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FOREWORD

The starry sky on a clear night in a really dark place is
uniquely magical. We can only imagine how our ancestors
must have marveled at the night sky in the days before
artificial lighting made it nearly impossible for many people
to see any but the brightest stars.

With this book, anyone can find out about the stars.
Once you know some of their names and how to
recognize constellations, what seem like random star
patterns become a picture book in the sky. You will want to
look up at night to see what you can recognize—COrion the
Hunter, perhaps, the Great Bear, or the Heavenly Twins.

However, there is more to the stars than a beautiful
sky. There’s a story to tell about how stars are born and
change through their lives, ending as exotic white dwarfs,
neutron stars, or stellar black holes. Stars light up glowing
nebulae, huddle together in clusters, harbor families of
planets and populate a universe of galaxies. And you will
find all about it here.

| became fascinated by the night sky as a young child.
As | grew up, my curiosity about science grew too. | wanted
to know more and more about the stars and the Universe
so | became an astronomer. But the stars are there for all
of us to discover. Read on!

JACQUELINE MITTON

<] Hot blue stars and cooler yellow stars can be
seen together in this Hubble Space Telescope
image of the globular cluster M15. It is one of the
oldest known star clusters, around 12 billion years
old. M15 is located 35,000 light-years from
Earth, and lies in the constellation Pegasus.
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After bursting into existence 13.8 billion years ago
in the Big Bang, our Universe was for a time entirely
dark because no light-generating objects had yet
formed. After a few hundred million years, clumps

of matter began to coalesce and heat up, and soon
the Universe was bathed in light from the first stars.
Today, stars are still the most numerous visible
objects in the night sky. We see them as pinpricks

OUT OF THE DARKNESS O

<1 Birthplace of stars

The fiery array of stars near the center of this
Hubble Space Telescope image is a compact
young star cluster some 20,000 light-years
away. Called Westerlund 2, it contains some
of the hottest, brightest stars known, each
with a surface temperature higher than
66,600°F (37,000°C). The cluster lies within

a vast, star-forming nebula (cloud of gas

and dust) called Gum 29.

of light, seeming to differ only in brightness. However,
stars are actually extremely diverse, coming in

a vast range of sizes and an array of colors. Some
will eventually explode to give rise to such strange
phenomena as pulsars and black holes. We now also
know that many stars, like our Sun, are orbited by
planets, some of which might harbor life. Around the
time that the first stars ignited, the first galaxies
were also forming. Clusters of stars merged into
small galaxies, which in turn merged to make bigger
galaxies. All the stars visible to the unaided eye are
part of our home galaxy, the Milky Way, a structure
so vast that light takes a hundred thousand years

to cross it. But this galaxy is just one of untold
billions of galaxies in the cosmos. Gradually, by using
more and more powerful telescopes and other sensing
Instruments, astronomers are unlocking the secrets

of galaxies, along with gaining an understanding

of the nature of mysterious phenomena, such as dark
matter, in which galaxies seem to be embedded.
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COSMOS

THE UNIVERSE, OR COSMOS, IS EVERYTHING THAT EXISTS—
ALL MATTER, ENERGY, TIME, AND SPACE—-AND ITS SCALE IS
QUITE MIND-BOGGLING. JUST ABOUT EVERYTHING IN IT
IS PART OF SOMETHING BIGGER.

The Universe has a hierarchy of structures. Our planet, Earth, is in

the Solar System, which lies in the Milky Way Galaxy, itself just one
member of a cluster of galaxies called the Local Group. The Local
Group in turn is just a part of a larger structure, the Virgo Supercluster.
Astronomers have recently identified a vast region of space they have
called Laniakea (meaning “immeasurable heaven” in Hawaiian), which
contains the Virgo Supercluster and other superclusters. Intriguingly,
all the galaxies in it seem to be flowing towards a region at its center,
called the Great Attractor.

Light as a yardstick

Astronomers use light as a yardstick for measuring distances because
nothing can cross space faster. Yet even one light-year—the distance
light travels in a year, or about 6 trillion miles (9.5 trillion km)—is dwarfed

A\ Laniakea Supercluster
In this depiction of Laniakea (yellow), white lines indicate the flow of
galaxies towards a spot near its center. The approximate position of

the Milky Way is shown in red. Laniakea is about 500 million light-years
across. It is thought to be surrounded by other similar regions (blue).

by the largest structures in the known Universe. Only a fraction of the Solar System
whole Universe is visible to us: the part from which light has had time
to reach Earth since the Big Bang. The true extent of the Cosmos is still
unknown and it may even be infinite. -
Alpha (two stars) and
Proxima Centauri
Sun g
°
Earth
L J
r F3
I & b 4 |
L] ®
Sirius A and B
3] Local stars
A total of 32 stars, some grouped
together in star systems, lie within
@ Solar System 12.5 light-years of the Solar System.

1] Earth

Our home planet is a small rocky sphere
floating in the emptiness of space.
Earth’s closest neighboring object is the
Moon. On average, it is a little more
than one second away at the speed of
light, so one could say that the Moon
is one light-second distant.

Earth is part of the Solar System, which
comprises our local star, the Sun, and
all the objects that orbit the Sun. The
most distant planet, Neptune, is about
4.5 hours away at light speed, but the
Solar System also includes comets that
are up to 1.6 light-years distant.

They range from dim red dwarfs,
invisible to the naked eye, to dazzling,
yellow or white, Sun-like stars. A few are
suspected to have their own planets.

Small Magellanic Cloud

Sagittarius Dwarf Large Magellanic
Galaxy Cloud
|4 Milky Way

The Solar System and its stellar
neighbours occupy just a tiny region

of the Milky Way Galaxy, a vast swirling,
glittering disk that contains some 200
billion stars, enormous clouds of gas
and dust, and a supermassive black
hole at its center. The Milky Way is over
100,000 light-years across. Surrounding
it are several smaller, satellite galaxies.



Local Group
(including the
Milky Way)

Andromeda
Galaxy

Milky Way
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L ] .
[ ]
Triangulum
Galaxy
@ Local group

The Local Group is a cluster of galaxies consisting of
the Milky Way, the Andromeda Galaxy (the nearest
large spiral galaxy to the Milky Way), another spiral
galaxy called Triangulum, and more than 50 other
smaller galaxies. All occupy a region of space about
10 million light-years across.

Light from some of the
most distant known
galaxies has taken over
13 billion years—
most of the age of the
Universe—to reach us

@ Virgo Supercluster

THE COSMOS 13

Virgo Cluster Ursa Major

The Local Group of galaxies, together with several Cluster
other nearby galaxy clusters, is contained within a

vast structure called the Virgo Supercluster. This is

100 million light-years across and contains tens of

thousands of galaxies, arranged into clumps or

clusters separated by large voids.

Region
observable from
Earth both planets Planet A

\ “ i OBSERVABLE

1Y UNIVERSE FOR
PLANET A
[ 7 />< _# OBSERVABLE
/" UNIVERSE
= M= FOR EARTH

<! The observable Universe
Although the Universe has no edges
and may be infinite, the part visible
to us is finite. Called the observable
Universe, it is the region of space
from which light has had time to
reach us during the 13.8 billion
years since the Big Bang. Physically

k ] it is a sphere about 93 billion
il light-years across, with Earth at the

center. The inhabitants of a planet
located outside our observable
Universe (Planet A) would have a
different observable Universe to
us, though the two observable
Universes might overlap.
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The Universe In a tiny, tiny
starts as an fraction of a
unimaginably second, the

hot, dense point

niverse expands

[> For

The time

the evolution : ‘
the formation o ana
events through to the p rillionth of
Since the Big Bang, the Ur energy starts
grown larger through the expal ling into matter

~ = BIGBANG

ABOUT 13.8 BILLION YEARS AGO, AN EXCEEDINGLY
DRAMATIC EVENT MARKED THE BEGINNING OF BOTH SPACE
AND TIME. FROM NOTHING, THE UNIVERSE SUDDENLY
APPEARED AS A TINY POINT OF PURE ENERGY.

Within an instant, in what is known as the Big Bang, the Universe
expanded trillions of trillions of times, and then continued to get larger,
at the same time cooling from its stupendously hot birth. During the
first fractions of a second, a vast “soup” of tiny, interacting particles
formed out of the intense energy. Some of these joined to make the
nuclei (centers) of atoms—the building blocks of everything we can

see in the Universe today. Tens of thousands of years later, actual
atoms formed and then, after hundreds of millions of years, the

very first stars and galaxies.

Over the next 20
minutes, particles
called protons and
neutrons form,
then atomic nuclei

Around 380,000

years later, atoms

of hydrogen and
helium form

Gravity starts
pulling the clouds
of hydrogen and
helium atoms
into clumps

The first stars form
after about 550
million years;
around the same
time, the first
galaxies appear

<1 Studying the Big Bang
Using this complex machine,
the Large Hadron Collider,
scientists at the European
Center for Nuclear Research
(CERN) attempt to re-create
the conditions that followed
the Big Bang. [n the collider,
beams of high-energy
particles are smashed together
and the by-products studied.



Now 5 billion years When the Universe is

old, the Universe about 8 billion years
consists of vast old, its expansion
clusters of galaxies, starts to accelerate
separated by

gigantic voids

As they evolve and
merge, galaxies
grow larger and

develop spiral The Solar System is beginning - g
structures to form in a Universe that is - s
now about 9 billion years old ’ - - s
,-
Around 13.8 billion ) S8 < R 2 ®
years after the Big \ ~ < . - e RISy

Bang, the Universe has
reached its present size

A Evolving galaxies
Looking deep into space also means peering far back in time
towards the Big Bang. This Hubble Space Telescope image shows

galaxies that are at greatly varying distances and so belong to The Universe is
different times in the evolution of the Universe. The more distant expected to carry on
galaxies, from some of the earliest times, appear as fuzzy blobs. expanding forever
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THE UNIVERSE

COSMOLOGY-THE STUDY OF THE UNIVERSE AS A
WHOLE-IS A FIELD OF ASTRONOMY THAT SEEKS TO
ANSWER FUNDAMENTAL QUESTIONS CONCERNING THE
SIZE, AGE, AND STRUCTURE OF THE UNIVERSE.

Philosophers and astronomers have been grappling with such
questions for thousands of years, with mixed success. The answer
to one of the biggest—whether the Universe is finite or infinite in
extent—is still not known for certain (although an infinite Universe
seems more likely). Other fundamental

questions about the nature of the

Universe for which answers are
now known include how and
when the Universe began,
whether it has any center

or edges, and whether it
encompasses more than

just our galaxy.

1931

Primeval atom

Belgian astronomer and priest Georges
Lemaitre proposes his “hypothesis of the
primeval atom.” This suggests that the
Universe has expanded from an initial

extremely hot, dense state. His model also

provides a solution to Olbers’ paradox.

1948
The first elements

Russian-American physicist George Gamow and
others work out how—starting with just subatomic
particles (in this case protons and neutrons)—the

nuclei of different light elements could have

formed soon after the start of a very hot, dense,

but rapidly expanding Universe.

Georges Lemaitre

¢.1500-1200 Bce

Cosmic Egg

Hindu text the Rigveda contains a hymn that

describes the Universe as originating from
a cosmic golden egg or womb known as
Hiranyagarbha. This floated in darkness
before breaking apart to give rise to Earth,
the heavens (space), and underworlds.

1920s

Expanding Universe

American astronomer Edwin Hubble proves
that galaxies exist outside our own and
observes that distant galaxies are moving
away from us at a rate proportional to their
distance. Other astronomers conclude that
the whole Universe must be expanding.

1949

Hoyle coins the term “Big Bang”

British astronomer Fred Hoyle coins the
term “Big Bang” for theories that propose
the Universe expanded from an exceedingly
hot, dense state at a specific moment in the
past. The term becomes popular, although
Hoyle himself believes in a different theory.

