground detectors search for ev
particles, such as WIMPs and neutrinos.
Neutrinos are so tiny, they were once
thought to be massless, but they do
hilVC a Ininutc‘. I lSS.ThCrC‘ are so
many neutrinos in the cosmos that
their combined mass could account
for 1-2 percent of the universe’s
dark matter. WIMPs, if detected,

DISTORTED GALAXY : . could account for far more.

Nicknamed “the Tadpole," this galgxy lies 420 m.illipn NEUTRINO DETECTOR

light-years away. Like any galaxy, it is a vast, spinning N " Neutrinos are extremely difficult to

wheel of matter bound together by gravity. In clusters, ) detect. This instrument is full of oil

gravity can also rip galaxies apart. The streamer of stars _ during operation. The numerous

emerging from this galaxy is thought to have been torn 3 photomultiplier tubes detect flashes of

out by the gravity of a smaller galaxy passing close by. K light as neutrinos collide with the oil.
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WHAT IS THE UNIVERSE?

24-27 Celestial objects

EMPTY SPACE

Most of an atom is empty —
the protons, neutrons,

and electrons are all shown

here much larger than
their real size relative
to the whole atom

EXAMINED AT THE TINIEST SCALE, the universe’s
) ) STRUCTURE OF A CARBON ATOM
matter is composed of fundamental particles, some  at the center of an atom is the
of which, governed by various forces, group nucleus, which contains protons
and neutrons. Electrons move

together to form atoms and ions. In addition to around within two regions,

called shells, surrounding the
these well-understood types of matter, other forms ek S"718 sholls appoar

exist. Most of the universe’s mass consists of this fuzzy because electrons

. . do not move in
“dark matter,” whose exact nature is still unknown. defined paths.

W H AT I S M ATT E R ? OUTER ELECTRON SHELL

Region in which four

Radiation 34-37

Space and time 40-43
The Big Bang 48-51

Out of the darkness 54-55
The Sun 104-107

Matter is anythin.g that possesses mass—‘that is, anything affected‘ by gravity. Most electrons orbit = 4
matter on Earth is made of atoms and ions. Elsewhere in the universe, however, F
. . . INNER ELECTRON SHELL
matter exists under a vast range of conditions and takes a variety of forms, from Region within which
thin interstellar medium (see p.228) to the matter in infinitely dense black holes folslectonEloRiE D). | 4
(see p.267). Not all of this matter is made of atoms, but all matter is made of \\“"--.‘
some kind of particle. Certain types of particle are >
fundamental—that is, they are not made of smaller s

sub-units. The most common particles within ordinary
matter are quarks and electrons, which make up atoms
and ions and form all visible matter. Most of the
universe’s matter, however, is not ordinary matter,

but dark matter (see p.27),

perhaps composec} partly of These illuminated gas clouds
neutrmO.S, theor.etlcal WI.MPS in interstallar space are
(weakly interacting massive made of ordinary matter,
particles), or both. composed of atoms and ions.

LUMINOUS MATTER

ATOMS AND IONS

Atoms are composed of fundamental particles called quarks and .‘
electrons. The quarks are bound in groups of three by gluons, which a i \
are massless particles of force. The quark groups form particles called
protons and neutrons. These are clustered in a compact region at the
center of the atom called the nucleus. Most of the rest of an atom is
empty space, but moving around within this space are electrons. These
carry a negative electrical charge and have a very low mass—nearly all
the mass in an atom is in the protons and neutrons. Atoms always contain
equal numbers of protons (positively charged) and electrons (negatively

IMAGING THE ATOM

This image of gold atoms on

a grid of green carbon atoms charged) and so are electrically neutral. If they lose or gain electrons, they
was made by a scanning- become charged particles called ions.
tunneling microscope. ABSORPTION AND EMISSION

emitted . .
) ) photon / 'Thelelectrons in atoms can exist
\ (e [eietiam in different energy states. By
- moving beyween energy states,
energy state they can either absorb or emit
packets, or quanta, of energy.
These energy packets are
called photons.

electron at high red quark
electron falls back to EMISSION energy state
ABSORPTION lower energy state -
electron raised to g
higher energy state
) k
ejected electron green quarl
incoming high- (charge -1 )
ener hoton —
innershell e g

electron

— blue quark

. ION (CHARGE +1)
electron in

outer shell IONIZATION
ATOM One way an atom may become a positive ion A
neutron (NEUTRAL, NO CHARGE) is by the electron’s absorbing energy from a

high-energy photon and, as a result, being /
proton ejected, along with its charge, from the atom. proton 3




MATTER

NUCLEUS

A tightly bound ball

of six protons (purple)
and six neutrons (gold)

CHEMICAL ELEMENTS

Atoms are not all the same—they can hold different numbers of protons,
neutrons, and electrons. A substance made of atoms of just one type is
called a chemical element, and is given an atomic number equal to the
number of protons, and thus electrons, in its atoms. Examples are in an atom
| hydrogen, with an atomic number of 1 (all hydrogen atoms iscrete “orbi
contain one proton and one electron), helium (atomic
number 2), and carbon (number 6). Altogether, there
are 90 naturally occurring elements. The atoms
of any element are all the same size and,
|I," crucially, contain the same configuration
' of electrons, which is unique to that
f element and gives it specific chemical
| properties. The universe once
f consisted almost entirely of the
| lightest elements, hydrogen and

NIELS BOHR

orbi

and iron, have largely
been created in stars

Danish physicist Niels Bohr (1885—
the first to propose that

move within

" He suggested that
these orbits have fixed energy levels
and that atoms emit or absorb
energy in fixed amounts (“quanta”)
as electrons move between orbits.
Bohr’s orbits are today

called
they are
substructures
of electron
shells.

and star explosions.

HYDROGEN
A colorless gas at

[ helium. Most of the others,
70°F (21°C). Its atoms
have just 1 proton

including such common
and 1 electron in

ones as oxygen, carbon,
k a single shell.

\ PROPERTIES OF ELEMENTS
Elements vary markedly in
their properties, as shown
by the four examples here.
These properties are
determined by the
elements’ different
atomic structures.

SULFUR
A yellow, brittle
solid at 70°F (21°C).
Its atoms have 16
protons, 16-18
neutrons, and 16

' electrons in 3 shells.

=

CHEMICAL COMPOUNDS

Most matter in the universe consists of unbound atoms
or ions of a few chemical elements, but a significant amount
exists as compounds, containing atoms of more than one
element joined by chemical bonds. Compounds occur
in objects such as planets and asteroids, in living
\ organisms, and in the interstellar medium. In ionic
\ compounds, such as salts, atoms trade electrons, and
ELECTRON the resulting charged ions are bonded
Electrons have a . :
negative charge by electrical forces, and arranged in a
and a mass more 101 ]
e rigid, crystalline structure. In covalent
times smaller than  compounds, such as water, the atoms are
a proton or neutron 5
held in structures called molecules by the
sharing of electrons between them. Two
or more identical atoms can also combine
to form molecules of certain elements.

IONIC COMPOUND
Compounds of this

type consist of the

ions of two or more
chemical elements,
typically arranged in a
repeating solid structure. This
example is salt, sodium chloride.

INSIDE A NEUTRON

Protons and neutrons are each made

of three quarks, bound by gluons.
The quarks flip between “red,”
“green,” and “blue” forms, but
there is always one of each color.

ALUMINUM

A solid metal at 70°F
(21°C). Its atoms
have 13 protons,

14 neutrons, and 13
electrons in 3 shells.

BROMINE
A fuming brown
liquid at 70°F (21°C).
Its atoms have 35
protons, 44 or 46
neutrons, and 35
electrons in 4 shells.

sodium ion

chloride
ion

NOILONAOHYLNI



zZ
O
|_
o
)
(@]
O
o
|_
Z

WHAT IS THE UNIVERSE?

STATES OF MATTER

Ordinary matter exists in four states, called solid, liquid, gas, and plasma.
These differ in the energy of the matter’s particles (molecules, atoms,
or ions) and in the particles’ freedom to move relative to one another.
Substances can transfer between states—by losing or gaining heat
energy, for instance. The constituents of a solid are locked by strong
bonds and can hardly move, whereas in a liquid they are bound only
by weak bonds and can move freely. In a gas, the particles are bound
very weakly and move with greater freedom, occasionally colliding.

A gas becomes a plasma when it is so hot that collisions start to knock

electrons out of its atoms. A
plasma therefore consists of ions
and electrons moving extremely
energetically. Because stars are
made of plasma, it is the most
common state of ordinary matter
in the universe; the gaseous state
is the second most common.

SOLID, LIQUID, AND GAS

On Earth, water can sometimes be found as a
liquid, in solid form (ice or snow), and as a
gas (water vapor), all in close proximity.

