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Introduction

Cambridge Advanced Sciences

The Cambridge Advanced Sciences series has been
developed to meet the demands of all the new AS
and A level science examinations. In particular, it
has been endorsed by OCR as providing complete
coverage of their specifications. The AS material is
presented as a single text for each of biology, chem-
istry and physics. Material for the A2 year comprises
six books in each subject: one of core material and
one for each option. Some material has been drawn
from the existing Cambridge Modular Sciences books;
however, the majority is entirely new.

During the development of this series, the
opportunity has been taken to improve the design,
and a complete and thorough new writing and
editing process has been applied. Much more
material is now presented in colour. Although the
existing Cambridge Modular Sciences texts do cover
some of the new specifications, the Cambridge
Advanced Sciences books cover every OCR learning
objective in detail. They are the key to success in
the new AS and A level examinations.

OCR is one of the three unitary awarding
bodies offering the full range of academic and
vocational qualifications in the UK. For full details
of the new specifications, please contact OCR:

OCR, 1 Hills Rd, Cambridge CB1 2EU

Tel: 01223 553311

The presentation of units

You will find that the books in this series use a bracketed
convention in the presentation of units within tables and on
graph axes. For example, ionisation energies of 1000 k] mol™
and 2000kJ mol™ will be represented in this way:

Measurement Ionisation energy (kjmol™)
1 1000
2 2000

OCR examination papers use the solidus as a convention, thus:

Measurement Ionisation energy | k] mol ™
1 1000
2 2000

Any numbers appearing in brackets with the units, for
example (10~ moldm™s™), should be treated in exactly the
same way as when preceded by the solidus, /10™ mol dm™=s1.

Gosmology - an A2 option text

Cosmology contains everything needed to cover the
A2 option module of the same name. The first 6
chapters in this book have been revised, updated
and converted to full colour from Cosmology,
previously available in the Cambridge Modular
Sciences series. In addition, chapter 7 is completely
new, giving an account of Einstein’s general
theory of relativity.
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Universe were designe
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3 define distances me ,

4 recall the approxim-até

osmology is the study of the large-scale

structure, the origins and the future of the

Universe. It is a subject which makes very
grand claims about an immense topic.
Cosmologists today, for example, claim to know
about objects which are billions of light-years
away (box P) and to be able to describe, in detail,
what happened during the first few seconds of the
Universe about 15 billion (i.e. 1.5 x 10') years ago.
[Note. Here, as elsewhere in this book, ‘billion’ is
used in its now widely adopted American sense of
one thousand million (10°),]

In cosmology, as in other sciences, our present
understanding has developed from earlier ideas.
Sometimes these earlier ideas about the Universe
turned out to be mistaken and had to be replaced
by altogether different ideas; in other cases,
earlier ideas are incorporated into our current
cosmological theories.

The model of the Universe which cosmologists
accept today really began with the model
suggested by Copernicus in the sixteenth century
and developed over the next 150 years or so by
Kepler, Galileo and Newton. The Copernican
model of the Universe, however, itself developed
from earlier attempts to explain the patterns
which can be observed in the apparent move-
ments of the Sun, the Moon and the stars across

By the end of this chapter you should be able to:

.y‘ models of the

i the observations;

the sky. To understand Copernicus’ achievement,
therefore, we need to know what these observable
patterns are and how they were previously
explained.

The basic patterns, which can be — and for
thousands of years have been - observed with the
naked eye, include the following:

m The Sun rises in an easterly direction and moves
westwards across the sky, rising higher in the
sky during the first half of its journey and

Box P Light-years

Our normal units of distance — for example, metres and
kilometres — are rather small compared to the enormous
distances to stars and galaxies.

Astronomers often state the distance to a star or galaxy
in terms of how long it takes light to travel from that star
or galaxy to Earth, i.e. in light-years.

Light travels through space at 3.00 x 10°ms™" and a
year is 3.15 x 107 seconds, so that a light-year is
approximately 10 m

Other units of distance used by astronomers are the
astronomical unit (AU) and the parsec (pc). Details of
these units can be found in box 1B and box 24
respectively.

SAQP.1

Calculate the percentage error involved in using
the figure of 10'°m for a light-year.
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¢ Figure P.1 Observing the movement of the Sun.

a A shadow-stick can be used to indicate the
direction and elevation of the Sun.

b The pattern traced out by the shadow at mid-winter.

sinking back down to the horizon during the
second half of its journey (figure P.1).

u There is a yearly pattern in the maximum angle
above the horizon to which the Sun rises and in
the length of time for which it is above the
horizon. This pattern is related to the seasons:
the Sun climbs highest in the sky and the day-
light hours are longest during the summer.