Albert Einstein

Modern depiction
of Hiranyagarbha

4" Century Bce

Aristotle’s Earth-centerd Universe

The Greek philosopher Aristotle proposes a
Universe that is finite in extent, but infinite
in time and has a stationary Earth at its
center. Aristotle outlined a complex system
containing 55 spheres, the last of which
marked out the “edge” of the Universe.

1915

General Theory of Relativity

Einstein publishes his General Theory of
Relativity, viewed today as the best account
of how gravity works on cosmic scales. It
proposes that concentrations of mass warp
spacetime. He also devises equations that
define various possible universes.

Arno Penzias (left) and
Robert Wilson (right)

1965

Cosmic Microwave Background Radiation

Arno Penzias and Robert Wilson, astronomers

at Bell Labs in New Jersey, discover the
Cosmic Microwave Background Radiation
(CMBR)—a faint glow of radiation coming
from everywhere in the sky. It comes to be
realized that this is a relic of the Big Bang.
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31 Century Bce

Sun-centerd Universe

The Greek astronomer Aristarchus of
Samos puts forward his idea that it is the
Sun that sits at the center of the Universe,
with the Earth orbiting it. Aristarchus also
suspects that stars are bodies similar to
the Sun, but much farther away.

1905

Spacetime continuum

German physicist Albert Einstein's Special
Theory of Relativity proposes that space
and time form a combined continuum,
spacetime. An inbuilt assumption of his
theory is that no location is special—so
the Universe has no center and no edge.

COBE sky map

1980

Inflationary Big Bang theory

The American physicist Alan Guth and
colleagues suggest that the Universe
expanded at a fantastically fast rate during
an extremely early phase of its existence
after the Big Bang. The theory helps explain
the large-scale structure of the cosmos.

Aristarchus
of Samos

1543

A convincing mathematical model

Polish astronomer Nicolaus Copernicus's
book De revolutionibus orbium coelestium
is published. It contains a detailed and
convincing mathematical model of the
Universe in which the Sun is at the center
with Earth and other planets orbiting it.

1755

Objects exist outside our galaxy

German philosopher Immanuel Kant
suggests that some fuzzy-looking objects
in the night sky are galaxies outside the
Milky Way Galaxy—implying that the
Universe consists of more than just the
Milky Way, being considerably bigger.

1992

Variations in the CMBR

Measurements by the COBE (Cosmic
Backgroung Explorer) satellite reveal tiny
variations in the CMBR, providing a picture
of the seeds of large-scale structure when
the Universe was a tiny fraction of its
present size and just 380,000 years old.

Giordano
Bruno

1584

An infinite multitude of stars

Italian philosopher and mathematician
Giordano Bruno proposes that the Sun is a
relatively insignificant star among an infinite
multitude of others. He also argues that
because the Universe is infinite, it has no
center or specific object at its center.

Sketch of
Whirlpool Galaxy

1610

Argument against infinite Universe

German astronomer Johannes Kepler argues
that any theory of a static, infinite, and eternal
Universe is flawed, since in such a Universe, a
star would exist in every direction and the
night sky would look bright. This argument
later comes to be known as Olbers’ paradox.

Computer
simulation of
gravitational

waves

1999-2001

The existence of dark energy
High-precision measurements of the
CMBR and the recessional velocities of
galaxies at different distances provide
evidence for dark energy—a mysterious
phenomenon that seems to be
accelerating the Universe’s expansion.

2016

Gavitational waves detected

Physicists in the US announce that
they have detected gravitational waves.
The existence of these waves supports
the Inflationary Big Bang theory and
provides further confirmation of
Einstein's General Theory of Relativity.
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OBJECTS

SCORES OF DIFFERENT TYPES OF OBJECTS EXIST OUT IN SPACE, RANGING

FROM COSMIC RAYS—CHARGED SUBATOMIC PARTICLES WHIZZING AROUND
AT EXTREME SPEED—-TO VAST, MAJESTIC GALAXY CLUSTERS.

Stars are by far the most numerous objects that can actually be seen, because they emit
their own light. Most other observable features of the night sky either consist mainly of
stars (galaxies and star clusters) or are visible because they reflect starlight (planets,
moons, and comets, for example). In addition, various extremely dim or entirely dark
objects, such as brown dwarfs and black holes, are out there, but vary from extremely
hard to near-impossible to detect.

A Stars A Brown dwarfs

Astar is an extremely hot ball of gas that generates energy Brown dwarfs are “nearly-stars.” They are more massive than
through nuclear fusion of hydrogen (and sometimes other most planets, but not massive enough to sustain the nuclear
elements). All nearby stars are part of the Milky Way Galaxy, fusion of ordinary hydrogen, as stars do. This image reveals the
which (as shown above) appears as a band across the night sky. dim glow from a brown dwarf (boxed) orbiting a Sun-like star.

A Star clusters A Star remnants

Asstar cluster is a large collection of stars bound together by When giant stars die, they leave various types of remnant. This
gravity. Several thousand have been identified in our galaxy, always includes a compact remnant of the original stars core.
and they fall into two types: globular clusters (like the one However, this ghostly looking object is gas and dust debris
shown above) and open clusters. ejected from a star when it exploded as a supernova.

A Comets

Comets are chunks of ice and rock that orbit in the far reaches
of the Solar System. A few stray close to the Sun—some at
regular intervals. Frozen chemicals in the comet then vaporize
to produce a glowing coma (head) and long dust and gas talils.

Nebulae
Nebulae are clouds of gas and dust in the vast expanses

of space between stars. Many contain regions of star

formation. In some, light from hot newborn stars excites

gas atoms in the nebula, which then begin to emit light

in various colors. An example of one of these colourful

objects is the Carina Nebula, shown here. It is a prominent
naked-eye sky feature in the Southern Hemisphere. ) .



CELESTIAL OBJECTS

< Galaxies

A collection of stars, gas,
dust, nebulae, star remnants,
planets, and smaller bodies
is called a galaxy. Four
main types exist—spiral,
barred spiral, elliptical, and
irregular—the example
shown here being a spiral.
Called NGC908, it is known
to be spawning new stars
at a frantic rate.

A Planets A Moons

A planet is a near-spherical object that orbits A moon is any naturally occurring object

astar. [t can be rocky or gaseous but does not orbiting a planet or other body. Hundreds
generate energy by nuclear fusion. This one is of moons have been identified in the Solar
Mars in our own Solar System. System, including this satellite of Saturn, Mimas.

A Galaxy cluster

Galaxies are grouped into clusters, which are themselves gathered into larger
aggregations called superclusters. This galaxy cluster, Abell 2744, contains
hundreds of galaxies. The whole cluster is known to be immersed in a vast
sea of a mysterious, invisible material called dark matter (see pp.74-75).




Photosphere, the visible
surface of a star

Energy-
generating
core

WHAT IS
A STAR?

A STAR IS AN ENORMOUS BALL OF EXTREMELY
HOT GAS THAT PRODUCES ENERGY IN ITS CORE
AND EMITS THIS ENERGY AT ITS SURFACE.

All the individual stars we can see in the night sky are part
of our own galaxy, the Milky Way. Although in cosmic terms
these are all “local” stars, they are actually fantastically far
away—the closest is nearly 25 trillion miles (40 trillion km)
distant, and most are much farther off. Overall in our galaxy
there are more than 200 billion stars, of which about
10,000 are visible to the naked eye.

Star appearance and variation

We see all stars in the night sky as just tiny pinpricks of light.
Some look brighter than others, but with the unaided eye
they don't seem to differ much in color: all look rather white.
In fact, stars are much more varied than might at first appear.
They come in a vast range of sizes and temperatures, in

an array of colors, and also differ greatly in age and life
span. Many of these characteristics of stars are related. For
example, a star’s surface temperature and color are closely
linked—a star with a relatively low surface temperature
glows red, whereas hotter stars appear (with increasing
temperature) orange, yellow, white, or blue.

SPECTRAL CLASSIFICATION OF STARS

Class Apparent Average surface Example star
colour temperature

<1 Sun-like stars

Although different-sized stars
differ a little in their internal
structure, all have the same
basic features as the Sun-like
star shown here.

0 Blue over 54,000°F Zeta Puppis, also
(30,000°C) called Naos (Puppis)
. B ‘[,)vi?t‘; bluish - 26 000°F (20,000°C)  Rigel (0rion)
Interior consisting of
extremely hot gas, . -
through which energy . A Palebluish 45 0000F (8,50000)  OMUSA
gradually moves outward white (Canis Major)
; . o o Procyon A
’ F White 11,700°F (6,500°C) (Canis Minor)
‘ ' G Yellow-white  9,500°F (5,300°C) The Sun
Prominence, a loop
of hot gas emerging K Orange 7,150°F (4,000°C) Aldebaran (Taurus)
from the surface
. M Red 5,350°F (3,000°C) Betelgeuse (Orion)

A\ Star spectral classes

The specrum of light from a star carries a lot of information
about the star. By studying its spectrum, scientists can assign
any star to a type, called a spectral class, of which the main
ones are listed above.
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Star classification

Stars can be classified in many ways, but the
system preferred by astronomers places the
majority into seven main classes (O to M)
based on their spectra—the light of various
wavelengths received from them. A star's
spectrum contains data relating to its color,
temperature, composition, and other properties.
In an attempt to see if there is any underlying
pattern to the whole range of different stars,
inaround 1911 and 1913, Danish astronomer

Ejnar Hertzsprung and American astronomer
Henry Norris Russell independently plotted
hundreds of stars on a scatter diagram
according to their spectral class on one axis
and luminosity (related to brightness) on the
other. This revealed something interesting. Most
stars fall into, and spend much of their lives in,
a part of the diagram called the main sequence.
Other parts are filled by giant stars—known to
be nearing the end of their life—and by expired
giant stars called white dwarfs.

SURFACE TEMPERATURE (THOUSANDS OF DEGREES CELSIUS)

V The Hertzsprung—Russell diagram
Running diagonally across the diagram

is the main sequence—an array of stable
stars, ranging from cool red dwarf stars to
hotter, bigger, bluish stars. Other parts are
occupied by stars that were once on the
main sequence but later evolved into
luminous giants, and by white dwarfs.

40 30 20 10 9 8 7 6 5 4 3
S RED SUPERGIANTS
100,000 ; T . : . ) :
. Zeta - Rigel ‘ A 2= . WHITE SUPERGIANTS T
1 \ . iR . : . ; Mu Cephei
Puppis ; S Deneb ° . ..
K Alnilam.
10,000 . : " BLUE - - Betelgeuse
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STAR BRIGHTNESS

STARS DIFFER HUGELY IN THEIR BRIGHTNESS AND IN THEIR
DISTANCE FROM EARTH, ALTHOUGH ALL, APART FROM THE SUN,
ARE EXTREMELY REMOTE. HOW BRIGHT A STAR LOOKS FROM EARTH
DEPENDS OF COURSE PARTLY ON HOW FAR AWAY IT IS.

Because stars are so far away, obtaining data about them is tricky. Most of the
data about any star comes from studying the light and other radiation coming
from it, while the distance to the least remote stars can be worked out by
measuring tiny annual variations in their sky positions.

Brightness

There are two different ways of stating a stars brightness: apparent magnitude,
which indicates how bright a star looks from Earth, and absolute magnitude,
which expresses how bright it would look from a set distance—a better indicator
of how brilliant it truly is. On both scales, a change of +1 on the scale means a
decrease, and a change of -1 means an increase, in brightness. So, on the
apparent magnitude scale, stars just visible to the naked eye score +6 or +5,
while very bright stars score about +1 to 0, and the four very brightest have
negative scores. The absolute magnitude scale runs from around +20 for some
exceptionally dim red dwarfs to around -8 for the brightest supergiant stars. A
star's absolute magnitude is related to a measurement called its visual luminosity.
This is the amount of light energy that a star emits per unit of time. Luminosity

is often stated relative to that of the Sun.