FORCES INSIDE MATTER

The bonds that link the constituents of solids, liquids, gases, and plasma are based
on the electromagnetic (EM) force. This force attracts particles of unlike electrical
charge and repels like charges. It is one of three forces that control the small-scale
structure of matter. The others are the strong nuclear force, composed of fundamental
and residual parts; and the weak nuclear force or interaction. Together with a fourth
force, gravity, these are the fundamental forces of nature. The EM, weak, and strong
forces are mediated by force-carrier particles,
which belong to a group of particles called the
bosons. The EM force, as well as binding atoms

in solids and liquids, also holds electrons within

PLASMA
Plasma exists naturally
in stars but can also be
artificially created. In a
plasma ball, electricity is
induced to flow from a

neutron

red down quark

fundamental charged metal ball through
?S;ong nuclear atoms. The strong force holds .togethe? a gas to the surface of a
ce protons, neutrons, and atomic nuclei. The glass sphere, creating
weak force brings about radioactive decay  plasma streamers.
gluon, and other nuclear interactions.
the force proton

particle STEVEN WE'NBERG
proton

+

blue
down

FUNDAMENTAL STRONG NUCLEAR FORCE quark

Also known as the color force, this force

binds quarks within protons and neutrons.

It controls the quarks’ “color” property, and as it
operates, the quarks constantly change “color” by

exchanging virtual gluons (the force-carrier particles).

electromagnetic
electrical charge / force

electron

photon, the force-
carrier particle

proton

ELECTROMAGNETIC FORCE

Within an atom, the electromagnetic (EM) force
holds the electrons within the shells surrounding
the nucleus. It attracts the negatively electrically
charged electrons toward the positively charged
nucleus and keeps electrons apart. The force
carrier for the EM force is the photon.

atomic nuclei. It is carried
by particles called pions.
Pions are generated from
energy created when nucleons try

to move apart. This energy arises as

a byproduct of the fundamental strong
force. Once generated, pions are
exchanged back and forth between

—

pion, the
force-carrier
particle

residual
strong

nuclear force

\ neutron
\ neutrino

transformed
into negatively

the nucleons, creating a binding force.

neum‘noT

W * boson charged electron
weak nuclear force exchanged 2
between neutron ?r?rlvsrg;med into
. and neutrino o
neutron positively
. charged proton
down quark _____

+

transformed

into up quark '/ 79 GRS
-

down quark

WEAK INTERACTION, OR WEAK NUCLEAR FORCE

This force governs radioactive decay, among other interactions. Its force-
carrier particles are W*, W-, and Z® bosons. Here, a W* boson controls the
changing of a neutrino into an electron and the transformation of a down
quark into an up quark, converting a neutron into a proton.

down
quark \’
down /'-

quark

up quark

RESIDUAL STRONG American physicist Steven

NUCLEAR FORCE Weinberg (b. 1933) is best known

This force binds the protons for his theory that two of the
gijiilg Up and neutrons together in fundamental forces—the weak

interaction and the electromagnetic
force—are unified, or work in an
identical way, at extremely high
energy levels, such as those existing
just after the Big Bang (see p.48).
Weinberg’s so-called electroweak
theory was confirmed by particle
accelerator experiments in 1973.
He and his colleagues received the
1979 Nobel prize for physics.




hydrogen nuclei fuse,

and one is converted

into a neutron

B - ﬁ
.’"‘ﬂ-‘.",‘, 4 neutrino
_ ! \
hydrogen  positron ’
nucleus ‘
-
deuterium nucleus
# (1 proton, 1 neutron)
- helium-3 nucleus
amma-ra - -
ghoton Y - ' (2 protons, 1 neutron)
addition of
another proton

releases energy

fusion of helium-3 ——

nuclei forms stable

helium-4 and

releases excess ,
.

protons

hydrogen
nucleus

FUSION REACTION IN THE SUN

In stars the size of the Sun or smaller, the dominant
energy-producing fusion process is called the proton—
proton chain. This chain of high-energy collisions fuses
hydrogen nuclei (free protons), via several intermediate
stages, into helium-4 nuclei. Energy is released in the form
of gamma-ray photons and in the movement energy of the
helium nuclei. Positrons and neutrinos are also produced.

#

-
#

.
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PARTICLE PHYSICS

For some decades, physicists have directed
research toward a better understanding of matter
and the four fundamental forces. Part of the
purpose has been to clarify what happened in
the early universe, shortly after the Big

Bang. Research is centered on smashing particles
together in devices called particle accelerators.
These experiments have identified hundreds

of different particles (most of them highly
unstable), which differ in their masses, electric
charges, other properties such as “spin,” and

in the fundamental forces they are subject

to. Known particles, and their interactions,

are currently explained by a theory called

the standard model of particle physics. This
explains the properties of most of the particles
(see table, right). One exception is the graviton,
a hypothetical particle thought to carry the
force of gravity. The graviton does not fit into
the scheme, because the best theory of gravity
(general relativity, see
pp-42—43) is incompatible
with aspects of the
standard model. New
theories such as string
theory (see panel, below)
attempt to unite gravity
with particle physics.

SPRAY OF PARTICLES

This image from a detector within a
particle accelerator shows a spray
of light particles shooting to the
right, following collision of two
higher-mass particles on the left.

hydrogen nucleus (single proton)

hydrogen
nucleus

helium-4 nucleus
(2 protons,
2 neutrons)

NUCLEAR FISSION
AND FUSION

Twentieth-century physicists learned that atomic nuclei are
not immutable but can break up or join together. In nature,
unstable atomic nuclei can spontaneously disassemble, giving
off particles and energy, measured as radioactivity. Similarly,
in the artificial process of nuclear fission, large nuclei are
intentionally split into smaller parts, with huge energy

y release. On a cosmic scale, a more important phenomenon
is nuclear fusion. In this process, atomic nuclei join, forming
a larger nucleus and releasing energy. Fusion powers stars
and has created the atoms of all chemical elements heavier
than beryllium. The most common fusion reaction in stars
joins hydrogen nuclei (protons) into helium nuclei. In this
and other fusion reactions, the products of the reaction

have a slightly lower mass than the combined mass of the
reactants. The lost mass converts into huge amounts of

MATTER

~

FUNDAMENTAL PARTICLES

Leptons and quarks form matter, while gauge bosons carry
forces. Quarks feel the strong nuclear force, but leptons do not.

LEPTONS

electron,
charge -1

@ neutrino, charge 0

QUARKS

‘ up, charge +%
down, charge - -

There are 6 “flavors” of quark,
but only 2 occur in ordinary
matter: “up” and “down”. Each
can exist in any of 3 “colors.”

Six different leptons exist,
but the 2 above are the only
stable ones and are those
that occur in ordinary matter.

GAUGE BOSONS
These are force-carrier particles. Some shown are hypothetical.

—_ photon W™ intermediate
vector boson
gluon
X-boson '
s (hypothetical)

Higgs

graviton boson
(hypothetical) (hypothetical)

ANTIPARTICLES

Most particles have an antimatter equivalent that has the same
mass, but whose charge and other properties are opposite.

positron anti-up quarks
a9 (antielectron), @ chargg 32/3 ,
charge +1 antineutrino

antiproton, 1 anti-
down and 2 anti-up

“. = antineutron, 1 anti-
(ga up and 2 anti-down
quarks, charge -1 ) quarks, charge 0

All solar energy comes from
nuclear fusion in the Sun's
core. The energy gradually
migrates to the Sun’s surface
and into space through heat
transfer by convection,
conduction, and radiation.

to vibrate.

EXPLORING

STRING THEORY

here are vibrating
at different resonant

Nt e Z
frequencies, just 7 . ™
“IAnNS

CLASSIFICATION OF PARTICLES .

Physicists distinguish composite particles, which have an internal structure, from o
fundamental particles, which do not. They also divide particles into fermions and -
bosons. Fermions (leptons, quarks, and baryons) are the building blocks of matter. =
Bosons (gauge bosons and mesons) are primarily force-carrier particles.

COMPOSITE PARTICLES

Also known as hadrons,
these are composed of
quarks, antiquarks, or
bath, bound by gluons.

BARYONS
Relatively large-mass
particles containing 3 quarks.

_ proton, 1 down
and 2 up quarks,
charge +1

neutron, 1 up_
and 2 down

quarks, charge 0
MESONS
Particles containing a quark

and an antiquark.

positive pion, 1 up
quark, 1 anti-down
quark, charge +1

Hundreds of other baryons
and mesons exist.

EXOTIC PARTICLES

Further particles have
been hypothesized that
do not have a place in
this particle classification.
They include magnetic
monopoles and WIMPs
(weakly interacting
massive particles).

SPACE

For decades, physicists have sought
a “theory of everything” (see
Quantum gravity, p.43) that will
unify the four fundamental forces
of nature and provide an underlying
scheme for how particles are
constructed. A leading contender

is string theory, which proposes

that each fundamental particle
consists of a tiny vibrating filament
called a string. The vibrational
modes, or frequencies,

of these strings lend —
particles their varied

as the strings on
a guitar have rates
at which they prefer

HIGH-FREQUENCY
STRING

2

i

—

~
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properties. Although | —

it sounds bizarre, /]

many leading A 7

- physicists are ]

energy, in accordance enthusiastic —= [
with Einstein’s famous adherents of \‘x._ |
equation E=mc’ that string theory. | vy enrouENCY™
links energy (E), mass STRING
(m), and the speed of VIBRATING STRINGS N N,
light (c) (see p.41). A string is closed, f.} ' V7.

like a loop, or open, ks

like a hair. The two =
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NEUTRINO OBSERVATORY TR o
High-energy processes in the Universe produce S

neutrinos—fast-moving particles that rarely &" o 3
interact with matter. To detect them, scientists 3 ' &
created the IceCube Neutrino Observatory in i 'T c e
Antarctica. Eighty-six holes drilled in the ice i 2

contain over 5,000 optical sensors. In the dark,
clear ice the sensors record faint flashes of
light as neutrinos crash into the ice molecules.
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field
strength

magnetic field
strength

wavelength

HOW WAVES TRAVEL

An EM wave consists of
oscillating electrical and
magnetic fields arranged
perpendicular to each other,
and carrying energy forward.

electric  amplitude

RADIATION

RADIATION IS ENERGY IN THE FORM of waves or particles
that are emitted from a source and can travel through space
and some types of matter. Electromagnetic (EM) radiation
includes light, X-rays, and infrared radiation. Particulate
radiation consists of fast-moving charged particles such as
cosmic rays and particles emitted in radioactive decay.