® The stars in the night sky are in fixed patterns -
constellations - which rotate daily around a
fixed point (figure P2a). At present, in the
northern hemisphere, this point is close to
Polaris, the Pole Star. There is also an annual
pattern in the orientation of the constellations
at midnight (figure P.2b).

Ursa major

:,Iﬁs\/\\
e
\,\\))\

Polaris (* )

{09

direction of !
movement

.

Polaris
®

1 January

1 July

@ Figure P.2 Stars in a spin.

a The stars appear to rotate around the celestial
pole, a point close to Polaris (the Pole Star), at very
nearly 15° per hour. The constellation Ursa major
(The Great Bear) is also called The Plough (in
Britain), The Big Dipper (in the USA) and Le
Casserole (in France).

b The positions of the stars at the same time of
night also change during the year.

[Note. The sizes of the stars on the diagram indicate

how bright they are.]
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SAQP.2

Use figure P.1 to answer the following.

a How many hours are there between sunrise and
sunset on the day shown on the diagram?

b Draw a similar diagram to show what happens at
an equinox (one of the two days each year when
there are exactly twelve hours between sunrise
and sunset everywhere on Earth).

SAQP3

Use figure P.2b to answer the following,

a By how many degrees, when viewed from the
same point on Earth, have the constellations
rotated around the celestial pole between mid-
night on 1 July, and midnight on 1 January?

b By how many degrees would the constellations
appear to have rotated around the celestial pole
between midnight on two successive nights?

Some people thousands of years ago, just like some
people today, were not content with simply finding
patterns in their observations: they wanted to be
able to explain these patterns. To do this, they had
to invent a model of what the Universe is like. In
other words, they had to develop a cosmology.
Various ancient civilisations developed cosmological
stories to explain their observations but the first
scientific cosmologies we know about - that is,
cosmologies which gave rise to definite predictions
which could then be tested against further
observations - were developed by the ancient
Greeks. One of these cosmologies - that of Ptolemy
who lived in the second century AD - dominated
European thought for the following 1400 years.
Ptolemy’s cosmology, like any other scientific
model, explained observed patterns in terms of
other ideas which were believed, at the time, to be
true. For Ptolemy this included the following ideas:
m the Earth itself is stationary;
bl things fall to the Earth unless supported;
® unlike the imperfect Earth, where things
change and decay, the heavens are perfect,
unchanging and incorruptible;
m the perfect three-dimensional shape is a sphere.
Applying these ideas to the patterns of movement
of the Sun and the stars resulted in the two-
sphere model of the Universe (figure P.3).

® Figure P.3 The two-sphere model of the Universe.
The spherical Earth is surrounded by a crystalline
sphere which supports the stars. The Sun moves
round this celestial sphere, taking one year to
make a complete circuit.

SAQ P4

Use figure P.3 to answer the following.

a Draw a diagram to show why the Sun never sets
as seen from the Earth’s north pole when the Sun
is at position X of its annual path (ecliptic).

b What would you expect to happen at the Earth’s
north pole when the Sun is at position Y on its
ecliptic? Explain your answer.

The ancient Greeks were aware, however, that
they also had to account for the movements of the
Moon and the five ‘wandering stars’ (planets)
which slowly move against the background of the
constellations (figure P4a).

To account for these movements, the two-
sphere model was extended into a set of nesting
crystalline spheres: one sphere to carry the fixed
stars, one sphere to carry the Sun, one sphere to
carry the Moon and one sphere to carry each of
the five known planets. The movements of these
bodies across the sky were explained by their
spheres rotating at different speeds and around
slightly different axes (figure P.5).

Unfortunately, the movements of the planets are
not so straightforward as the movements of the
Sun, the Moon and the constellations. The rate at
which a planet moves through the constellations
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e Figure P4 Mars: a wandering ‘star’.
The position of Mars is shown at monthly
intervals. [Note. The other planets move in a
similar way, but at different speeds.]

a Mars normally moves in the same direction across
the background of the constellations (1—2—3-—4).

b Occasionally, however, Mars moves in the opposite
direction for a while (4—5—6). This is called
retrograde motion. Then it moves in the usual
direction again (6—7—8—9).

varies and it sometimes even moves in the
opposite direction for a few weeks (figure P4b).

To explain this retrograde motion, the nesting-
spheres model of the Universe had to be modified
further: as a planet is carried by its crystalline
sphere at a steady speed around its main circular
path (the deferent), it also moves around a
smaller circle (an epicycle). When a planet is on
the part of the epicycle closest to the Earth, its
westward motion on the epicycle itself is greater
than its eastward motion on the deferent so it
moves through the constellations in the opposite
direction to normal (figure P6).

e Figure P.5 Ptolemy’s Earth-centred (geocentric)
model of the Universe.