V Brightness comparisons

The apparent and absolute magnitudes, and luminosities, of 11 different
stars, including the Sun, are compared in the table below. The stars range
from the relatively nearby red dwarf, Proxima Centauri, to distant but
fantastically luminous supergiants, such as Rigel.

MAGNITUDE AND LUMINOSITY OF SELECTED STARS

Star Distance from Apparent Absolute Visual luminosity
(Constellation) Earth magnitude magnitude (number of Suns)
The Sun %ig%%g%%g”m 26.74 4.83 1

(Scigr‘]‘;?/lajor) - selgyers 47 142 23

f‘éggtaa Sr‘fjr;t)a”” A a4t years 0.01 438 15
e Bwbes o om @
ooy gvews OO TR0
Gt gwews 081 s 50
Sopw s 0% &m o
b gveas 1998 20
:\{'Jfge,\jajor) 58 light-years 33 133 25
o dveas 4 7 e
fcrgﬁmug’"ta“” 42 light-years 11.05 15.6 0.00005

DISTANCE

Alpha
Centauri Hadar

390 light-years

4.4 light-years

Earth Alpha Centauri

A Apparent magnitiude

The two brightest stars in the photograph at the top—Alpha Centauri
(left) and Hadar (right)—appear roughly as bright as each other. In other
words, they have a similar apparent magnitude. But intrinsically, Hadar
is much brighter because its absolute magnitude is greater. Alpha
Centauri looks about as bright as Hadar only because it is about

90 times closer.

A Proxima Centauri

This photograph is of a red dwarf star, Proxima Centauri. At 4.2
light-years away, it is the closest star to Earth other than our Sun.
Alhough brilliant in this Hubble Space Telescope image, relatively
speaking it is a dim star with an absolute magnitude of +15.6 and
a luminosity that is only a tiny fraction of that of the Sun.
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Distance

Stars other than the Sun are so far away that a special unit is needed
to express the distance to them. This unit is the light-year and is

the distance light travels through space in a year, which is about

5.9 trillion miles (9.5 trillion km). The 100 brightest stars we can see
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A Tump of neutron
star material roughly
the size of a tennis
ball would weigh as
much as 40 times all
the people on Earth

BLUE SUPERGIANT

Rigel A

Having exhausted all the hydrogen in
its core, Rigel A—the main component
of the Rigel star system—nhas swollen
to 750 times the diameter of the Sun.

A Large stars

Giant, supergiant, and hypergiant stars are all much larger
than and brighter than main-sequence stars with the same
surface temperature. Blue stars tend to be smaller than
their red equivalents but are equally bright due to much
higher surface temperatures than the red stars.

20 million 40 million 60 million  km

20 million 40 million  miles
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STAR 51/ES

DESPITE APPEARING AS MERE PINPRICKS IN THE SKY, STARS
DIFFER GREATLY IN SIZE, WITH MANY SO BIG THAT THEY
DWARF OUR RELATIVELY SMALL SUN AND OTHERS SMALLER
THAN SOME PLANETS IN OUR SOLAR SYSTEM. A

Star A’s track
Star A across face of star B

The smallest stars are tiny, super-dense neutron stars that form after a Dip in light curve
giant star has collapsed. These stars are only 15 miles (25km) in diameter.
Most stars in our galaxy are dwarf stars, some of them with less than

a thousandth of the Sun's volume. The largest stars, the super- and
hypergiants, can be as much as 8 billion times greater in volume than
the Sun. Stars are grouped into categories based on characteristics such
as color, size, and brightness. A combination of color and brightness
indicates a star’s size. For example, a bright blue star is smaller than an
equally bright red star, because a blue star is hotter than a red star and

needs less surface area for it to be as bright as a cooler red star.

Brightness

v

Time

A Measuring sizes

By examining the light curve during an eclipse in an eclipsing
binary system (see p.43), it is possible to determine how long
it takes for one star to pass the other, thereby making it
possible to determine the diameters of the stars.

YELLOW DWARF
The Sun

Stars in this category
are all main-sequence
stars and very similar
in size to the Sun.

ORANGE GIANT BLUE GIANT

Pollux Bellatrix

The orange coloration Bellatrix is about 20
of Pollux indicates that million years old and
it has a lower surface has a diameter six
temperature than the Sun.  times that of the Sun.

RED GIANT
Aldebaran
Aldebaran is an irregular
variable, meaning that its

size changes from time to
time as it tries to balance
out forces of gravity and
outward pressure.

[> Dwarf stars

Most stars are described as
dwarf stars. This group of smalll,
dim stars includes stars that are
about the size of the Sun and
many smaller red dwarfs and
white dwarfs—tiny remnants of
giant stars that have lost their
outer layers. Brown dwarfs are
bodies without enough mass
to trigger nuclear fusion in
their cores and are, in that
sense, failed stars.

0 250,000

: YELLOW DWARF
0 250,000

miles The Sun

500,000 750,000 1million km

500,000

[> Ordinary star

The Milky Way consists of

at least 200 billion stars,

of which 90 percent are

in the stable stage (main
sequence) of their life cycle.
The Sun is a main-sequence
star categorized as a yellow
dwarf. It has a diameter of
864,000 miles (1.39 million
km), but when it runs out
of hydrogen it will swell into
a red giant before losing its
outer layers and finally
becoming a white dwarf.

RED DWARF

Proxima Centauri

Red dwarfs are the most
numerous star type in our
galaxy and will eventually
also become white dwarfs.

BROWN DWARF
EROS-MP J0032-4405
Not actually stars, most
brown dwarfs are about
the same size as the planet
Jupiter in our Solar System.

WHITE DWARF

Sirius B

Sirius B is roughly

the same size as Earth,
but its mass is nearly
equal to that of the Sun.
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INSIDE A STAR

A STAR IS EFFECTIVELY A MACHINE FOR TRANSFERRING
FANTASTIC AMOUNTS OF ENERGY FROM ITS CENTRAL CORE,
WHERE THE ENERGY IS PRODUCED, OUT TOWARD ITS FIERY
SURFACE. THIS JOURNEY CAN TAKE 100,000 YEARS OR MORE.

In a star, there is continuous flow of this energy from core to surface,
where it escapes into space. The flow creates an outward-acting
pressure, without which the star would collapse. The source of energy
in the core of a star is the joining together, or fusion, of atomic nuclei
(the central parts of atoms) to make larger nuclei.

Energy production and transfer

Nuclear fusion involves a tiny loss of mass, which is converted into
energy. In most stars the dominant process is one in which hydrogen
nuclei combine to form helium nuclei. From the core of a star, energy
moves outward by radiation and convection. Radiation is the transfer of
energy in the form of light, radiant heat, X-rays, and so on, all of which
can be thought of as consisting of tiny packets of energy, called
photons. Within a typical star, the gaseous material is so tightly packed
that photons cannot travel far before they are absorbed and then
reemitted in a different direction. So, energy transferred in this way
travels outward in a slow, zigzag fashion. Convection carries energy
toward the surface through circular motions of hot gas outward and
denser cooler gas inward. Many stars contain layers, with different
densities, some transferring energy by radiation, others by convection.

[> Ingide a Sun-like star

In a Sun-sized star, the core is surrounded by a radiative zone in which
energy gradually zigzags outward through the emission and reabsorption
of photons (packets of radiant energy). On reaching the convective zone,
the energy flows to the surface by circular movements of hot gas outward,
and cooler gas inward. At the stars surface, it escapes as light, heat, and
other radiation.

Hydrogen nucleus

roton
e ) Neutron

Helium nucleus
(two protons and
two neutrons)

—

> %

I Positron T rNeutrino

(subatomic particle)

A Nuclear fusion in Sun-like stars

(subatomic particle)

In stars about the size of the Sun or smaller, the main fusion process
is called the proton-proton chain reaction. Its overall effect is to
convert four protons (hydrogen nuclei) into one helium nucleus,
with the release of energy and some tiny subatomic particles.

Photosphere

Solar flare

Convective zone

Radiative zone

Energy-generating core

<l Inside a high-mass star

In stars much more massive
than the Sun, energy cannot
move through the dense region
near the core by radiation, so
moves by convection. Outside
this is a less dense region
where radiation is the main
transfer process.

Radiative zone
A region where energy slowly zigzags outward
through emission and reabsorption of photons

Core
The central part of a star where energy
is produced by nuclear fusion reactions
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photosphere  FOrces inside stars

Whatever the mass of a star, two opposing forces
keep it in existence. These are gravity, acting
inward, and a pressure force, acting outward.
Normally the opposing forces inside a star are

in equilibrium, so it maintains its size over long
periods of time. But if something causes the
forces to become imbalanced, the star will
change size. For example, the cores of most

Convective zone

Energy-generating core
A Inside a red dwarf

Inside a low-mass star (a red dwarf), the star's interior is stars heat up toward the ends of their lives:
mc_)stly too dense for photons to penetrafte_far without the extra heat boosts the outward pressure, so
being reabsorbed. Consequently energy is instead ; ] .

carried all the way to the surface by convection cells. the star swells into a giant or supergiant star.

Convective zone

Tachocline A region where energy is
Transition zone between the carried outward by mass
radiative and convective zones movements of gas

Force of gravity
pulling inward

Pressure pushing
outward

Energy production
in star’s core

A A star in equilibrium

During most of the life of most stars, the
inward-pulling force of gravity is exactly
balanced by the outward-acting pressure,
and the star maintains its size. If the forces
get out of balance, the star is destined to
either shrink or swell.

Photosphere

The star’s visible surface, from
which heat, light, and other
radiation flow into space

Chromosphere
An irregular layer of atmosphere
above the photosphere

Transition zone

A narrow layer between the
chromosphere and the corona in
which temperatures increase

Corona

The outer atmosphere,
which is even hotter than
the chromosphere
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THE LIVES OF STARS

ALL STARS START LIFE AS HOT BALLS OF GAS THAT HAVE
CONTRACTED DOWN FROM LARGER CLOUDS OF GAS AND
DUST UNDER THE INFLUENCE OF GRAVITY. WHAT HAPPENS
TO A STAR NEXT DEPENDS ON ITS INITIAL MASS.

Stars that form from the smallest clumps of gas and dust become relatively
small, cool objects known as red dwarfs. These are the most common
stars in our galaxy and last for tens of billions to trillions of years. As red
dwarfs age, it is theorized that their surface temperature and brightness
increase until eventually they become objects called blue dwarfs, then
white dwarfs. Finally they fade to cold, dead, black dwarfs. However, the
Universe is not yet old enough for even a blue dwarf to have formed.

Large main-sequence stars produce
energy by fusion of hydrogen, then
helium, then heavier elements

h
£

High-mass
protostar

Material in the cloud
gradually shrinks down
to disklike, spinning
structures, with hot
centers, called
protostars

Massive main-
sequence star

Cloud of gas and dust Low-mass protostar

Lives of medium- and high-mass stars

Medium-mass stars (about the size of the Sun) have shorter lives than
red dwarfs, lasting for billions to tens of billions of years. They swell
into red giants at the end of their lives. A red giant eventually sheds its
outer layers to form an object called a planetary nebula, together with
a hot, compact star remnant, known as a white dwarf. The very largest
stars have the shortest lives, measured in millions to hundreds of
millions of years, because they use up their hydrogen fuel very quickly.
In time, they form red supergiants, which disintegrate in stupendous
explosions called supernovas. Depending on its mass, the core left by a
supernova shrinks to one of two bizarre objects: a neutron star (see
pp.36-37) or a stellar black hole (see pp.38-39).