EM radiation is vastly more significant in astronomy.

ELECTROMAGNETIC
RADIATION

Energy in the form of EM radiation is one of the two main

components of the universe, the other being matter (see p.28). This
type of radiation is produced by the motion of electrically charged
particles, such as electrons. A moving charge gives rise to a magnetic
field. If the motion is constant, then the magnetic field varies and in ‘
turn produces an electric field. By interacting with each other, the two
fields sustain one another and move through space, transferring energy.
As well as visible light, EM radiation includes radio waves, microwaves,
infrared (heat) radiation, ultraviolet radiation, X-rays, and gamma rays.
All these phenomena travel through space at the same speed—called the
velocity of light. This speed is very nearly 186,000 miles (300,000 km)
per second or 670 million mph (1 billion km/h).

WAVELIKE BEHAVIOR

In most situations, EM radiation acts as a wave—a disturbance moving
energy from one place to another. It has properties such as wavelength
(the distance between two successive peaks of the wave) and frequency
(the number of waves passing a given point each second). This wave-
like nature is shown by experiments such as the double-slit test (see
below), in which light waves diffract (spread out) after passing through

slit

light source

SLIT EXf‘ERIMENT

INTERFERING WAVES

The slit experiment
is analogous to

disturbing two points

on the surface of a
liquid. The ripples

interfere to corrugate

the liquid's surface.

If light shines on a card containing two

slits, diffraction spreads the light waves out
like ripples emanating in arcs from each slit.
The two wave trains then interfere to produce
a light and dark pattern on the screen.

a slit and also interfere with
each other as their peaks and
troughs overlap. The forms
of EM radiation differ only
in wavelength, but this affects
other properties, such as
penetrating power and ability
to ionize atoms (see p.28).

light waves along red paths
combine to cast bright band
on screen

pattern of light
falling on screen

light waves forming
interference pattern

low-ener,
s ngy :-__‘ high-energy z \ !
red light A photon of
( blue l/ght ,
A g b |
\s{._'. low-energy g % ‘ g
electron ; g i /

PARTICLE-LIKE
BEHAVIOR

EM radiation behaves mainly like a

wave, but it can also be considered

to consist of tiny packages or

“quanta” of energy called photons.

Photons have no mass but carry a

fixed amount of energy. The energy

in a photon depends on its wavelength—

the shorter the wavelength, the more energetic

the photon. For example, photons of blue (short-
wavelength) light are more energetic than photons of
red (long-wavelength) light. A classic demonstration of light’s
particle-like properties is provided by a phenomenon called the
photoelectric eftect (see below). If a blue light shines on a metal
surface, it causes electrons to be ejected from the metal, whereas even
a very bright red light has no such effect.

ultra-high-energy
ultraviolet photon

' :?_ %
.

electron
ejected at
higher energy

ULTRAVIOLET LIGHT
Shining ultraviolet light on
the metal surface causes
electrons to be ejected at
very high energy.

RED LIGHT

When red light shines on a
metal surface, no electrons
are ejected, even if the light
is intensely bright.

BLUE LIGHT

Blue light shining on the same
surface causes electrons to
be ejected, because the blue
photons are more energetic.




RADIATION

ANALYZING LIGHT 3

The radiation output of celestial objects is a mixture of wavelengths. When
passed through a prism, the light is split into its component wavelengths, [
giving a record called a spectrum. A star’s spectrum usually contains dark < .
%2 lines called absorption lines, caused by photons being absorbed at certain
wavelengths by atoms in the star’s atmosphere. They can be used to establish e
what chemical elements are present. The spectrum of a nebula can also
reveal its composition. When heated by radiation from a nearby star, its

atoms emit their own light. The resulting spectrum, called an emission (
spectrum, consists of a series of ; d
bright lines characteristic of |
different elements. i

absorption by
nebula

radiating star

radiation remaining
after absorption

prism

2y
Y 4 o
vy kR
emission by r :-‘.‘:‘;" ‘:ﬁ
heated gas PN

When a star is viewed
through a cooler gas,

(17"
dark lines appear in the r
spectrum. These are 1 ‘
caused by atoms in the 5
AN EMISSION LINE gas absorbing energy at

A gas that has been heated specific wavelengths. ’ " \
by energy from a local star % F A Y
reemits radiation at specific
wavelengths. When viewed
obliquely, this produces an

emission-line spectrum.

SPECTRUM WITH AN (# !
ABSORPTION LINE ! A |

direct radiation
from star

SPECTRUM WITH

EMISSION NEBULA

This nebula glows as its gas is

heated by nearby stars. The emitted

light consists of photons of a few specific
wavelengths. These photons were emitted

CONTINUOUS SPECTRUM
A hot, dense gas such as a star
produces a continuous light
spectrum from its surface, with

.. very hot
] blue star

INTENSITY

all different light wavelengths
(colors) represented.

by the gas's atoms as their electrons
settled to lower energy states.

RADIATION FROM
HOT OBJECTS
Not only is the total

= g

i | hot yellow
radiation greater from I star, such v
hotter objects, but the | jesthesun j E

wavelength of peak
intensity is also shorter
(toward the blue end

RED SHIFT AND BLUE SHIFT

LOUIS DE BROGLIE The spectrum of radiation received by an observer shifts if the ] w
source of the radiation is moving relative to the observer—and OAstpoenl)I?nhetr:pczcrltrcugllc)ﬁIate e
The French physicist Louis de celestial objects are always moving. Astronomers can detect the g i e cooler red .
0o |1 2071087\ receive o s °,.0 . .
gmf‘h]e (LRl ll(p/() ]PCI( C? ed t{hc‘ shifts by measuring the position of spectral lines, which occur at by measuring the peak ERach
3 DT 029. 8 .. . . . .
obel prize € founc characteristic places. Observers watching an object moving away  of the star's spectrum. -
that particles of matter, such X N :
SRR U see its spectral lines shifted toward longer wavelengths (a red Earth H
properties. The dual nature of shift). For an approaching object, the lines are shifted to the galaxy receding i -
matter and light (each has both shorter wavelengths (a blue shift). The greater ffog7 obser ver 1 . u
. . . A
particle-like and wavelike the relative velocity between source and o= Chaaprosaning | o N E
_Pr"’pl‘l'“{m) observer, the greater the shift. Distant - = ﬁ
~alled . . - 1l
o galaxies show large red shifts, .~ wavefront of WAVELENGTH I
AT . " emitted radiation i
indicating they are receding at A | (]
enormous speeds; these are i i
called cosmological red shifts. =|E
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OBSERVER 2
SHIFTING WAVELENGTHS

Shifts occur because of a phenomenon called

the Doppler effect. The wavefronts of light

from a receding object are stretched out,
increasing their wavelength, while those [_
of an approaching object are squashed up.

RED-SHIFTED
SPECTRUM LINE * ~

B = |

'BLUE-SHIFTED SPECTRUM LINE
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INTRODUCTION

HEIGHT IN EARTH’S ATMOSPHERE

km WAVELENGTH 100 m Tcm
[ ] [ ]

WHAT IS THE UNIVERSE?

ACROSS THE SPECTRUM

Celestial objects can emit radiation across the EM spectrum, from radio waves through visible light to
gamma rays. Some complex objects, such as galaxies and supernova remnants, shine at nearly all these
wavelengths. Cool objects tend to radiate photons with less energy and are therefore only visible at
longer wavelengths. Toward the gamma-ray end of the spectrum, photons are increasingly powerful.
High-energy X-rays and gamma rays originate only from extremely hot sources,

such as the gas of galaxy clusters (see p.327) or violent events, such as the

swallowing of matter by black holes (see p.267).To detect all

this radiation and form images, astronomers need a range

of instruments—each type of radiation has different

properties and must be collected and focused in a

particular way. Radiation at many wavelengths does not

penetrate to Earth’s surface, and is detectable only by

orbiting observatories above the atmosphere.

primary
reflector

parabolic dish reflects all
incoming radio waves to

RADIO WAVES TELESCOPE ARRAY

Radio waves can be many meters long. To create
sharp images from such long waves, astronomers
collect and focus them using telescopes with huge
dish antennae. They might use a single dish or an
entire array. The Very

Large Array (right), in

New Mexico, is the

world's largest array.