The planets which take longest to make a complete
journey through the constellations are placed
furthest from Earth. (On average, Mercury and
Venus, as seen from Earth, take one year to make a
complete journey through the constellations, so
the relative positions of Mercury, Venus and the
Sun on the Ptolemaic model are arbitrary.)

SAQP.5
Make a copy of the motion of Mercury around the
Earth resulting from its epicycle (figure P.6b).

Mark on your diagram the sections where Mercury’s
motion is retrograde.

In order to explain their increasingly accurate

observations, Ptolemy and the later astronomers

who used his system had to make more - and

more complicated - modifications to the basic

model. They had, for example, to introduce:

m minor epicycles which rotated in the opposite
direction to the deferent;

| eccentrics, i.e. deferents which did not have the
Earth as their centres;

® equants, i.e. deferents with a non-uniform
speed of rotation.

Though these modifications worked in the sense

that they enabled astronomers to make increas-

ingly accurate predictions of planetary

movements, they made the theory less and less
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epicycle

deferent

e Figure P.6 Using an epicycle to explain the
retrograde motion of Mercury.

a Mercury moves round its epicycle about three
times, each time its centre moves around the
deferent once.

b This means that Mercury retrogresses three times

during each complete journey through the
constellations.

convincing as a model of the way in which the
planets actually move. It was because he could no
longer believe the Ptolemaic model that
Copernicus proposed his revolutionary new
model.

4 Any model of the Universe needs to explain
these familiar astronomical observations:
e the daily and annual patterns

- in the apparent movement of the Sun

- across the day-time sky

- in the apparent movement of the
constellations across the night sky;

e the movement of the planets against the
background of the constellations,
including their occasional retrograde
motion.

¢ The Ptolemaic model of the Universe
explained these observations in terms of’

e a geocentric system of rotating spheres
carrying the Sun, the stars and the
planets; '

e complex adjustments, e.g. epicycles,
to make the model fit the observed
movements more exactly.
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of Uranus;

6 appreciate the significance of Kepler's third law of planetary motlon as evvde
for Newton's universal law of gravitation; : e

7 describe the contents of the solar system in terms of the Sun planets planeta

satellites and comets;

8 define distances measured in astronomical units (AU);

the Ptolemaic model of the Universe

accurately predicted the positions of the
planets in the night sky so that astronomers - and
astrologers who believed that planetary positions
significantly affected human affairs - continued
to use it. It was only towards the end of the
seventeenth century that an alternative model,
originally published by the Polish astronomer
Copernicus in 1543, and developed during the
following 150 years by Kepler, Galileo and Newton,
became widely accepted.

Although it became increasingly complicated,

Copernicus

Nicolaus Copernicus found the complexities of the
Ptolemaic model, and the fact that it could often
be modified in several different ways to make it
match the same observations, altogether unsatis-
factory. The model was, in his own words, ‘neither
sufficiently absolute nor sufficiently pleasing to the

-descrlbe the models ofthe Un erse as proposed b‘y” :
recall and use Kepler's laws of planetary mutton'

describe the progress in the understandmg of the Unwers'
of Copernicus, Kepler and Galileo; ‘ i

- 4 use Newton's universal law of grawtatton to derwe aﬁ expres_ Jcm _
~acircular orbit of a planet around the Sun, in terms of the pen@d of the o b!t

5 recall how the existence of Neptune was predncted from penurba’uons in.

- 9 recall the approximate size, in metres, of an astronomical unit.

mind’. What Copernicus sought was ‘a more
reasonable arrangement of circles ... in which
everything would move uniformly about its proper
centre’. To achieve this aim, Copernicus revived a
model of the Universe with the Sun at its centre (a
heliocentric model), first suggested by Aristarchus
in the third century AD. He showed that this model
provided a simpler, more believable, explanation
for the observed movements of the Sun, the Moon
and the planets than Ptolemy’s Earth-centred
(geocentric) model. The retrograde motions of the
planets could, for example, be readily explained
without the need for epicycles (figure 1.1).

SAQ 1.1
Use figure 1.1b to explain why Mars is at its
brightest during its periods of apparently retrograde
motion.

Like many revolutionary ideas, Copernicus’ theory
met with a rather hostile reception when it was
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Box 1A Parallax

Astronomers measure the relative positions of stars,
planets, etc. in terms of the angles between the directions
in which we see them. For precise measurement, each
degree is divided into 60 minutes, and each minute into
60 seconds. In order to distinguish them from units of
time, these small angles are referred to as minutes and
seconds of ar¢, or as arc-minutes and arc-seconds.

Supporters of the Ptolemaic theory correctly argued
that, if the Earth moves round the Sun, the angle between
two stars on the stellar sphere should vary.

This variation in the angle between stars due to a
change in the position from which they are observed is
called parallax.