As heavier elements are fused
together in the core, the star
expands to form a red supergiant

Eventually, the core turns into
iron, the star collapses, and it
explodes in a supernova

Red supergiant Supernova

Medium-mass protostars
develop into stars of about the
size of the Sun, initially “burning”
hydrogen to produce energy

As the star’s core runs out of
hydrogen, it begins to use
helium as fuel and the star
expands to form a red giant

When all the fuel is used,
the outer layers of the red
giant are shed, forming a

planetary nebula

Medium-mass Sun-like main-
protostar sequence star Red giant Planetary nebula
Small protostars form Red dwarfs get hotter Blue dwarfs gradually cool,
relatively cool, dim stars as they age, eventually first to white dwarfs then
called red dwarfs becoming blue dwarfs finally to black dwarfs
Red dwarf Blue dwarf Black dwarf
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The smallest red dwarf
stars can live millions
of times longer than the
largest hypergiant stars

If the core remaining after the
supernova explosion is more
than three times as massive as
the Sun, it shrinks to a miniscule
size, creating a black hole

Black hole

If the core remaining after a
supernova explosion has a mass
between 1.4 and 3 times more
massive than the Sun, it forms a
neutron star, an extremely
compact, city-sized spinning object

Neutron star

At the center of a
planetary nebula is the
remnant of the red giant’s
core: a small, bright star
called a white dwarf

White dwarf

< The lives of stars

Contrasted here are the life stories of
three main categories of stars: (from
top) high-mass stars, medium-mass
(Sun-sized) stars, and low-mass stars.
Stars in each category start off as
protostars that have formed in star-
forming nebulae, but the course of their
lives thereafter can be very different.

Material ejected into space
after a supernova explosion
may eventually be recycled

into a new star

Supernova remnant

Supernova remnant

In time, it is expected that
a white dwarf will fade
and dim, becoming a
cold, dead star known

as a black dwarf

Black dwarf

[> Longer-term cycle

Stars form partly from materials shed by
previous generations of stars. Furthermore,
the deaths of massive stars in supernova
explosions can trigger changes within the
interstellar medium—particularly within
star-forming nebulae—that lead to the
formation of new stars.

< Star-forming region

This site of intense star
formation is known as the
Pelican Nebula because

part of it (near the top in this
image) resembles the head
of a pelican. It lies about 2,000
light-years away. The bright
blue objects in the image are
stars located between Earth
and the nebula.

Stellar recycling

Materials shed from dying stars join the interstellar medium (the name
for gas and dust that exists in the space between stars). From there,
these materials are recycled into making new stars. Soon after the Big
Bang, the Universe contained only the lightest chemical elements:
mostly hydrogen and helium. Nearly all other, heavier, elements—such
as carbon and oxygen—have been made since then, in stars or in
supernova explosions. Through the formation, evolution, and deaths
of stars, these heavier elements have gradually become more abundant
in the cosmos. Astronomers call the degree to which a star is rich in
heavy elements its “metallicity”” Young stars tend to have the highest
metallicities, as they contain materials that have already been recycled
through several star generations.

Gas and other e
matter ejected ;
by stars during
their lifetimes

Material from stars
joins with interstellar
material to form huge

/ clouds of gas and dust
Stars shed material

Cloud of gas
and dust

Stars \

Protostars contract Dense parts of the
under the force of clouds shrink down
gravity and nuclear Protostars to form protostars
reactions start in

their cores, forming

new stars
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STARBIRTH

STARS FORM OUT OF VAST CLOUDS OF COOL GAS AND
DUST, CALLED MOLECULAR CLOUDS, THAT OCCUPY
PARTS OF INTERSTELLAR SPACE. THE PROCESS OF

STAR FORMATION WITHIN THESE CLOUDS CAN TAKE
MILLIONS OF YEARS.

The molecular clouds where stars are born can be hundreds of
light-years across. Most sites of star formation are hidden inside these
dense dusty clouds. However, there are places where the radiation
from brilliant newly formed stars is clearing the dust away and is lighting
up the surrounding gas. We see these star-forming regions as bright
nebulae. They include the Eagle Nebula (see opposite) in Serpens, the
Orion Nebula (see pp.164-65), and many others. Some specific dark
concentrations of dust and gas sometimes seen within molecular
clouds are known as Bok globules. These frequently result in the
formation of double or multiple star systems (see pp.40-41).

Star formation
For star formation to start within a molecular cloud, a triggering event
is needed. This could be a nearby supernova explosion, the passage of
the cloud through a more crowded region of space, or an encounter
with a passing star. The tidal forces and pressure waves that come into
action during these situations push and pull at the cloud, compressing
parts until some regions become dense enough for stars to form.
Gravity then does the rest of the work of forming each star, pulling
more and more material onto the developing knot of matter and
concentrating most of it at the center. As the material grows denser,
random motions are transformed into a uniform spin around a single
axis. Collisions between particles jostling within the cloud raise its
temperature, notably in the center, and the newly forming star begins
to glow with infrared (heat) radiation.

At this stage, the protostar (newly forming star) is quite unstable.
It loses mass by expelling gas and dust, directed in two opposing
jets from its poles. At its center, it eventually becomes so hot that
nuclear fusion starts, and as the balance between gravity and
outward-acting pressure begins to equalize, the protostar settles
down to become a main-sequence star.

Astronomers have calculated
that on average about seven new
stars per year are born in the
Milky Way Galaxy, most of them
somewhat smaller than the Sun

Core Denser region

begins forming

Outward-acting

Inward pull of gravity pressure

m Dense region forms in a molecular cloud
Some nearby event, such as a supernova,

causes dense clumps to come together inside

a molecular cloud under the action of gravity.
These clumps will become clusters of stars. They
break up further into smaller regions called cores.

Glowing protostar
forming at center

Material falling
inward

Cloud
flattens

Inward force

of gravity Outward pressure

@ Protostar forms

The contracting cloud forms into a flattened,
spinning disk, a few light days across, with a hot
central bulge, which eventually stabilizes as a
rapidly spinning protostar. Material from the
cloud falls inward and feeds onto the star.

Planets start
to form

Nuclear fusion starts and
star begins to shine

Disk containing gas
and dust particles

@ Star ignites

When its central core becomes hot enough,
nuclear fusion reactions start within the protostar
and it begins to shine as a fully fledged star.
Over millions of years, planets may gradually
grow from material in the disk of dust and gas.

Direction of spin Denser region

Inward force

of gravity Outward pressure

@ Core starts to collapse

Each core then starts to contract under the
influence of gravity, and begins to slowly spin.
Over tens of thousands of years, this spinning,
gradually concentrating mass of gas and dust
collapses down to less than a light-year across.

Material flung out
from pole of protostar

Protostar Protoplanetary disk

@ Protostar ejects material from its poles

Eventually the protostar spins so rapidly that
new material falling onto it is flung back off. This
excess material forms two tight jets emerging
along the rotation axis. The cloud around the
protostar flattens to form a protoplanetary disk.

Mature
planet in orbit
around star

Remaining gas blown
away by radiation

Newly born star

@ Planetary system forms

Radiation pressure from the newborn star blows

away the remaining gas (some may accrete onto
gas giant planets). Eventually, all that remains is
the star, any planets, and possibly some smaller
bodies, such as comets and asteroids.



Eagle Nebula

So-called because overall it vaguely
resembles the shape of an eagle, the Eagle
Nebula (M16) is one of the most spectacular
star-forming nebulae in our galaxy. Here, tall
pillars and round globules of dust and cold
gas mark regions of intense star formation.
Already visible are several bright young stars
whose light and winds are pushing back the
remaining filaments of gas and dust.
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NEBULAE

PLANETARY NEBULAE ARE THE HEAVENLY EQUIVALENT

OF SMOKE RINGS. RELATIVELY SHORT-LIVED, THEY ARE
GRACEFUL CLOUDS OR SHELLS OF GAS PRODUCED DURING
THE DYING DAYS OF SUN-SIZED STARS.

Among the finest-looking celestial objects, planetary nebulae have
nothing to do with planets—each is just part of the remains of a
disintegrated star. The name planetary nebula comes from the nearly
spherical, planet-shaped appearance of some of the first of these objects
to be spotted. However, modern telescopes have revealed that they
actually come in a wide range of shapes. Some planetary nebulae seem to
be genuine rings or spherical shells of gas, but others are butterfly-shaped,
hourglass-shaped, or can have any of an apparently infinite variety of
other complex structures. What all planetary nebulae have in common is
that they result from a red giant star becoming unstable at the end of its

A Glowing eye nebula

life and shedding its outer layers. The instability starts when the star begins The patterning in this planetary nebula (NGC 6751)—including gas
to run out of materials to fuse in its core (fusion is the joining together of streamers moving away from the bright, central white dwarf—make
) ) o it look like a giant gleaming eye. Blue regions mark the hottest gas,
atomic nuclei to make larger nuclei, with the release of energy). orange regions the coolest. It is around 0.8 light-years across.
Helium-fusing Thin outer layers Outward-acting Inward-acting Star alternately
shell of hydrogen gas pressure force of gravity expands and contracts

Carbon-rich core Hydrogen-fusing shell Star pulsates Gas in outer layers escapes
(varies in size) or is pushed away
m Aging red giant @ Star becomes unstable @ Star loses material from outer layers
When a star of about the same mass as the Sun nears the Two forces maintain the size of the star: inward-acting At the extremes of each pulsation, the red giant expands
end of its life, its energy production rises and it expands gravity and outward-acting pressure generated by at such a speed that gas in its outer layers can escape
into a red giant as its outer layers puff out. An aging red energy output. The energy-producing fusion reactions the star’s gravity altogether, billowing out into space.
giant has a carbon-rich core surrounded by hot, dense are sensitive to changes in temperature and pressure, so The gas is also pushed away by the pressure exerted by
shells of gas where helium and hydrogen fusion occur, tiny variations in these can cause instability in the star’s particles and photons (tiny packets of light) blasted out

producing huge amounts of energy. size, leading to large-scale pulsations. from the star’s hot core.
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A\ Complex-structured planetary nebula

This nebula (NGC 5189) has a complex structure, with two separate
bodies of gas expanding outward in different directions. This might
be explained by the presence of a second star orbiting the central
white dwarf. The nebula lies about 3,000 light-years away.

Hot core starts
to become
exposed

Ejected gas forms
a glowing nebula

Central core
is now fully
exposed

E Planetary nebula forms

As the star sheds more and more of its gas layers, its
core—at this stage usually consisting largely of carbon and
oxygen produced by helium fusion—becomes exposed.
Intense ultraviolet radiation given off by the core heats the
ejected clouds of gas, which begin to glow or fluoresce in
a variety of colours due to variations in temperature.

White dwarfs

When a red giant has shed all its outer layers of gas, forming a planetary
nebula, what remains is a hot core consisting, in most cases, of carbon
and oxygen. This object is called a white dwarf and is extremely
dense—a teaspoonful of it would weigh several tons. A white dwarf also
starts off extremely hot with a surface temperature of up to 270,000°F
(150,000°C). However, it is not hot enough for internal nuclear fusion
reactions to occur. Over extremely long periods of time, a white dwarf
gradually cools and fades, eventually (it is envisaged) becoming a cold
object called a black dwarf. However, the Universe is not yet old
enough for any white dwarf to have cooled to the black dwarf stage.

Glow of excited
gas begins to fade

<1 Fleming 1

This planetary nebula is highly
unusual in that it contains two
white dwarf stars circling close
to each other at the nebula's
center. Their orbital motions
explain the presence of some
remarkably symmetrical jets
and other structures that weave
into knotty, curved patterns in
the surrounding gas.

Intensely hot
white dwarf

-

Gradually
expanding and
fading nebula

5] Pianetary nebula expands

While the nebula expands into space, the excitation from
its central star begins to dwindle, and the glow from its
gases starts to fade. A planetary nebula typically lasts for
a few tens of thousands of years (compared to billions
of years for a typical Sun-like star), and during this time

it continually evolves.

@ White dwarf remains

Finally, almost all that remains is the exhausted core of
the star, known as a white dwarf. Although extremely hot,
it looks faint from a distance because of its small size. As
the nebula’s material drifts away, it becomes part of the
interstellar medium—the diffuse matter that fills the space
between stars in a galaxy.
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Outward pressure

Core and surrounding

shells (layers)

Core, where
fusion is
producing iron

SUPERNOVAE

A SUPERNOVA IS THE CATACLYSMIC EXPLOSION OF, IN
MOST CASES, A HIGH MASS STAR AT THE END OF ITS LIFE.
A SUPERNOVA BLASTS OUT SO MUCH LIGHT AND OTHER
ENERGY THAT IT CAN BRIEFLY OUTSHINE A GALAXY.