It consists of 27

dishes, each 82 ft

(25 m) across, moving

on a Y-shaped rail

network. Their data

combines to form a

single, fine-detailed

image, the dishes

effectively forming

one giant, 16-mile

(27-km) antenna.

the subreflector Wi o dish

receiver
subreflector focuses the Sun shield

radio waves onto receiver

MICROWAVES SPACE PROBE

Most microwaves are absorbed by Earth’s atmosphere,
S0 microwave observatories must be placed in space.
Launched in 2001, the Wilkinson Microwave Anisotropy
Probe (WMAP, above) is a NASA spacecraft with a

goal to map the cosmic microwave background radiation
(see p.54) across the whole sky. This is the oldest
electromagnetic radiation in the universe, released
soon after the Big Bang. The probe

was placed in a stable orbit

around the Sun 900,000

miles (1.5 million km)

from Earth.

red denotes a

fractionally higher
temperature

blue denotes

a slightly lower

temperature

RADIO WAVES GALAXY

In this map of the Andromeda Galaxy produced by a radio telescope,
red and yellow indicate the highest-intensity radio-wave emissions.
To produce such an image, a radio dish must scan an area of sky. As
it points at each location in the sky in turn, the telescope gradually
builds a picture by recording the radio intensity at each location. The
resolution is low because radio waves are so long. Radio emissions
are produced by hydrogen clouds in galaxies, or by synchrotron
radiation from active galaxies (see p.320) and black holes (see p.267).

MICROWAVES UNIVERSE
The lack of microwave sources in the nearby universe
is fortunate, because it reduces difficulties in observing
the cosmic background radiation, which reaches Earth at
microwave wavelengths. The pattern of microwaves
from the whole sky, as measured by WMAP, is
here projected onto two hemispheres.

“* = MICROWAVES

]
60 miles
(100 km) z [

opaque atmosphere at ATMOSPHERIC ABSORPTION

long radio wavelengths Only certain types of EM radiation—visible
light and some radio waves—can pass
through Earth’s atmosphere. Others are
absorbed to varying extents, and can
only be detected from space or at
high altitudes. Gray areas
indicate the altitude at which
different wavelengths are
absorbed.

transparent
atmosphere at shorter
radio wavelengths

INFRARED MOUNTAINTOP TELESCOPE
Little infrared radiation from space reaches sea
level on Earth, but some penetrates down to the
height of mountaintops. Some infrared telescopes,
such as NASA's Spitzer Space Telescope (see
p.247), have been launched into space, but most
infrared astronomy is conducted from mountain
observatories. This one, the United Kingdom
Infrared Telescope (UKIRT) is at 13,760 ft (4,194 m)
in Hawaii. Like optical telescopes, it uses mirrors
to collect and focus the radiation. With a 12.5-ft
(3.8-m) mirror, UKIRT achieves great brightness
and resolution. It can pick up dim galaxies, brown
dwarfs, nebulae, and interstellar molecules
glowing in the infrared, and it can peer into star-
i formi ae to image

INFRARED ' B

GALACTIC CENTER N »

This infrared image penetrates to the central %

region of the Milky Way galaxy, which in visible
light is hidden behind thick clouds of dust. The core

of the galaxy is at upper left. The reddening of

the stars in that area and along the galactic
plane is caused by dust scattering.

" =

1 mm 100 um
(]

10 um
n [
RADIO WINDOW
Radiation with wavelengths between
1 cm and 11 m (0.4 in-36 ft) passes
readily through the atmosphere.
This part of the spectrum,
which includes some
radio waves and some
microwaves, is called
the “radio window.” opaque
atmosphere




EXPLORING SPACE

IMAGES FROM INVISIBLE RADIATION

Astronomers have developed
telescopes that can gather
information from EM radiation
other than visible light, but they
still face a problem of how to
visualize the invisible. The

most popular technique uses
computers to create “false-
color” images—pictures that
show the object in particular
wavelengths of radiation, sometimes
color-coded, but often just using
varying intensities of a single color.
These images of Kepler’s Supernova

solar
array

telescope
body

VISIBLE LIGHT OPTICAL TELESCOPE
Optical telescopes with the largest mirrors
achieve the brightest, sharpest images and

the greatest power (see p.82). They range from
those of amateur astronomers, such as this
example with an 8.5-in (21.5-cm) mirror, to
those of large observatories, with mirrors

up to 33 ft (10 m) wide. Other telescopes
include the 98-ft (30-m) Thirty Meter Telescope
and the 128-ft (39-m) European Extremely Large

Telescope (E-ELT). ULTRAVIOLET

ORBITING OBSERVATORY
NASA's Extreme Ultraviolet Explorer
satellite (above) surveyed sources of
extreme (very-short wavelength) ultraviolet
radiation during the 1990s. Ultraviolet light
originates from hot sources such as white
dwarfs, neutron stars, and Seyfert
galaxies (see p.32 .

ULTRAVIOLE

VISIBLE LIGHT GALAXY

The spiral galaxy M0, which lies 30 million
light-years away, is shown here as it appears
to human eyes through a large telescope. This
galaxy is similar in size to the Milky Way. The
image was taken at Kitt Peak National
Observatory in Arizona.

of visible light and ultraviolet images. The
high-energy ultraviolet emission is in blue
and white and picks out extremely hot,
young stars in the spiral arms and
in the galactic nucleus.

High-energy
(short-wavelength)
X-ray image from

This image of spiral galaxy M74 is a composite

Low-energy
(longer-wavelength)
X-ray image from

(see p.273) show radiation in visible light,
infrared, and two different wavelengths of

X-rays, revealing the temperature of different

regions and the overall structure.

nested grazing
incidence mirrors

sunshade
door

X-RAYS
ORBITING OBSERVATORY
X-rays are highly energetic and
so powerful that they pass through
conventional mirrors. To focus X-rays,
telescopes such as the Chandra X-ray
Observatory (above) use a nest of curved
“grazing incidence” mirrors of polished
metal. X-rays glance off these mirrors, like
ricocheting bullets, toward the focal point.

X-RAY GALAXY
The orange-pink regions in this Chandra
Observatory image of two colliding galaxies
(called the Antennae, see p.317) are X-ray-
emitting “superbubbles” of hot gas. The
point X-ray sources (bright spots) are
black holes and neutron stars.

Image in infrared
radiation, taken by
the Spitzer Space
Chandra Observatory. Chandra Observatory. Telescope.

Gamma Ray Experiment Telescope
(EGRET) on the Compton Observatory.

RADIATION

COMBINED IMAGE

The false-color images are
combined with a Hubble image
of the remnant in visible light.

og/} a

GAMMA-RAY

ORBITING TELESCOPE

Gamma rays are the most energetic
EM waves, emitted by the most violent
cosmic events. The Fermi Gamma-Ray
Space Telescope (above) was launched
in 2008 to study gamma rays from
phenomena such as supernovae, black
holes, pulsars, and gamma-ray bursts.

point source
Milky Way:

GAMMA-RAY sKkY

Gamma rays are too powerful to focus,
so sharp images are impossible. This
view of the sky shows the Milky Way
as a bright band. Point sources may be
neutron stars or hypernovae (see p.55).
The image comes from the Energetic
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WHAT IS THE UNIVERSE?

GRAVITY, MOTION, AND ORBITS

) GRAVITY IS THE ATTRACTIVE FO
Space and time 40-41 h

Planetary motion 68—69 '
Observing from space 94-95 "
The family of the Sun 102-103

phenomena such as planetary rings and black holes

NEWTONIAN GRAVITY

The scientific study of gravity began with Galileo Galilei’s
demonstration, in about 1590, that objects of different weight
fall to the ground at exactly the same, accelerating rate. In
1665 or 1666, Isaac Newton realized that whatever force
causes objects to fall might extend into space and be
responsible for holding the Moon in its orbit. By analyzing the
motions of several heavenly objects, Newton formulated his
law of universal gravitation. It stated that every body in the
universe exerts an attractive force (gravity) on every other
body and described how this force varies with the masses of
the bodies and their separation. To this day, Newton’s law
remains applicable for understanding and predicting the
movements of most astronomical objects.

F F
m m
I T T

‘ distance = 1

1 Two bodies, each
of mass m, attract
each other with
force F

object in the universe, the force that both holds stars and galaxies
together and causes a pin to drop. Gravity is weaker than nature’s
other fundamental forces, but because it acts over great distances,
and between all bodies possessing mass, it has played a major part in
shaping the universe. Gravity is also crucial in determining orbits and creating

4F 4F .
2m E ' 2m
) S N S

‘ distance = 1

’-B F
2m o
\11\\1\\\1\\\1\\\1}\\1\

2 Doubling the mass of each
body, while maintaining their
separation, quadruples the
gravitational force to 4F

F
3 2m
| A |

distance = 2

reduces the force by a factor of 4, back to F

ISAAC NEWTON

The English mathematician and
physicist Isaac Newton (1642-1727)
was one of the greatest-ever
scientific intellects. As well as his
discoveries in the fields of gravity
and motion, he co-discovered the
mathematical technique of calculus.
In 1705, Newton became the first

3 Doubling the separation between the bodies

MASS AND DISTANCE

Any two bodies are attracted by
a force of gravity proportional to
the mass of one multiplied by the
mass of the other. The force is
also inversely proportional to the
square of their separation.