Supernovae are quite rare astronomical events in individual galaxies.
None has been clearly observed in our galaxy since 1604, when

a supernova some 20,000 light-years away was visible to the naked
eye. However, a growing number of supernovae have been spotted
in other galaxies, including one in the Large Magellanic Cloud (a
satellite galaxy of the Milky Way) in 1987. A new, bright, supernova
might occur in our galaxy at any time.

Types and causes

Supernovae are classified according to their spectra into various types,
such as Ta, 1b, and II. Types Il and Ib are the main varieties in which
very high mass stars explode. As they reach the end of their life, these
stars swell into supergiants and obtain their energy from nuclear fusion
reactions going on in their cores and in a series of shells or layers
surrounding their cores. Eventually they start making iron in their cores,
but fuel for this process soon runs out. As iron itself cannot be fused

to supply energy, energy output in the core suddenly ceases, and this
triggers a massive explosion.

Some chemical elements
can be forged only in the
extreme high-energy
conditions of a supernova

Inward pull of
gravity balances
outward pressure

m Red supergiant on the brink

A supergiant at the end of its life (left) is supported by energy
output from its core, where fusion is producing iron, and from
the surrounding shells or layers. Pressure produced by this

Outer layers of energy output balances the inward force of gravity (above).

hydrogen gas

Type 1a supernovae

Although most supernovae are caused by the rapid collapse and violent
explosions of very high mass stars, one type—known as a Type 1a
supernova—has a different mechanism. Supernovae in this category
occur in binary star systems (pairs of stars orbiting each other) where

at least one star is a white dwarf (see p.20). The transfer of material

from a companion star onto a white dwarf, or the collision of two white
dwarfs, can both cause Type 1a supernova explosions. These explosions
tend to have a uniform light output, which makes observations of them
in distant galaxies useful for measuring the distances to those galaxies.

Matter spilling
from red giant

m Matter transfer
between orbiting stars

An aging star, which has
swelled into a red giant,
begins to spill some gas from
its outer layers onto a white
dwarf star it is orbiting. This
can lead to bright outbursts,
called novae, on the surface
of the white dwarf.

Red giant star

White dwarf

@ White dwarf explodes
The white dwarf's mass
gradually increases from

the extra gas it is acquiring.
Eventually it becomes
unstable and explodes as

a Type la supernova. The
explosion may cause the red
giant star to be blasted away.

Red giant
blown away

White dwarf explodes
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@ Fusion in core stops

Once the iron-producing fusion process slows
down, energy output and pressure in the core
suddenly drop, since iron itself cannot be fused
to produce energy. The whole star becomes
vulnerable to collapse.

Supernova explosion

When a supergiant star explodes,
temperatures can reach billions of degrees.
In the extreme conditions, atoms of various
heavy chemical elements are forged from
collisions between subatomic particles.
Some elements, such as lead and gold,

are naturally made only in supernovae,
which are the original source of all atoms
of these elements in the Universe.

Outward
neutrino burst

Iron-producing fusion
in core ceases

Core implodes

@ Core collapses, neutrinos released

As the core implodes at almost one-quarter of
the speed of light, its iron nuclei decompose
into neutrons. This event is accompanied by

a brief but extremely intense burst of tiny
subatomic particles called neutrinos.

Black hole
or neutron
star forms

i i

— Ll Ty A T )
Ejected neutrinos
and other matter

Star blasted apart
by shock waves

4] star explodes

The collapsing star rebounds from the
compressed core with a cataclysmic shock
wave that compresses and heats the outer
layers. Material is thrown out, while the core
becomes either a black hole or neutron star.
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NEUTRON 5 1ARS

A NEUTRON STAR IS AN EXCEEDINGLY DENSE, HOT STAR
REMNANT, FORMED FROM THE COLLAPSE OF THE CORE OF A
MUCH LARGER STAR—FOUR TO EIGHT TIMES MORE MASSIVE
THAN THE SUN—IN A SUPERNOVA EXPLOSION.

Neutron stars are tiny—only about 7-15 miles (10-25 km) across, or
about the size of a large city. They are so dense that if a piece the size
of a grain of sand was brought to Earth, it would weigh the same as a
large passenger airplane. Because they are so compact, neutron stars
produce extremely strong gravity: an object on a neutron star’s surface
would weigh 100 billion times more than on Earth. Whereas normal
matter is made of atoms—which contain a lot of empty space—
neutron stars consist of much more compact matter, mainly the
subatomic particles called neutrons.

Surface

A neutron star’s gravity

is so strong that its solid
surface, which is a million
times stronger than steel,
is pulled into an almost
perfectly smooth sphere

Axis of rotatio
Neutron stars spi
rapidly, some as fast as
700 times per second

Magnetic field
A neutron star has

an extremely powerful
magnetic field, which
rotates at the same
speed as the star

A Features of a neutron star

A neutron star is an extremely dense, spherical,
spinning object, with a surface temperature of
about 1,080,000°F (600,000°C). The surface

is extremely smooth, its highest “mountains”
being no more than %in (5mm) tall. Neutron
stars produce beams of electromagnetic
radiation, which can be light, radio waves,
X-rays, or gamma rays.
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A Heart of the Crab Nebula

In the center of the Crab Nebula is a neutron star that is spinning 30 times a second
and blasting out a blizzard of particles from its surface, as well as radiation beams
from its poles. In this image taken by the Chandra X-ray Observatory, the ringlike
structures around the pulsar (central blue-white dot) are shock waves produced
where the wind of high-speed particles is plowing into the surrounding nebula.

Pulsars

As they spin and sweep their radiation beams through space, neutron
stars are like celestial lighthouses. If at least one of the radiation beams
points toward Earth at some point in each rotation, then from Earth

it will be detectable as a series of radiation pulses. Neutron stars that
are detectable in this way are called “pulsars,” and the timing of their
off/on signals have a precision comparable to that of an atomic clock.
The first pulsar was discovered in 1967, but today more than 2,000
are known about in the Milky Way and nearby galaxies.

Beam of radiation not
aligned with Earth

A Pulsar 3C58

This image, taken with a camera that detects X-rays, shows the remains of an
ancient supernova explosion. The bright central region, partially obscured by gas
that emits X-rays (shown in blue), contains a pulsar. This is producing X-ray beams,
which extend for trillions of miles to either side and have created loops and swirls
(shown in blue and red) in other remnant material from the supernova.

A neutron star’s gravity is so
strong that it bends light emitted
from its surface. So, if you could
look at one you would see part of
its far side as well as its near side

Beam of

Beam of radiation radiation not

: ?I Earth Earth . 3 aligned with Earth Earth 2 3 aligned with Earth
|
Direction of
pulsar’s spin Neutron star
A Pulsar off A Pulsar on A Pulsar off

As a pulsar rotates, its radiation beams continually sweep
through space. At the instant shown here, neither beam
points at Earth, so from the perspective of an observer on
Earth, the pulsar is “off.”

A moment later, one of the pulsar’s radiation beams is
pointing at Earth. With the right equipment, this will

be detectable on Earth as a brief signal or pulse of light,
radio waves, X-rays, or other radiation.

Very shortly afterward, the radiation beam is no longer
aligned with Earth, so the pulse or signal switches “off”
again. The off/on/off pulses occur at very regular intervals,
characteristic of that pulsar.
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BLACK HOLES

A BLACK HOLE IS ONE OF THE STRANGEST OBJECTS IN
THE UNIVERSE—A REGION OF SPACE WHERE MATTER
HAS BEEN SQUEEZED INTO A MINUSCULE POINT OR
RING OF INFINITE DENSITY, CALLED A SINGULARITY.

In a spherical region around the singularity, the gravitational
pull toward the center is so strong that nothing, not even light,
can escape. The boundary of the region of no escape is called
the event horizon, and anything passing inward through this
boundary can never return. There are two main types of black
hole. Stellar black holes form from the collapse of the cores of
supergiant stars that have exploded as supernovas at the ends
of their lives. Supermassive black holes are much bigger and
are thought to exist at the centers of most galaxies.

Detecting black holes

Because it emits no light, a black hole cannot be observed or imaged
directly. However, some black holes can be detected from their
strong gravity, which attracts other matter. These black holes may
have disk-shaped collections of gas and dust around them that

are spiraling into the black hole, at the same time throwing off vast

amounts of X-rays or other radiation. The easiest ones to detect are
those that produce jets of high-energy particles from their poles.

Spin axis
Singularity Singularity

Ergosphere

Event horizon Event horizon

Nonrotating black hole Rotating black hole

A Nonrotating and rotating black holes

Black holes fall into rotating and nonrotating types—astronomers think that most
rotate. In a nonrotating black hole, the singularity is a point of infinite density

at the center of the hole, whereas in the rotating variety, the singularity

is ring-shaped. In both types, the event horizon—the boundary of the region of
no escape—forms the surface of a sphere. However, around a rotating black
hole’s event horizon is an additional region, the ergosphere. Anything entering
this is dragged around by the black hole's spin.

[> Gravitational light bending

A black hole's gravity is so strong that it
warps nearby spacetime (see p.73) and
bends the paths of passing light rays. Event

Shown here are the paths of four, originally  horizon

parallel, light rays traveling near a black

hole. The first two have their paths

radically altered and the third ray ends

up circling the black hole, just outside its

event horizon. The fourth ray goes through

the event horizon and spirals into the hole. Light rays

Singularity




Supermassive black hole
At the center galaxy NGC 4258 is a vast
black hole into which matter is spiraling,
at the same time producing powerful jets
of high-energy particles. These jets strike
the disk of the galaxy and heat the gas
there to thousands of degrees. That is
why the center of the galaxy looks bright,
not black. The image combines various
types of radiation, including visible light
(vellow), infrared (red), and X-rays (blue).




MULTIPLE STARS

OUR SUN IS A LONE STAR WITH NO COMPANIONS. HOWEVER, MOST
OF THE STARS WE CAN SEE IN THE SKY BELONG TO MULTIPLE-STAR
SYSTEMS—THAT IS, TWO OR MORE STARS ORBITING EACH OTHER,
BOUND BY GRAVITY.

The stars in a multiple-star system can orbit one another in various different ways.

A pair of stars circling around a common center of gravity is called a binary system.

If the two stars have the same mass, the center of gravity is halfway between them.
More commonly, one star is heavier than the other, and the two stars have orbits
of different sizes. In systems of three or more stars, various more complicated orbits
are possible. For example, two stars may orbit each other closely, with the third
circling the closely orbiting pair at a great distance. Overall, more than half the
stars in the Milky Way Galaxy are part of multiple-star systems. These systems are
different from star clusters (see pp.44-45), which are large collections of stars only
loosely bound by gravity.

True and optical binaries

A star that looks like a single point of light may actually consist of two stars located
very close together in the sky. Where these stars are also close together in space and
gravitationally bound—they orbit each other—they are known as “true” binaries.
An example is Albireo in the constellation Cygnus (see pp.124-25). In contrast,
some star pairs that happen to be close in the sky are not close in space, and are
not gravitationally bound—they just happen to be in the same direction as seen
from Earth. Doubles of this sort are called optical doubles. An example is a star
pair called Algedi, or Alpha Capricorni, in the constellation Capricornus (see
pp.186-187). Its two components are more than 600 light-years apart.

Red giant

Center of gravity
equal distance
from stars

A Equal mass

In binaries that consist of two stars
of equal mass, the stars will orbit a
common center of gravity, which
lies midway between the two stars.

Center of gravity
lies inside
high-mass star

A Significant difference in mass
Sometimes one star is much heavier
than the other. In such cases, the center
of gravity may lie at the surface of the
more massive star, or even inside it.

Center of gravity
closer to more
massive star

A Unequal mass

If one of the stars in a binary system
is more massive than the other, the

system's center of gravity lies closer

to the higher-mass star.

Single center
of gravity —

—
oo

\/‘

o)

A Double binary

In a double binary or quadruple
system, each star typically orbits one
companion, and the two pairs orbit
a single center of gravity.
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Nova eruption

A Transferring material

In this interacting binary, a red giant orbits a
white dwarf. Material from the giant is spilling
onto the dwarf, forming an accretion disk with

occasional nova outbursts.

> HD 98800 system

This artist's impression of the
HD 98800 system shows two
pairs of binary stars. All four
stars are bound by gravity, but
the distance between the two
pairs is about 4.5 billion miles
(7.5 billion km). A disk of

gas and dust, with two distinct
belts, surrounds one of the
star pairs, and it is suspected
that there is a planet orbiting
in the gap between the belts.

Interacting binaries

Sometimes, two stars are so close that material flows from one to the other. These
systems are called interacting binaries. The transferred matter forms a disk, called an
accretion disk, as it spirals in toward the receiving object. It may also release X-rays.
If one of the stars in the binary is a white dwarf, explosions called novae may occur
from time to time on the surface of the white dwarf.

White dwarf

Accretion disk

<] True binary

This telescope image clearly shows two bright
stars—one gold, the other blue. The two stars are
so close in the sky, however, that to the naked eye
they look like a single star, which is known as
Albireo (Beta Cygni). Astronomers think that
Albireo’s two components orbit each other, so
they constitute a true binary, although each orbit
takes about 100,000 years.

[> Di Cha system

This complex star system, some 520 light-years
away, contains four stars arranged in two

pairs. Only the the two brightest are clearly
visible in this Hubble Space Telescope image.
However, all four stars are young and surrounded
by a wispy wrapping of dust.

A Mira system

The star system Mira in the constellation Cetus consists of a
red giant (which happens to vary in brightness) and a white
dwarf, clearly separate in this X-ray image, with some material
connecting the two stars.
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STARS

MANY STARS DO NOT SHINE WITH A STEADY LIGHT. SOME
OCCASIONALLY DIP OR FLARE IN BRIGHTNESS, WHILE
OTHERS SLOWLY PULSATE. THESE ARE EXAMPLES OF WHAT
ARE CALLED VARIABLE STARS.

Stars varying in brightness, as seen from Earth, fall into two main
categories, called intrinsically variable and extrinsically variable. In
intrinsically variable stars, the amount of light emitted by a star varies
in a regular cycle, or pulsates, or it occasionally flares up. In extrinsic
variables, something affects how much of the star’s light reaches Earth.

Pulsating variables

These intrinsically variable stars continuously change in diameter, in

a regular cycle, because of fluctuations in the forces that affect their
size (see pp.26-27). In a class of stars called Cepheid variables, a close
relationship exists between the average light output of the star and
the length of its pulsation cycle. This relationship allows astronomers
to determine distances within our galaxy and to other galaxies.

Hottest state Coolest state

(exaggerated here)

A Gepheid variable

This star, called RS Puppis, a Cepheid variable, varies in brightness
by a factor of five in cycles lasting 41.4 days. As this Hubble Space
Telescope image shows, the star is shrouded by thick clouds of dust.

Star expands then contracts
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A Light curve of a pulsating variable

The amount of light emitted by a pulsating variable fluctuates in a cycle that, depending on the
star, can last for anything from several hours to hundreds of days. The fluctuations are closely
related to changes in the star’s size.

Flaring or cataclysmic variables

Another type of intrinsically variable star, a nova, or cataclysmic variable,
is the sudden brightening of a white dwarf star in a binary system (two
stars orbiting each other, see p.41). It is caused by a nuclear explosion
on the white dwarf’s surface. This occurs because the white dwarf’s
companion star—usually a giant star—has grown so large that its outer
layers of hydrogen gas are no longer gravitationally bound to the star
and instead fall onto the white dwarf. Subsequently, fusion reactions start
up within the accumulated hydrogen on the surface of the white dwarf,
triggering a runaway nuclear explosion. Prior to the outburst, the binary
system may have been invisible to the naked eye, so the outburst brings
the system into visibility as a “nova” (which is Latin for “new”) star.

Some binary systems produce recurrent novae, separated by quiet
periods ranging in length from a few years to thousands of years.

A Luminous red nova

This outburst, from the star V838 Monocerotis,
was at first thought to be a regular nova, but it
is now suspected be due to two stars colliding.

A GK Persei nova

GK Persei has produced a nova about every three
years since 1980. Surrounding it is an expanding
cloud of gas and dust called the Firework Nebula.
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Binary star systems

Extrinsic variable stars owe their apparent variations in brightness to
something other than changes in light output. The most important Companion
group of extrinsic variables are eclipsing binaries. These are binary star
systems (two stars orbiting each other) with an orbital plane that
lines up with Earth. From time to time, one star eclipses (blocks

out light from) the other as seen from Earth, causing some dimming.
A slight dimming occurs when the brighter star eclipses the fainter
star, and a more significant dimming when the fainter star eclipses
the brighter one. The first eclipsing binary to be discovered was Algol,
in the constellation Perseus. This actually consists of three stars, of
which two regularly eclipse each other. Each time the fainter of the

Center of gravity

. ! . . Larger star
two eclipses the brighter, which occurs every 2.86 days, there is a
roughly 70 percent dimming for about 10 hours.
A different and somewhat unusual cause of extrinsic variability
oceurs whgre two clogely Qrbmng stars in a binary system hgve A Eclipsing and ellipsoidal variables
acquired distorted, ellipsoidal shapes. These are called rotating In this type of variable, two stars that are orbiting a common center of
: ; P : : : : gravity become distorted into ellipsoidal (egglike) shapes. Sometimes
ellipsoidal blharles (see .rlght). An example is Fhe bright star Spica they appear side-on (as here) and at other fimes end-on (appearing
(actually a pair of stars) in the constellation Virgo. smaller and rounder), which affects how bright they look from Earth.
Brighter star When dimmer star (orange)
is eclipsed, a small dip
occurs in light output
- - ‘- vy, - s R
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= i |
2 i ’
= When the brighter star ‘ 1 Light curve is steady,
% is eclipsed, a big dip l i with sudden changes
— occurs in light output ‘ : during eclipses
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A\ Light curve of an eclipsing binary
Eclipsing binary stars are detected by regularly occurring apparent dips in a star's brightness. These

dips in brilliance occur when one of a pair of stars partially blocks the light coming from the other star,
as seen from Earth. The biggest dip occurs when the dimmer of the two stars eclipses the brighter star.
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<1 Binary orbit sequence
These 10 frames from a
movie made with a special
infrared-sensitive camera
show two young stars orbiting
a shared center of gravity.
The images were taken using
the ADaptive Optics Near
Infrared System (ADONIS)

at the European Southern
Observatory at La Silla, Chile.
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STAR

A LARGE GROUP OF STARS BOUND TOGETHER BY
GRAVITY—ANYTHING FROM A DOZEN TO SEVERAL
MILLION STARS—IS CALLED A STAR CLUSTER. THE
MILKY WAY GALAXY CONTAINS THOUSANDS OF
THESE SPECTACULAR STAR AGGREGATIONS.

Star clusters fall into two types: globular and open.
Globular clusters are ancient, dense cities of stars, some
containing more stars than a small galaxy. Open clusters,

in contrast, are young, contain far fewer stars, and are often
the site of new star creation. Many open clusters, and a few
globular ones, can be seen in the night sky with the naked
eye. Both types can be a magnificent sight when viewed
through binoculars or a telescope.

Globular Clusters
Globular clusters are groups of between 10,000 and several
million mostly very old stars arranged roughly in a sphere.
More than 150 clusters like this exist in the Milky Way—
each can last for 10 billion years. The stars in a cluster tend
to be concentrated toward its center and move in random
circular orbits around the center.

Many globular clusters consist of a single population
of stars that all have the same origin, similar ages, and
chemical composition. However, some contain two or
more populations that formed at different times—through
some of the more massive stars in the initial population
dying and materials from them being recycled into a
second star generation.

Open Clusters

Open clusters are groups of up to a few thousand stars

that were formed roughly at the same time from the same
cloud of gas and dust. They are more loosely bound by
gravity than globular clusters, and they survive for a shorter
time—from a few hundred million up to a few billion years.
Unlike globular clusters, which occur in all types of galaxies,
open clusters are found only in spiral and irregular ones,
where stars are actively being created. Around 1,100 clusters
of this type have been identified so far in the Milky Way.

Our galaxy’s largest
globular cluster, called
Omega Centauri, contains
about 10 million stars

V Cluster distribution in spiral galaxies

Globular and open clusters exist in different parts of
spiral galaxies like the Milky Way—globular clusters in
the halo region, above and below the main disk, and
open clusters in the galaxy’s disk and spiral arms.

Central bulge of galaxy
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First generation stars Second generation stars Mature cluster

A Evolution in a globular cluster

In this example of cluster evolution, some of the first star generation
(red) die. Material from them then forms a second generation (blue),
more concentrated at the centre of the cluster. Gradually their orbits
change, mixing them with the older red stars.

A M7 open cluster

Also known as the Ptolemy cluster, this array
of around 80 stars lies in the constellation of
Scorpius. Alhough 980 light-years away; it is

easily seen with the naked eye.



47 Tucanae globular cluster

One of the largest and brightest globular
clusters in the night sky, 47 Tucanae is
located in the Southern Hemisphere
constellation of Tucana. To the naked

eye it looks like a fuzzy patch in the sky,
but telescopes reveal it be an immense
swarm of several million stars. The clusters
central region is so crowded that many
star collisions occur.
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EXTRASOLAR

ANY GROUP OF PLANETS ORBITING A STAR OTHER THAN
THE SUN IS CALLED AN EXTRASOLAR PLANETARY SYSTEM.
THE INDIVIDUAL PLANETS CIRCLING AROUND IN THESE

SYSTEMS ARE CALLED EXOPLANETS.

More than 2,000 exoplanets have been discovered so far, mostly in the last ten years

or so. About half are gas-dominated planets, about the size of Jupiter or Neptune in
the Solar System, orbiting close to their host stars. These hellishly hot, star-snuggling
gas giants are known as “"hot Jupiters” or “hot Neptunes.” Many smaller, probably rocky,
exoplanets have also been discovered—some about the size of Earth—as well as cold
gas giants. The types of stars that exoplanets orbit vary from red dwarfs to Sun-like

stars, red giants, and even pulsars.

Perhaps the most remarkable fact about exoplanets is that they can be detected
at all. Finding a body many light-years away that emits no light of its own and that
orbits a much bigger, brighter body (a star) presents many challenges. So far, relatively
few exoplanets have been imaged directly with telescopes, but around a dozen
methods have been devised for detecting them indirectly. Three of the most

successful of these methods are explained below.

On average, each star in
the Milky Way galaxy has at
least one planet orbiting it

A Direct imaging
The star Fomalhaut has a disk of
dust and gas around it, as shown
above (the star itself has been
blacked out). A planet in the disk
has been directly imaged by the
Hubble Space Telescope. The
planet and its path are shown in
the image to the right.

> Transit method

This approach involves
detecting miniscule dips
in a star’s brightness,
caused by transits
(movements) of a planet
across the face of the star.
To do this, an extremely
sensitive light-detecting
instrument is used.

[> Gravitational
microlensing

The gravity of a star can
bend light coming from
a more distant star. This
means it can act like a
lens and magnify the
distant star as it appears
from Earth. An exoplanet
orbiting the lensing star
produces detectable
variations in the amount
of magnification.

> Doppler spectroscopy
An exoplanet’s orbit causes
a "wobble” in the motion
of its host star. As a result,
light waves coming from
the star are alternately
slightly lengthened
(making them look redder)
and shortened (making
them look bluer)—a
measurable phenomenon.