DISKS AND RINGS

The disk- and ringlike structures common
in celestial objects are maintained by
gravity. Examples include Saturn’s
rings (pictured), spiral galaxies, and
the disks around black holes. Every
particle in Saturn’s rings is held in
orbit through gravitational
interactions with billions of

other particles and with

. Saturn itself.

NEWTON’S LAWS OF MOTION

From his studies of gravity and the motions of heavenly bodies, and

again extending concepts first developed by Galileo, Newton formulated

his three laws of motion. Before Galileo and Newton, people thought

that an object in motion could continue moving only if a force acted

on it. In his first law of motion, Newton contradicted this idea: he stated

that an object remains in uniform motion or at rest unless a net force acts

on it (a net force is the sum of all forces acting on an object). Newton’s
second law states that a net force acting on an object causes it to accelerate
(change its velocity) at a rate that is directly proportional to the magnitude
of the force. It also states that the smaller the mass of an object, the higher the
acceleration it experiences for a given force. Newton’s third law states that for
every action there is an equal and opposite reaction—for example, Earth’s
gravitational pull on the Moon is matched by the pull of the Moon on Earth.

RCE that exists between every

FIRST LAW OF MOTION
The first law states that
an object remains in a
state of rest or moves at
a constant speed in a
straight line unless acted
on by a net force.

constant, uniform motion altered motion \

SECOND LAW OF MOTION
When an object of low . ; .
mass and one of greater =
mass are subjected to \low mass, high
a force of the same acceleration
magnitude, the low-mass
object accelerates at a
higher rate.

THIRD LAW OF MOTION
To every action there is
an equal and opposite
reaction. The forward
thrust of a rocket is a
reaction to the backward
blast of combusted fuel.

action: backward
blast of fuel

WEIGHT AND FREE FALL

The size of the gravitational force acting on an object is called
its weight. An object’s rest mass (measured in pounds or
kilograms) is constant, while its weight (measured in
newtons) varies according to the local strength of gravity. A
mass of 2.2 1b (1 kg) weighs 9.8 newtons on Earth, but only
1.65 newtons on the Moon. Weight can be measured, and the
feeling of weight experienced, only when the gravity producing
it is resisted by a second, opposing, force. A person standing on
Earth feels weight not so much from the pull of gravity as from the
opposing push of the ground on his or her feet. In contrast, a person
orbiting Earth is actually falling
toward Earth under gravity.

Such a person is in “free fall”
and experiences apparent
weightlessness. This is due not to
lack of gravity but to the absence
of a force opposing gravity.

WEIGHTLESSNESS
Astronauts in training must
frequently experience apparent
weightlessness. Here, a plane
is plunging sharply from high
altitude, putting the trainee
astronauts inside into free fall.




DR RTE ] v P
4

SHAPES OF ORBITS

When one object is in orbit around another object of higher mass, it is in free

fall toward the larger body. It experiences a constant gravitational acceleration
toward the larger object that deflects what would otherwise be its straight-
line motion into a curved trajectory. The direction of its motion, and the
direction of acceleration both constantly change, producing its curved

path. All closed orbits in nature have the shape of an ellipse (a stretched
circle). The degree to which an ellipse varies from a perfect circle is

called its eccentricity. Many solar system orbits (such as the Moon’s around
Earth) are not very eccentric—that is, they are almost circular. Others, such as
Pluto’s orbit around the Sun, are much more eccentric and highly elongated.
Some celestial bodies follow open, non-returning orbits,

along curves with shapes called parabolas
and hyp erbolas. path planet would take from
point B if there was no gravity

c path planet would take from
— ___ point A if there was no gravity

{; . planet following
4 elliptical orbit
"FF‘ g ’/ around star
- // ;__,,- A

>
P
=
_,.p-‘"\ acceleration toward
» star due to pull of

/

ORBITING BODIES

(smaller star
or planet)

COMMON CENTER OF MASS

In an orbital system of two bodies,
the smaller body does not simply
orbit the larger one. Instead, both
revolve around the joint center of
mass. In the Earth—Moon system,
this point is located deep inside
Earth. For two bodies of more equal

mass, it is located in space

between the two

pivot: center
of rotation of

aller body both bodies

o objects.
common center. . '
of mass smaller orbit of \

larger body

larger orbit of
smaller body

—
larger body/
(massive star)

— T

COMPACT, ROTATING BODIES

Stars, pulsars, galaxies, and planets all rotate, governed by the law

of conservation of angular momentum. An object’s angular

momentum is related to its rotational energy, which depends on the

distribution of mass in the object and on how fast it spins. The

angular momentum of any rotating object stays constant, so if

gravity causes the object to contract, its spin rate increases to make
up for the redistribution of mass. Compact, fast-rotating objects

therefore tend to form from diffuse, slowly-rotating ones.

gravity
periapsis ) ) ANGULAR MOMENTUM
(point of T apﬁaﬁs’sb@?’”f Zf, When an ice skater draws her limbs in,
closest ____comet from ‘.”f’c hor ’t;”g o lfveCt her spin rate soars. Similarly, a rotating
. approach) deep space s ajt est from the g /i
5 P SP: orbit's focus) cloud of gas spins faster as it contracts.
focus -
of orbits hyperbolic path

Shown here are two elliptical orbits

of different eccentricities and a hyperbolic
path. Any orbit results from the combined
effect of an object’s tendency to move at

constant speed in a straight line and the—"""

gravitational pull of the body it orbits.

planet following
a more eccentric
(elongated) elliptical orbit

paths of skater’s / ( .

limbs as she spins
fast, with a compact

body shape

paths of skater’s limbs i

as she spins slowly, with
a less compact body shape
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SPACE AND TIME

MOST PEOPLE SHARE SOME COMMON-SENSE NOTIONS about Observer 2’
the world. One is that time passes at the same rate for everyone. metion
Another is that the length of a rigid object does not change.

In fact, such ideas, which once formed a bedrock for the laws Observer 15
of physics, are an illusion: they apply only to the restricted by Observer 2
range of situations with which people are most familiar. In
fact, time and space are not absolute, but stretch and warp
depending on relative viewpoint. What is more, the
presence of matter distorts both space and time to produce

the force of gravity.

Expanding space 44-45

PROBLEMS IN NEWTON’S UNIVERSE

Problems with the Newtonian view of space and time (see p.38) first surfaced
toward the end of the 19th century. Up to that time, scientists assumed that the
positions and motions of objects in space should all be measurable relative to some
non-moving, absolute “frame of reference,” which they thought was filled with an
invisible medium called “the ether.” However, in 1887, an experiment to measure
Earth’s motion through this ether, by detecting variations in the velocity of

light sent through it in different directions, produced some unexpected results.
First, it failed to confirm the
existence of the ether. Second,

it indicated that light always travels
at the same speed relative to an
observer, whatever that observer’s
own movements. This finding
suggested that light does not follow the
same rules of relative motion that govern
everyday objects such as cars and bullets. If
a person were to chase a bullet at half of
the bullet’s speed, the rate at which the
bullet moved away from him or her would
Light leaves both the ceiling lights and the headlights of ﬁalkl\;e;)v}js:v::izl}f;firsor; WFT ;Ci ctl;lase N
the moving cars at the same speed relative to its source. g peed ol ight, the wave

Paradoxically, light from both sources reaches an observer would continue moving away from him
standing in the tunnel at, again, exactly the same speed. or her at exactly the same velocity. Observer 1

SPECIAL RELATIVITY path of Observer

1's ball, as seen

CONSTANT SPEED OF LIGHT

ALBERT EINSTEIN

In 1905, Albert Einstein rejected the idea that there by Observer 1
The woilk of Cenmmsems is any absolute or “preferred” frame of reference in
mathematician and physicist Albert the universe. In other words, everything is relative. He
Einstein made him the most famous also rejected the idea that time is absolute, suggesting that
scientist of the 20th century. it need not pass at the same rate everywhere. To replace the U VL YISO NE
Although he won the Nobel prize old ideas, he formed the special theory of relativity, called From Observer 1's point of view,
o ity s o e peaiele e “special” because it is restricted to frames of reference in the green ball within his or her
properties of light (see p.34), he is . . s own frame of reference travels
ore famons for his theories of constant, unchanging motion (because they are not being ) s, @iy § ok

special relativity (1905) and general accelerated by a force, see p.38). He based the entire theory on | across at the red ball in a frame
relativity (1915). These theories two principles. The first principle, called the principle of of reference in relative motion,
introduced a relativity, states that the same laws of physics apply equally in the ball seems to follow an arc.
revolutionary all constantly moving frames of reference. The second
; t‘fi;:kl‘:l? ek principle states that the speed of light is constant and
>y Lou Sjme independent of the motion of the