Brightness

The host star of a hot
Jupiter is usually white,
yellow, or orange and
roughly Sun-sized

Exoplanet Star
Planet tracks
across face of star Dip in star’s
light curve
Time g

Distant star

Path of light without
gravitational lensing

Light bent
towards Earth

Lensing effect caused
by gravity of star

Earth

. E Lensing star

Exoplanet’s gravity

Exoplanet modifies lensing effect
Exoplanet
Light waves
lengthened
Wobble in as star moves

star’s motion away from Earth Earth
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Exoplanet’s Light waves shortened as
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[> Kepler-62 system

In 2013, the Kepler Space Telescope discovered five planets
orbiting the star Kepler-62, which lies 1,200 light-years from
Earth. Two of these planets orbit in an area known as the
habitable zone (or “Goldilocks zone"), where temperatures are
just right for water to exist at the surface.

Properties of Exoplanetary Systems
More than half of known exoplanetary systems
consist of a single star with a single planet
orbiting it (in many of these there may be
other, so far undetected, planets). However,

as of February 2016, more than 500
multiplanetary systems—containing two or
more planets—had been discovered. Some
contain five, six, or in a few cases, seven
planets. Of particular interest in any planetary
system is its habitable zone. This is the region
around the central star where temperatures are
right for water—essential for life as we know
it—to collect on the surface of any planet with
a rocky surface. A planet that looks like it could
be rocky and is in a star’s habitable zone is of
extra interest because it could harbor life.

It is sc by
weather in its atmosphere.

V Kepler-62 planets

An artist's impression of the five Kepler-62 planets is
shown below: they are too far away to photograph.
The two on the right may be rocky planets with
surface water. Little is known about the others
except for their size and the fact that their surface
must be extremely hot.

Sun-scorched Mars-sized Largest planet Earth-like Cold earth




A CGoRoT

One of the main mission objectives
of the CoRoT spacecraft, launched
in 2007, was to detect transiting
extrasolar planets. After finding 25
exoplanets, it was retired in 2013.

24 Sextantis has two
Jupiter-sized planets
that dance around each
other gravitationally

MULTIPLANETARY
SYSTEMS

MANY EXOPLANETS RESIDE WITHIN MULTIPLANET SYSTEMS—
GROUPS OF TWO OR MORE PLANETS ALL ORBITING THE
SAME DISTANT STAR OR EVEN, IN SOME CASES, A PAIR OF
STARS THAT ARE THEMSELVES CIRCLING EACH OTHER.

These intriguing multiplanet systems are quite diverse in terms of the
mix of different sizes of planets they contain, the types of host star,
and the number of planets that orbit within the host star’s (or stars))
habitable zone. Hundreds have been found already, at distances
ranging from a few light-years to thousands of light-years from Earth.
Only a few of the systems that have been discovered bear much
resemblance to our Solar System, although a handful contain one
or more roughly Earth-sized planets within a star’s habitable zone,
and so hold out the possibility of harboring life. But new systems
are regularly detected, and data about the planets already found is
frequently being updated, so this situation is constantly changing.

<l Kepler

Since its launch in 2009, NASAs Kepler
space telescope has sought out exoplanets,
particularly Earth-sized ones, using the transit
method. By early 2016, it had detected 84
multiplanetary systems, each containing
between two and seven planets, as well

as many single planet systems.

[> Planet types

This bar graph shows the numbers of different
sizes of all exoplanets (both confirmed and
unconfirmed) up to early 2016. The different
sizes are defined by radius in comparison with

radii between 1.25 and 2 times Earth’s radius).

Earth's radius (so Super-Earths, for example have

Kepler-186 contains the

first Earth-sized exoplanet

found orbiting in a star’s
habitable zone
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<I New worlds
P ./ D) ' Shown here are details of 118 systems whose
® ©© Y

distance from the Solar System is known. They
are shown arranged in a spiral according to
distance from the Solar System (and not in
their actual configuration in space). With each
system, the type of host star and number of
planets is shown, while for a select few, the
system’s habitable zone is marked, as well

as the types of planets in the system.

N~/ Kepler-37’s planets

orbit very close in
- and include one tin ‘

D) ) =/

Moon-like planet = = o)
) oon-like plane }/

\—/ Gliese 676's four planets

HD 60532 have the widest range of =
masses in any known Wl \

Gliese 876 is the multiplanetary system o N4 HD 215497 has a hot

closest star known to super-Earth planet

orbiting close in and a
Saturn-sized object in
its habitable zone

have multiple planets

o HD 155358

)
®

KEY

Host Star

BD 082823 ® Red dwarf

@ Orange main-sequence star

Gliese 832

Solar System

@ Yellow main-sequence star
Upsilon
'/ Andromedae @ Red dwarf/yellow

“ main-sequence binary
@ Red dwarf/white dwarf

binary
#  Pulsar
Gliese 667¢ has two Dy .
\ confirmed planets, HD 69830 ﬂ%"_"g’mfme star
) one of them an a
/}, excellent candidate 55 Cancri White main-sequence star
to harbour life

HD 40307 has six super-Earth
planets, the inner five in very
close-in orbits

@ Blue subdwarf

® Unknown star type
=, Planet
© @~
40JG
HD 12661 A\ (

Kepler-69 is a Sun-like star

® Jupiter-sized (Jovian)
or larger

@ Neptune-sized (Neptunian)

HD 10180 is one of just
three systems known to

with two planets, one of them have at least seven planets
a Venus-like super-Earth

® Super-Earth (Superterran)

Kepler-90’s seven planets
include two inner rocky
Earth-sized planets

@ Earth-sized or smaller
(Terran, Subterran,
and Mercurian)

Habitable zones of O
selected host stars:

(Only shown where at least one
Kepler-47 is a binary planet in the system falls within
star system with at the habitable zone)
least two planets,
which orbit both stars

Kepler-90
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GALAXIES

GALAXIES ARE FOUND IN A HUGE VARIETY OF SHAPES AND
SIZES, FROM COMPLEX SPIRALS LIKE OUR MILKY WAY TO
HUGE BALLS OF ANCIENT RED AND YELLOW STARS, AND
SHAPELESS CLOUDS OF GAS, DUST, AND NEWBORN STARS.

Galaxies are the only places in the Universe where matter is densely
packed enough for stars to form, and most stars spend their whole
lives within them. Held together by gravity, most galaxies are thought
to have a supermassive black hole at their center.

Types of galaxies

American astornomer Edwin Hubble confirmed the existence of
galaxies beyond the Milky Way in the 1920s. He subdivided them into
several distinct types distinguished by a code of letters and numbers.
Elliptical galaxies (types EO to E7) are all roughly ball-shaped, but range
from rounded spheres to elongated cigars. Today we know that they
are dominated by old red and yellow stars. Spirals (types S and SB)

are flattened disks with dense areas of star formation in the spiral arms,
and older red and yellow stars in the center. Lenticulars (type SO) have
a central hub surrounded by a disk, but no spiral arms, while Irregulars

(type Irr 1 and 1) are fairly shapeless clouds rich in star-forming material.

A Elliptical galaxies

Elliptical galaxies, suchs as M60 (shown here with the spiral galaxy NGC 4647),
are ball-shaped star systems created by countless stars in overlapping elliptical
orbits tilted at a wide range of angles. They have very little of the gas needed
to support new star formation, which leaves them dominated by long-lived,
low-mass red and yellow stars. They range in size from sparsely populated
dwarfs to vast “giant ellipticals,” which are the largest galaxies in the Universe.

| Ellipticals

A M89 A M32

EO galaxies, such as M89 in Virgo, are E2 galaxies, such as the Andromeda Galaxy's
almost perfect spheres of stars. They satellite M32, have one axis noticeably longer
include the brightest and largest giant than the other, and tend to be fainter than the
elliptical galaxies. brightest EO galaxies.

A Hubble’s tuning fork

Edwin Hubble arranged the various galaxy
types in the shape of a musical tuning fork.

AM110 A ESO 381-12

More elongated galaxies, such as M110, also a Lenticular (SO) galaxies have a central hub and
satellite of the Andromeda Galaxy, are actually a flattened disk of stars similar to those in spiral
somewhat disk-shaped. The orbits of their stars  galaxies, but there is little new star formation
are flattened in one plane due to rotation. due to a lack of gas.

e e . oo e Astronomers think there are as many

rather more complex (see pp.62-63). Ellipticals

are numbered according to their shape, with EO galaXieS in Our Universe aS there

the most round in shape. There are two distinct

P Sty i e sl v e are stars in the Milky Way Galaxy

directly from the central hub, and barred spirals
(SBa to SBc), in which the arms attach to the
ends of a straight bar crossing the hub.
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Irregular galaxies

Irregular galaxies are relatively shapeless clouds of gas,
dust, and stars. The best known examples are the Large
and Small Magellanic Clouds, which are the Milky Way’s
brightest satellite galaxies. Irregulars are rich in the raw
materials of star formation and are often undergoing
intense bursts of starbirth that make them bright for their
size. Larger irregular galaxies show signs of some internal
structure, such as central bars or lone, poorly defined
arms. Hubble classified these as Irr | galaxies, compared
to the truly shapeless Irr Il irregulars.

> NGC 1427A

Dwarf irregular galaxies are
thought to play an important
role in galaxy evolution. Their
stars have relatively few heavy
elements, and probably
represent raw material left
over from the early history

of the Universe, which has
only recently ignited into star
formation. NGC 1427A, for
example, is lit up by newborn
bright stars whose birth was
triggered by its plunge into
the Fornax galaxy cluster.

A NGC 7217 A Mot
Spiral galaxies of type Sa, such as NGC 7217 in Pegasus, havea  Type Sb spirals have less tightly wound spiral arms emerging
central hub of older stars surrounded by a disk of stars and gas.  directly from the hub. M91 in Coma Berenices has relatively

Spirals

-

Sh

Concentrated waves of star formation create tightly wound arms.  faint spiral arms for a galaxy of this type.

&

SBa

SBb

A M74

Sc spirals such as M74 in Pisces have more loosely wound
arms but are generally as bright as types Sa and Sb. The
loosest Type Sd spirals, however, are usually a lot fainter.

SBc

A NGC 4921 A NGC 7479
Barred spirals follow the same general classifications Type SBb spirals, such as NGC 7479 in Pegasus, have

as barless ones. SBa galaxies, such as NGC 4921
in Coma Berenices, have tightly wound spirals.

a looser spiral structure but retain an obvious central
bar emerging from either side of the nucleus.

A M95

Type SBc galaxies have the loosest spiral arms, as seen
in the beautiful M95, a barred spiral in some 38 million
light-years away in Leo.
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m Spiral galaxy

At 21 million light-years away, the Pinwheel
Galaxy (M101) is relatively close to Earth. It is also
roughly 50 percent bigger than the Milky Way,
making it is one of the few galaxies in which
individual regions can be studied. The Pinwheel
has an extensive system of spiral arms. It
appears lopsided, with the core, or nucleus,
offset from the true centre, probably as a result
interactions with other galaxies in the past.

@ Barred spiral galaxy

This galaxy, NGC 1300, is considered the
prototype of the barred spiral galaxy. Instead of
spiralling all the way to the central nucleus, the
galaxy’s two spiral arms are instead connected to
each other by a straight bar of stars that includes
the nucleus. This detailed Hubble Space
Telescope image reveals that the nucleus has its
own spiral structure. Gas in the bar is funneled
inwards before spiraling into the nucleus.

3] Enliptical galaxy

Apart from a simple ball shape, elliptical
galaxies show little structure. Giant ellipticals
such as IC 2006, shown here in an image taken
in visible light by the Hubble Space Telescope,
initially formed billions of years ago and are
thought to have grown larger as they absorbed
satellite galaxies. Due to its age, IC 2006 is
made up of old, low-mass stars and there

is no, or minimal, star formation activity.
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E Lenticular galaxy

This type of galaxy is named after its overall
lenslike, or “lenticular” shape. NGC 2787 is one
of the closest lenticular galaxies to Earth. This
visible-light image shows tightly wound, almost
concentric lanes of dust encircling the galaxy’s
bright nucleus. Several bright blobs of light can
be seen on the edge of the galaxy. Each of
these is, in fact, a cluster of several hundred
thousand stars orbiting NGC 2787.