: ' observer or source of light. Einstein ~ MOVING FRAMES OF REFERENCE

recognized that this second principle Here we see two travelers—effectively two

& ith d . b moving reference frames—passing each other.
contlicts with accepted notions about  Eaep tgsses a ball up. By the principle of relativity,

how velocities add together; further,  the laws of physics apply in each reference frame,

that combining it with the first so each traveler observes the behavior of the

principle seems to lead to perplexing, two balls as predicted t_Jy those Iavys. Although

nonintuitive results. He perceived the two'travelers see dlfferent motions for e_ach Observer 1%
) - ’ ball, neither traveler's point of view is superior to motion

however, that human intuition about  thg other's—both are equally valid, and there is

time and space could be wrong. no preferred frame of reference.

direction of




SPACE AND TIME

EFFECTS OF SPECIAL RELATIVITY it i i

path of R X o .
Observer 25 The results that flow from the principles of special relativity are remarkable. Using
ls’:g'na;y thought experiments, Einstein showed that for the speed of light to be the same in | :
Observer 2 all reference frames, measures of space and time in one frame must be transformed — = :
to those in another. These transformations show that when an object moves at high ‘ 3
speed relative to an observer, the observer sees less of its length—an effect 10 MINUTES )
called Lorentz contraction. Also, time for such an object appears to R ELAPSED o)
run more slowly—an effect called time dilation. So measurements  on Earth 20 MINUTES [ N/,
. - ELAPSED W~ i
of time and space vary between moving reference frames. TIME DILATION @
Einstein also showed that an object gains mass when its Special relativity predicts that :
‘F‘Q ' energy increases and loses it when its energy decreases. i ERlEboU B B i\
. ﬂ‘ This led hi i h d h time slow down onboard a 4
™ is led him to realize that mass and energy have an spacecraft traveling at close |
- equivalence, which he expressed in the famous . . to the speed of light relative 2t ¥
— equation E (energy) = m (mass) x ¢* (the speed » to Earth. At 90 percent of \ :
) qoflight sq(uare(%)}T) ( ) ( P \ o light-speed, theppassage of ] c _
time is halved—a clock on the — r
PRI spaceship advances only i v;
path of Observer 2's ball, 10 minutes while more than N 1 o £
as seen by Observer 1 20 minutes pass on Earth. 'u% 7
. YT
B, =
v s =i
i .-; Bl :l
AR
observer on -
10 MINUTES spacecraft

MASS IS ENERGY ELAPSED

To Einstein’s ultimate
dismay, one of the first
applications of his
equation E=mc? was the
development of atomic
bombs. In such bombs,
the loss of tiny amounts

20 MINUTES (7

ELAPSED | ‘
SYMMETRICAL EFFECTS A P
Relativistic effects occur

symmetrically, because there is ’ "’ \

o s [ muslesr \ no absolute frame of reference. 1
: i For the spacecraft pilot, time B o
;?;Br?gsgf Lena;rZivast \ | o on Earth passes more slowly.
’ More than 20 minutes pass on
—— the spacecraft while the pilot 3|
watches a clock advance only b g

Observer 2 10 minutes on Earth.

cone of passage through ;
passage through future space-time of an .
= ; space-time of an space-time object that stays j S
object movin
VIEWPOINT TWO light would move fro/m place togplace ng:te fnsirgsce -
To Observer 2, the red ball within through space-time | .
his or her own reference frame = == Bloiig e Siete @Y o @Ene A
appears to move vertically. The ~N A
green ball, which is in another v -
frame of reference in relative o, e I _\\' w -
motion, seems to follow an o = “HaEs’
arc-shaped path. A =
— -
I
EimEE

EXPLORING SPACE " SPACE—TIME

MEASURING STRETCHED TIME g A further implication of special
relativity is that space and time are
time can stretch has been proved? Closely, Uirtedl, U he oo evenis
to be true by mounting atomic occur in separate places, the space
clocks in jet airliners and between them is ambiguous, because
monitoring their timekeeping observers traveling at different
compared with Earth-bound velocities measure different distances.
clocks. Here, American physicist . The time passing between the events
4 also depends on each observer’s
motion. However, a mathematical method can be devised

Special relativity’s prediction that

SPACE

object in the present
at its starting point
in space

each 2-D plane
represents 3-D space

Harold Lyons explains an early
experiment of this type, with
the help of a graphic. Relativisti - ) ) 3
e ahkem e e Ie . for measuring the separation of events, involving a

FOUR DIMENSIONS
In this representation of space-

consequenc 2 oo combination of space and time, that gives values that all time, time moves upward into
in global positioning syste observers can agree on. This led to the idea that events the future, while the three
satellites run about 7.2 z . in the universe should no longer be described in three spatial dimensions are reduced
: spatial dimensions, but rather in a four-dimensional to two-dimensional planes. The
Earth-bound atom: . . . . . cone represents the effective
so their data must be adjusted world, incorporating time, called space-time. In this limits of space-time for any

system, the separation between any two events is object—its boundary is
described by a value called a space-time interval. defined by the speed of light.

to maintain accuracy.
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WHAT IS THE UNIVERSE?

ACCELERATING MOTION

Having completed his study of relativity in the special case of
reference frames in uniform motion (inertial reference frames),
Einstein turned his attention to changing, or accelerated
motion. In particular, he examined the link between gravity
and acceleration. This led him to formulate a proposition called
the principle of equivalence, which describes gravity and
acceleration as different perspectives of the same thing.
Specifically, Einstein stated that it was impossible for any
experiment to tell the difference between being at rest in a
uniform gravitational field and being accelerated. He illustrated
this idea using thought experiments involving scientists sealed
into boxes under various conditions of acceleration and gravity.
Starting from the principle of equivalence, by 1915 Einstein
had gone on to develop his most complex
and major masterpiece, the general

theory of relativity, which
provided a new description
of gravity.

apparent position of galaxy to

hi

sealed box undergoing
uniform acceleration

person is
weighed down true position
of galaxy
sealed box in a uniform
gravitational field, caused
by planet’s gravity

ball falls to
the floor

rocket engine
accelerates box and
imparts the same force
as the planet’s gravity

ball falls to

the floor GRAVITY AND ACCELERATION

FEEL THE SAME
A person in a sealed box at rest

. iting planet follows — %8
on the surface of a planet with orbiting planet follows

elliptical path because

a strong gravitational field, and space-time is curved in
a person within a similar box the vicinity of the Sun
person is in deep space that is being =
weighed down accelerated by a rocket, could two-dimensional rubber sheet — &
planet’s mass creates not distinguish between the represents four-dimensional
gravitational field two situations. space-time—dents in the sheet

represent distortions of space-time

LIGHT AND GRAVITY sested box

undergoing uniform
By visualizing experiments in accelerating reference frames and using acceleration upward
the principle of equivalence to transpose them to gravitational

situations, Einstein postulated that light, despite having no mass, should

follow a curved path in a gravitational field. Although he had no direct

evidence that this was true, he convinced himself that it must be

(by 1919, it had been shown to be true by astronomical

observations). Developing the idea further, Einstein theorized sealed box in a uniform
that gravitational effects might be caused by large masses or g; a;’;?{,fgf\/’%/ R
concentrations of energy causing a local distortion in

the shape of four-dimensional space-time—that
is, that gravity might be a purely
geometrical consequence of the
effect of mass on space-time. If
so, light curves around a lgrge beam of light
mass because of the warping of curves through
space-time caused by the mass. glavizticnaliel
Similarly, a planet in orbit

around a star, such as the Earth around

the Sun, follows a curved trajectory not
because of a pull of the star on the planet,
but because space-time is warped in the
vicinity of the star, and the shortest path for
the planet to take through this distorted

beam of light
bends downward

light source

THOUGHT EXPERIMENT
WITH LIGHT
If a light beam is fired across
a box that is accelerating
upward, within the box
the light would appear to
curve downward. By the
equivalence principle, in
an identical experiment
carried out on a box in a
. gravitational field, a light
massive planet creates ray should follow the same

region of space-time is a curved one. gravitational field downward curve.




DENTED SPACE-TIME

Space-time can be visualized as

a rubber sheet in which massive
objects make dents. In this view,
planets orbit the Sun because they

GENERAL RELATIVITY AT WORK

Einstein encapsulated his theory of how mass distorts space-time in his set
of “field equations.” Physicists have used these equations to find that it is in the
strongest gravitational fields—where massive, dense objects distort space-time

object with
large mass

white dwarf star

telescope
on Earth

oll around the dent it produces.
imilarly, light passing by a
massive object has its straight-
line path deflected by following

~ the local curvature of space-time.
Remember, however, that it is
4-dimensional space-time, not
just space, that is warped.

relatively weak gravity

most strongly—that reality departs farthest from that predicted by Newton (see
p-38). For instance, Mercury is so close to the Sun that it always moves in a
strong gravitational field (or in strongly curved space-time). Its orbit is distorted
in a way that Newton could not account for, but which general relativity explains
perfectly (see p.110). General relativity also provides a framework for models of the
universe’s structure, development, and eventual fate. It predicts that the universe
must be either expanding or contracting. Before the introduction
of general relativity, space and time were thought of only
as an arena in which events took place. After general
relativity, physicists realized that space and time
are dynamic entities that can be aftfected by
mass, forces, and energy.

warped
space-time

PINCHED SPACE
Instead of a two-dimensional
sheet, four-dimensional
space-time can also be
visualized as a three-
dimensional volume that

is narrowed or “pinched in”
around large masses.

intense gravity

moderately deep close to star

gravitational well

relatively weak

WHITE DWARF STAR !
gravity

A white dwarf is a very dense, planet-
sized star that can be thought of as
producing a smaller but deeper dent
in space-time than does a
star like the Sun.

intense
gravity

deep, steep
gravitational well

relatively weak
gravity

\_—/\ massive, dense
neutron star
NEUTRON STAR

A neutron star is an exceedingly dense
stellar remnant that makes a very deep

dent in space-time. A neutron star
significantly deflects light passing
by, but cannot capture it.

event horizon,
beyond which
nothing, not even
light, can break
free of the
gravitational field

BLACK HOLE

In a black hole, all the mass is
concentrated into an infinitely
dense point at the center, called
a singularity. A singularity
produces an infinite distortion
in space-time—a bottomless
gravitational well. Any light that
passes a boundary called the
“event horizon” near the entrance
to this well cannot return.

extremely intense
gravity

distortion of space-time
caused by the Sun's
mass deflects light from
distant galaxy

gravitational well of
infinite depth, with
steepness (gravity)
increasing to infinity

space-time around the Sun is warped by the Sun’s
mass, creating a so-called a “gravitational well”

QUANTUM GRAVITY

Although general relativity accurately describes the universe on a large scale, it has little to say
about the subatomic world in which many scientists believe gravity must originate. This
subatomic world is modeled by another great theory of physics, called quantum mechanics,
which itself has little to say about gravity. There is, it seems, little in common between the
smooth, predictable interactions of space-time and matter predicted by general relativity and
the jumpy subatomic world modeled by quantum
mechanics, in which changes in energy and matter

occur in quanta (discrete steps, see p.28). A key goal

of modern physics is to find a unifying theory—a
“quantum theory of gravity” or “theory of everything”—
that unites relativity and quantum mechanics, and
harmonizes gravity with the other fundamental forces of
nature. One of the best hopes lies in string theory (see
p-31). Most early-21st-century theories of everything
suppose that the universe has more dimensions than
the easily observed three of space and one of time.

singularity at
the center of
the black hole

MULTIDIMENSIONAL SPACE-TIME
These figures, called Calabi—Yau
spaces, are purported to hold six or
more dimensions “curled up” within
them. By incorporating one of these
tiny objects at each point in space-
time, string theorists envisage ten
or more dimensions.

GRAVITY BENDING LIGHT

The effect of gravity on the path of
light is not obvious unless an observer
looks deep into space at the universe’s
most massive objects—clusters of
galaxies. This image shows galaxies
as white blobs. Their combined gravity
bends light so much that the images
of more distant galaxies appear as
blue streaks, stretched and squashed
by the galaxy cluster’s w@v# :

Calabi-Yau
space
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WHAT IS THE UNIVERSE?

the universe 6 billion years

EXPANDING SPACE N\

close together

: . A CRUCIAL PROPERTY of the universe is that it ' : N e
y 1 22-23 The scale of the universe K K . ) i R \ not yet/a sorbe
) 18 expandlng. It must be growing, because distant b ihicjgaiaxies

b | 34-37 Radiation : , >
N galaxies are quickly receding from Earth and more

distant ones are receding even faster. Assuming that
the universe has always been expanding, it must
once have been smaller and denser—a fact that
strongly supports the Big Bang theory of its origin.

MEASURING EXPANSION

The rate of the universe’s expansion can be calculated by comparing the RS RS
distances to remote galaxies and the speeds at which they are receding. possible histories of
The galaxies’ velocities are measured by examining the red shifts in ruﬁgfsndmg
their light spectra (see p.35). Their distances are calculated by detecting

a class of stars called Cepheid variables in the galaxies and measuring
the stars’ cycles of magnitude variation (see pp.282, 313). The result
is a number known as the Hubble constant—an expression of the
universe’s expansion rate. The value of the constant has been debated
by cosmologists, but is currently thought to be about 50,000 mph
(80,000 km/h) per million light-years. This means, for example, that
two galaxies situated

1 billion light-years apart
are receding from each
other at 50 million mph
(80 million km/h). On a

’}\: The Big Bang 48-51 "
The fate of the universe 58-59 ,' I
Galaxy clusters 326-27 ’- |

15 billion years ago,
size of universe is
zero—a possible
Big Bang occurs

universe expanding
at a constant rate
in the past |

12 billion years
ago, size of

universe is zero # 4. = » .
[ ] » I .
= 5 X

1

.’

universe 0’0
g %
expanding at a Q/o

familiar time scale, this is iEEr e YEaRs aco
then slowing ’,:
actually a very gradual down [ o h‘q |
K] S

expansion—an increase
in the galaxies’ distance
of 1 percent takes tens
of millions of years.

AGE OF THE UNIVERSE

Cosmologists can estimate
the age of the universe by
distance from Earth (measured by variable stars) extrapolating its expansion

rate backward to the point at which the

recessional velocity (measured by red shift)

HUBBLE CONSTANT size of the observable universe was zero.

The recession velacity of remote galaxies rises ~ Depending on how the expansion rate has D L D
with distance, and this relationship forms a changed, estimates for the universe's age evog/ve)i(rlvto

straigh‘g line on a graph. Estimates of the line’s  range from 12 to 15 bi_IIion years. The spiral shapes

slope yield values of the Hubble constant. current best estimate is 13.7 billion years.

THE NATURE OF EXPANSION

Several notable features have been established about the
universe’s expansion. First, although all distant galaxies are
moving away, neither Earth nor any other point in space
is at the center of the universe. Rather, everything is
receding from everything else, and there is no center.
Second, at a local scale, gravity dominates over
cosmological expansion and holds matter
together. The scale at which this happens
is surprisingly large—even entire clusters
of galaxies resist expansion and hold
together. Third, it is incorrect to think of
galaxies and galaxy clusters moving away
from each other “through” space. A more
accurate picture is that of space itself
expanding and carrying objects with it.
Finally, the expansion rate almost certainly
varies. Cosmologists are greatly interested
in establishing how the expansion rate Lo i W FNYEARS

may Change m _the quure.The future rat The galaxies above are not moving apart. They will UTUrg
of expansion will decide the eventual continue to collide despite cosmological expansion.

fate of the universe (see pp.58-59). Galaxy clusters are also held together by gravity.

galaxies becoming
less crowded

galaxy cluster,
bound by gravity,
does not expand
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Z
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EXPANDING SPACE

TIME AND EXPANDING SPACE EDWIN HUBBLE

PEERING INTO DEEP SPACE 3 The continued expansion of space, combined
This Hubble “deep-field” with the constant speed of light, turns the The Ameri}fan astronomer Edwip
photograph shows a jumble of universe into a giant time m':lchine The light FibleN(le891Ebs )N amonsion
galaxies viewed at different - © e > being the first to prove that the
distances. Each appears as it from a remote galaxy has taken billions of years universe is expanding. He showed
existed billions of years ago. g to reach Earth, so astronomers see the galaxy as the direct relationship between the
young, Al it was billions of years ago. In effect, the deeper recession speeds of remote galaxies
blue galaxy 4 astronomers look into space, the farther they and their distances from Earth,
4%2’?:;%7; peer into the universe’s history. In the remotest now known as Hubble’s Law.
pictured as it regions, they see only incompletely formed Hubble is also noted for his earlier
was 4 billion galaxies as they looked soon after the Big Bang. proof that galaxies are ex.ternal to
years ago S e - A 9 =9 the Milky Way and for his system
The most dim and distant of these galaxies is of galaxy classification. The Hubble
_ eliptical galaxy, ‘ spiral galaxy, receding: from Earth at speeds approaching the Space Telescope
Dlatiten el aney 3 billion light- speed of light. Should astronomers observe such and the Hubble

Ve elisizit objects for millions of years, they would see constant are both
named after him.

diffuse, young
galaxy not yet
condensed into
a tight spiral

them evolving more slowly than if they
were closer and not being carried
away so fast. At greater distances
yet, beyond the observable
universe (see p.23),
there may exist other
objects that have
moved away so fast
that light from
them has never
reached Earth.

LOOKBACK DISTANCE

The expansion of space complicates the expression
of distances to very remote objects, particularly
those that we now observe as they existed more than
5 billion years ago. When astronomers describe the
distance to such faraway objects, by convention they
use the “lookback” or “light-travel-time” distance. This
- 1s the distance that light from the object has travelled
~ through space to reach us today, and it tells us how
long ago the light left the object. But because space has
expanded in the interim, the distance of the galaxy when
the light began its journey towards Earth is less than the
ookback distance. Conversely, the true distance to the remote
ject (called the “comoving”
distance) is greater than the lookback DIVERGING WORLDS
stance. These distinctions need to be R - scribed s being
11 billion light-years away
bered when, for example, a galaxy (lookback distance) has a

as being 10 billion light-years away. greater true distance (comoving
distance), due to the effects of
photon leaves galaxy X the universe’s expansion.