@ Irregular galaxy

Many irregular galaxies are what
astronomers call “starburst galaxies,’
characterized by waves of new star
formation. NGC 4214 is one such
galaxy. Its abundant supply of hydrogen
gas is fueling the emergence of bright
clusters of new stars, while the presence
of older red stars provides evidence of
earlier episodes of star formation.

The largest of all galaxies, known as
the giant ellipticals, may each contain
many trillions of stars
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MILKY WAY

ALL THE STARS WE CAN SEE IN THE SKY LIE WITHIN THE CONFINES OF OUR
HOME GALAXY, THE MILKY WAY. THIS VAST STAR SYSTEM, CONTAINING
HUNDREDS OF BILLIONS OF STARS, IS A BARRED SPIRAL WITH A COMPLEX
STRUCTURE AND IS ABOUT 120,000 LIGHT-YEARS ACROSS.

The Milky Way's visible stars form a disk orbit at different rates depending on their
centered on a bulging hub. Despite its vast distance from the hub, so the arms cannot
diameter, the disk averages only a thousand be permanent structures. Instead, they stand
light-years deep. From our point of view on out because they are the active regions of
Earth, we see many more stars looking across star formation. Here, stars are born, and the

the plane of the disk than when we look “up” or  most massive and luminous among them
‘down” from the plane and out into intergalactic  pass through their short life cycles before their
space. This is why we see our galaxy as a broad  orbits can carry them out into the wider disk.
band whose countless faint and distant stars

merge together in a milky band of light. Spiral arms
The central bulge of the Milky Way is Astronomers have recently confirmed that the
dominated by low-mass, red and yellow Milky Way is a barred spiral galaxy. Its central

stars with a high metallicity (see p.29), but the  hub is crossed by a rectangular bar of stars
surrounding disk is filled with gas, dust, and some 27,000 light-years in length. Our galaxy’s

younger stars. As with all spirals, stars are spiral arms are the result of stars, gas, and dust
scattered across the disk, but the brightest moving in and out of a spiral-shaped “traffic
are concentrated into the spiral arms. Stars jam” called a density wave (see opposite).

The latest evidence suggests that the
Milky Way has four spiral arms—two
major and two minor—with distinct
differences among their stars

Heart of the Milky Way

Globular Thick Central Halo High The central regions of our galaxy are hidden
clusters disk bulge velocity star behind intervening star clouds and dust

lanes, but X-rays and infrared can pierce the
veil to reveal complex structures, giant star
clusters, and an enormous black hole with
the mass of several million Suns (embedded
in the bright gas cloud to right of the image).

<1 Cross section of the Milky Way

Seen from the side, the Milky Way consists of a
disk of stars around a bulging hub some 8,000
light-years across. A broad halo region above
and below the galaxy appears largely empty,
but is home to globular star clusters, as well

as stray high-velocity stars and hot gas ejected
Thin disk from the galactic plane.
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FORMATION OF SPIRAL ARMS

<1 Perfectly ordered orbits
In an ideal situation, objects
in elliptical orbits around a
galaxy’s center would have
their longest axes in perfect
alignment with each other.
Objects naturally move more
slowly at the outer edges of
their orbit when they are
farther from the center.

<] Chaotic orbits

In a completely chaotic
scenario, the orbits of objects
within a galaxy would be
aligned in a range of different
directions, and no spiral
structure would form. The
example here shows the
same number of orbits as
the other two (left and right).

<1 Density wave

Spiral structure arises

when orbits are pulled into
alignments that offset slightly
from one another, often due
to tidal forces from another
galaxy. As a result, orbits slow
down and material packs
together in spiral-shaped
areas of higher density.




MILKY WAY [N THE SPOTLIGHT

The Solar System is part of a barred spiral galaxy
called the Milky Way Galaxy. In this wide-angle

view, the Milky Way's plane is seen as an arc above
the antennae of the Atacama Large Millimeter/
submillimeter Array (ALMA) on the Chajnantor
plateau in Chile. It glows with the light of a mass
of distant stars interspersed with dusty nebulae
and patches of glowing gas, where new stars

are being born to join the existing billions that
make up our galaxy.

ALMAS 66 dishes are either 39ft (12m) or

23ft (7 m) in diameter and observe the sky

at wavelengths between the infrared and radio
parts of the spectrum. ALMA sits at high altitude—
16,4001t (5,000 m) above sea level—in a very dry
region where the air contains hardly any water
vapor to absorb the radiation. The thinness of the
atmosphere above it and the low interference from
other radio signals also make the plateau ideal for
observing at these wavelengths.
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<1 Rotation curves

300 Observed
(185) rotation curve
of Milky Way

200 - y
Slowing effect
(124) expected from
ordinary matter

100
(62)

SPEED OF OBJECTS IN ORBIT IN KM/S (MILES/S)

0 10 20 30 40 50 60 70 -
DISTANCE FROM GALACTIC CENTER (THOUSANDS OF LIGHT-YEARS)

1 HE MILKY WAY
FROM ABOVE

OUR GALAXY IS A VAST DISK OF STARS ABOUT 120,000 LIGHT-YEARS
ACROSS. THE VAST MAJORITY OF STARS WE SEE IN OUR SKIES,
HOWEVER, ARE CONFINED TO A MUCH SMALLER NEIGHBORHOOD
AROUND OUR SOLAR SYSTEM.

The Milky Way contains between 100 and 400 billion stars, most of which are dwarfs
with only a fraction of the Sun's mass. Nevertheless, the Galaxy's overall mass is
between 1 and 4 trillion solar masses—far more than the combined mass of its stars.
While much of the extra mass is accounted for by dust and gas in the galactic disk, all
this normal matter is vastly outweighed by so-called dark matter (see pp.74-75).

Studies suggest that there are at least 100 billion planets orbiting the stars, and
perhaps many more. Most of the visible material is in a central bulge and a flattened
disk just 1,000 light-years deep, with stray stars, globular clusters, and large amounts
of dark matter in the halo region.

Sparse outlying
dust flows along
magnetic field lines

Because the Milky Way is not a solid object,
stars and other objects orbit the center at
different speeds. If the distribution of mass
matched the concentration of visible
objects, then we might expect stellar speeds
to fall off with distance like those of planets
in the Solar System. In fact, they trail off
much more slowly, which is an indication
of dark matter lying beyond the visible disk.

40

Concentration
of dust near
galactic plane

<] Dust and magnetism
Although dust makes up a relatively small
proportion of our galaxy’s composition, it
plays an important role in the formation of
stars and planets. What's more, its particles
tend to align in relation to local magnetic
fields. Microwave emission from dust particles
can therefore be used as a way of revealing
the Milky Way’s overall magnetic field, as
shown on this map from ESA’s Planck satellite.
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. <1 Central regions of the Milky Way

_ » According to the latest research, the Milky

B i Way’s central bulge is crossed by a bar of

o stars. Concentrations of gas and young stars
trace the outlines of four spiral arms, although
the exact structure is still uncertain. This map
focuses on the central regions, where the
Milky Way's arms are at their brightest, but
sparse outer arcs of stars and a halo of dark

. mattér extend much farther out.
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WESTERHOUT 31
One of our galaxy’s largest
star-forming regions, W31
lies about 42,000 light-years
away on the far side of the
galactic center.
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SAGITTARIUS A*
The supermassive black hole
and monster star clusters of
the galactic center are largely
obscured behind dense star
clouds toward Sagittarius.
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OMEGA CENTAURI ~
The Milky Way's largest
globular cluster orbits high
above the galactic plane
some 16,000 light-years
from Earth.

CYGNUS RIFT
Just 300 light-years from
Earth, the dust clouds of the
Cygnus Rift obscure a large
swathe of the nearby galactic
plane from view.

CARINA NEBULA
This bright star-forming
nebulae, about 8,000
light-years from Earth, is
home to Eta Carinae, a / 1
giant unstable star. 4

SOLAR SYSTEM P
Our Solar System lies on the A

inner edge of the arm called

the Orion Spur, within an

expanding region of gas

called the local Bubble.

CRAB NEBULA

This famous supernova
remnant, also known as M1,
lies 6,500 light-years from
the Solar System in the
Perseus Arm.

V434 CEPHEI
One of the largest stars known,
this red supergiant lies in the
Cepheus OB2 association, a
star-forming region about
9,000 light-years from Earth.

W »
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GALAXIES

MANY GALAXIES SHOW SIGNS OF ENERGY OUTPUT FROM THEIR
CENTRAL REGIONS THAT CANNOT BE EXPLAINED BY STARS ALONE.
THESE ACTIVE GALAXIES APPEAR VARIED, BUT ALL CAN BE EXPLAINED

BY THE SAME MECHANISM.

Active galaxies generate vast amounts of
energy—not only visible light but also as

radio waves, X-rays, ultraviolet radiation, and
gamma rays—from regions near their center.
These galaxies are divided into four major
types: Seyfert galaxies, radio galaxies, quasars,
and blazars. Seyfert galaxies are otherwise
normal-looking spiral galaxies with a bright and
concentrated source of radiation embedded in
their center, and unusual overall energy output
that cannot be explained through starlight alone.
Radio galaxies, in contrast, are distinguished
by two large clouds of radio-emitting gas on
either side of a central galaxy (in some cases,
narrow jets can be seen linking them to the
heart of the galaxy). Quasars are very distant
galaxies with an intense starlike source of

light, far brighter than a Seyfert galaxy, at their
center. They are also sources of radio waves,

and vary in brightness over hours or days.
Finally, blazars are broadly similar to quasars,
but have distinctive differences in their
radiation that mark them out.

Astronomers think that all these different
types of activity are actually caused by the
same kind of object—an engine called an
active galactic nucleus (AGN). The speed
at which AGNs change their energy output
means that they can be no larger than our
Solar System, and the only object capable
of releasing such vast amounts of energy in
such a small region of space is a superheated
"accretion disk” of matter falling into a
supermassive black hole. The amount of
material falling into the black hole, and the
AGN’s alighment as seen from our point
of view on Earth, determine which type of
active galaxy we see.

Radio lobes Tightly aligned jets
of particles emerge
from the AGN
Entire active region
is just a few light-
years across Dust torus Accretion disk
-
$ 2 (
\‘“n-_,
Supermassive
black hole
A Whole galaxy A Dust torus A Nucleus
From a distance, an active galaxy The active galaxy’s central At the heart of the active galactic

may be surrounded by two huge
lobes of radio emission, created
as jets of particles ejected from
the central disk encounter gas

in intergalactic space. When the
central AGN is visible, its light
output can dwarf that of the
surrounding galaxy.

regions are surrounded by a
thick doughnut-shaped ring
or torus of light-obscuring gas
and dust. If we see this ring
edge-on, then the surrounding
radio lobes are the only visible
sign of unusual activity,
manifesting as a radio galaxy.

nucleus is a supermassive black
hole. With the gas of a million

or more Suns, it pulls material

to its doom, heating it to millions
of degrees where it emits intense
radiation. If the particle jet points
directly toward Earth, the AGN
creates a blazar.




Ancient nucleus

Light from quasars is redshifted by huge amounts,
revealing, due to the expansion of the Universe (see
pp.70-71), that they are billions of light-years away and
incredibly bright. As a result we are seeing them during
a much earlier stage of cosmic evolution. Astronomers
suspect that most galaxies go through a quasar phase
early in their history.

“Light echo”
formed where
gas reflects
radiation from a
burst of activity in
the recent past

_ Location of

central black hole

A The active Milky Way

Our own galaxy’s supermassive black hole has long ago
swept up the material from its immediate surroundings and
become dormant, but objects such as stray asteroids still
occasionally wander into its grasp. When this happens, matter
is violently to