« W

BILLION YEARS AGO Milky Way distant galaxy X receding

»

-L-
PRIV

D il e

5 BILLION YEARS AGO photon travels toward Milky Way galaxy X still receding

n reaches
ACCELERATING EXPANSION ay, where

This is a conceptual interpretation of how a region server sees X as
of space may have changed over a 9-billion-year

period. As space has expanded, so the galaxies ) R (l00Kkback

within it have been carried apart, evolving as they SN distance). Meanwhile,
go. This interpretation shows expansion speeding - X true (comoving)

up—a scenario gaining support from cosmologists. distance has increased  pReGENT DAY photon arrives lookback distance | true, comoving distance
- to 18 billion light-years.
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“Some say the world will end in fire,
Some say in ice.”

Robert Frost

THE STORY OF THE UNIVERSE can be traced
back to its very first instants, according to the Big
Bang theory of its origins. In the Big Bang model,
the universe was once infinitely small, dense, and
hot. The Big Bang began a process of expansion and
cooling that continues today. It was not an explosion
of matter into space, but an expansion of space
itself, and in the beginning, it brought time and
space into existence. The Big Bang model does not
explain all features of the universe, however, and it
continues to be refined. Nonetheless, scientists use

it as a framework for mapping the continuing
evolution of the universe, through events such as
'7'4 the decoupling of matter and radiation (when the
© | first atoms were formed and the universe became
transparent) and the condensation of the first
galaxies and the first stars. Study of the Big Bang
and the balance between the universe’s gravity

and a force called dark energy can even help

predict how the universe will end.

CRADLE OF STAR BIRTH

This pillar of gas and dust is the Cone Nebula, one of the most
active cradles of star formation in the Milky Way. The clouds of
material giving birth to these stars were once parts of stars
themselves. The recycling of material in the life cycles of stars
has been key to the universe's enrichment and evolution.

| THE BEGINNING AND END
 OF THE UNIVERSE
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THE BEGINNING AND END OF THE UNIVERSE

28-31 Matter
34-37 Radiation

44-45 Expanding space

10 SECONDS 10 SECONDS 10 SECONDS / D X gluon

THE BIG BANG
The timeline on this page and the next

shows some events during the first

microsecond (1 millionth of a second or
TIME, SPACE, ENERGY, AND MATTER are all thought to have come 5 s e e By B, B

into existence 13.7 billion years ago, in the event called the Big Al [0, 0 UGS [ ERTE
dropped from about 10*°C (ten billion

Bang. In its first moments, the universe was infinitely dense, trillion trillion degrees) to a mere

2 . . s : 10"°C (ten trillion degrees). The timeline
The fate of the universe 58-59 unlmaglnably hOt’ and contained pure energy. But within a tlny refers to the diameter of the observable
Maoning o P fraction of a second, vast numbers of fundamental universe: this is the approximate
apping deep space K historical diameter of the part of the
particles had appeared, created out of energy as universe we can currently observe,

the universe cooled. Within a few hundred thousand years,
these particles had combined to form the first atoms.

IN THE BEGINNING

The Big Bang was not an explosion in space, but an expansion
of space, which happened everywhere. Physicists do not know
what happened in the first instant after the

Big Bang, known as the Planck era, but at No current theory of
the §nd of this period, they believe that v es e sl
gravity split from the other forces of nature, \hat happened in

THE PLANCK ERA

followed by the strong nuclear force (see the universe during
p-30). Many believe this event triggered this time.
“inflation”—a short but rapid expansion. If

inflation did occur, it helps to explain why DIAMETER X 107 33 /10 m 10° m (62 mies/100 km)
ihe TRvETe SEaTS 5 STeeih and Tk, TEMPERATURE | 107K (1,800 trillion trillion °F (1,000 trillion trillion °C) 107%K (18 billion trillion °F/10

During inflation, a fantastic amount of THE INFLATION ERA THE QUARK ERA
mass-energy came into existence, in Ealzt of thfetqniverse epraned from Sometimelzs callfed theke\ec’troweak ira, _thisf period ?aw

5 : illions of times smaller than a vast numbers of quark and antiquark pairs forming from
tandem with an equal but negative . 1

f . q 1 g proton to something between the energy and then annihilating back to energy. Gluons and
amount ot gravitationa size of a marble and a football field. | other more exotic particles also appeared.
?nergy' By the end of singularity L, ,_‘/ TIME A hundred-billionth of a yoctosecond A hundred-millionth of a yoctosecond 1 yoctosecond
inflation, matter had at the start —— v 10~ seconds 10~% seconds 107* seconds

begun to appear. of time

- A ten-trillionth of a yoctosecond quark antiquark
10~ seconds quark  quark

THE GRAND UNIFIED THEORY ERA / i
During this era, matter and energy were | antiquark
completely interchangeable. Three of the pair_
fundamental forces of nature were still unified.
‘5 X-boson E,

strong nuclear force

Grand Unified  glectroweak weak nuclear force R i

Force force -
- - ——u

electromagnetic force

gravitational force

AC
SEPI'\R'ATION'OF FORCES - A ; . PARTICLE SOUP
Physicists believe that at the exceedingly high tempefatures ? | isy -
present just after thg Big Bang; ndamentaf force - + \ ! " . 58] About 10* seconds after the Big Bang, the
were unified. Then/as-the-universe-cooled,-the-forcgs 1 - | universe is thought to have been a “soup

separated, or “froZe out,” at the time intervals shown here. of fundamental particles and antiparticles.
| These were continually formed from energy

——| as particle—antiparticle pairs, which then met

:rZLé‘iglg:ng are-now widely - ! \ | andwere gnnihilated back to eneray. Among
spaced regiong of the uni erse’coul i . \/ ’;\ | these pa_rtlcles were some that still exm_today
become so sifnilar in degsity and \/ \ ] as constituents qf matter or as force carrier

Y | particles. These include quarks and their

d| B N ! / antiparticles (antiquarks), and bosons such as

| [ gluons (see pp.30-31). Other particles may

have been present that no longer exist or are
» SO E . hard to detect—perhaps some gravitons

effect of inflation is like expanding - : - . :

a wrinkled sphere—after the : 25 (hypothetical gravity-carrying particles) and

expansion, its surface WRINKLED SMOOTHER VERY SMOOTH EXTREMELY SMOOTH Higgs bosons, also hypothetical, which
appears smooth and flat AND FLAT impart mass to other particles.

[nflation theory propoges f
derived frgm a tiny ho,dogeneous/ ~

patch of the original universe. The




THE BIG BANG

EXPLORING SPACE
W

At the European Centre for Nuclear
Research, also known as CERN,
particle physicists are unraveling the
finer details of the early universe by
\# smashing particles together in particle
I accelerators and searching for traces
of other fundamental particles. In
doing so, they explore the constituents
of matter and the forces that control
their interactions. CERN scientists have
even recreated conditions like those
shortly after the Big Bang, by creating
plasmas containing free quarks and gluons.

ULTRA-HIGH-ENERGY PROTON COLLISION

In this image obtained by a detector at the Large Hadron
@ Collider at CERN, the yellow lines show the paths of particles
produced from the collision of ultra-high-energy protons.

10°m (620 miles/1,000 km) 10°m (620,000 miles/1 million km) 10™m (620 million miles/1 billion km)
billion trillion °C) = 10*'K (1.8 billion trillion °F/1 billion trillion °C) 108K (1.8 million trillion °F/1 million trillion °C) 10"°K (1,800 trillion °F/1,000 trillion °C)

SEPARATION OF THE ELECTROWEAK FORCE

Near the end of the quark era, the electroweak force
separated into the electromagnetic force and the weak
interaction (see p.30). From then on, the forces of nature
and physical laws were as they are now experienced.

1 zeptosecond 1 a(rosecond 1 femtosecond 1 picosecond 1 nanosecond 1 microsecond
107" seconds 107"® seconds 107" seconds 107" seconds 10~ seconds 107° seconds

FREEZE OUT AND ANNIHILATION

Higgs boson . E ; e s
s -+ Particle-antiparticle pairs, including quarks—
P ___ photon - q !
antiquarks, were still constantly forming and
returning to energy. For each type of particle, |
the temperature would eventually drop to the
antineutrino point where the particles “froze out"—they

could no longer form from the background pool ®
of energy. Most free particles and antiparticles QUARKS BECOMING

quark—anriquarkf“':' ] of each type were rapidly annihilated, leaving BOUND INTO HEAVIER
a small residue of particles. As quarks and [ PARTICLES BY GLUONS &
L]

forming and

annihilating antiquarks froze out at the end of the quark
2 \\ era, instead of being annihilated, some began
' grouping to form heavier particles.

Higgs boson
(hypothetical)
.

. .
(hypothetiaa}l)lI Vi -
v B decaying
X-boson
/ MORE MATTER THAN ANTIMATTER
X-boson - -
One of the particles thought to have existed X-boson

during the early moments of the Big Bang decay
was a very-high-mass particle, the X-boson products

\ graviton

(hypothetical)

(particles and

(along with its own antiparticle, the anti-X- e 4
antiparticles)

boson). The X-boson and its antiparticle were
unstable and decayed into other particles and
antlpart!cles—qugrks, antiquarks, ele_ctrons, b ) »
and positrons (antielectrons). A peculiarity

of the X-boson and its antiparticle is that,

when they decayed, they produced a tiny antiquark ____
preponderance of particles over antiparticles— \ 000\

that is, about a billion and one particles to each

billion antiparticles. When these