[Astronomers now believe stars to be at different
distances from Earth. Most stars are too distant for there
to be any measurable parallax. For nearer stars, the closer
a star is to Earth, the greater the parallax between it and
very distant stars. This has been extensively observed (see
box 2A, page 18).].

SAQ 1.2
Measure the parallax (the change in the angle) as
the Earth moves between E; and E; in figure 1.2.

SAQ 1.3
Draw a diagram like figure 1.2 with the stars the
same distance from each other but five times
further away from the Sun. Measure the parallax
again.

® Figure 1.1
a Copernicus’ Sun-centred (heliocentric) model of
the Universe.

b The further away a planet is from the Sun, the
more slowly it moves in its orbit. As it is overtaken
by the Earth, Mars appears to move the opposite
way through the constellations.

| first published. There were several very good
reasons for this.

First, the fact that a stone falls vertically to the
ground when it is dropped, meant, for most scien-
tists at that time, that the Earth could not itself
be moving. Since Galileo and Newton had not yet
revolutionised people’s ideas about movement,
this point of view was perfectly understandable.

Secondly, if the Earth really was moving around
the Sun, the positions of the stars should change in
relation to each other, i.e. there should be parallax
f between the stars (box 1A). The famous Danish

o Figure 1.2 A Ptolemaic objection to a
Copernican Universe.
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astronomer, Tycho Brahe (1546-1601), devoted his
whole life to making much more accurate
measurements of the positions of the stars and
planets than ever before, partly to try to detect
such parallax. Although he did his work before
telescopes had been invented, Brahe was able to
measure the directions of stars to better than half a
minute of arc. Even so, he did not manage to detect
any parallax and decided that Copernicus’
heliocentric model must be wrong. Copernicus’
position, however, like that of Aristarchus before
him, was that the stars were much further away
than was commonly supposed, so far away, in fact,
that any parallax between them was too small to be
detected: ‘the dimensions of the world are so vast
that though the distance from the Sun to the Earth
appears very large ... yet compared with the
dimensions of the sphere of fixed stars it is as
nothing’. Copernicus was eventually proved right,
but not until the nineteenth century when
astronomers were able to measure the directions of
stars to fractions of a second of arc.

A third, and at the time very serious, problem
with Copernicus’ model was that it could not be
made to fit the observed positions of the planets
exactly without introducing the very epicycles
that the model was designed to get rid of. In fact,
until it was improved by Kepler, Copernicus’
model gave less accurate predictions of planetary
positions than the Ptolemaic model which
astronomers had been gradually improving for
many centuries.

During the early part of the seventeenth
century, however, the work of Kepler and Galileo,
each in its own very distinctive way, helped to
convince the majority of scientists that the
Copernican model of the Universe was correct.

Kepler

Like the ancient Greeks, Johann Kepler believed
that the Universe must have an underlying
harmony and perfection. He was a convinced
Copernican and devised a heliocentric model of
the Universe in which the relative spacing of the
six planets (the five naked-eye planets and the
Earth itself) were matched, to an accuracy of better
than 5%, by the spheres drawn inside and around

the five regular solids: tetrahedron, cube, octahe-
dron, dodecahedron and icosahedron (figure 1.3).
Kepler became Brahe’s assistant in the hope
that more accurate data would show his version of
the Copernican model to be correct. Kepler found,
however, that he couldn’t fit the observed
positions of Mars on to a circular orbit at all, even
using epicycles. Although the error was only
about 8 minutes of arc, an error much smaller
than Copernicus himself could have detected,
Kepler knew that the measurements were reliable
and, to his enormous credit, did not just ignore
the discrepancy but struggled for years to find
some way of making the theory match the facts.
Eventually Kepler realised that he could only
make the planetary orbits fit the Copernican
model if he dropped an assumption that both he
and Copernicus had shared with the ancient
Greeks: that the ‘natural’ path of a planet was a

® Figure 1.3 Kepler’s model of a perfect Universe.
Kepler tried to prove that the five regular solids
provided the pattern in the distances of the
planets from the Sun.
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circle. If the orbit of each planet is an ellipse with
the Sun at one of the foci - an idea which is now
known as Kepler’s first law - the Copernican
model fits the observed data without the need for
epicycles (figure 1.4).

Jettisoning the perfectly shaped circular orbit in
favour of an ellipse left Kepler with another
problem: he could no longer assume that planets
moved with a constant speed around those orbits.
Once again, after a prodigious amount of work
analysing the accurate data collected by Tycho
Brahe and himself, Kepler found the relationship
he was looking for: in any given period of time an
imaginary line joining the Sun and a particular
planet always sweeps out an equal area. This rela-

tionship is known as Kepler’s second law (figure 1.4).

Together, Kepler’s first and second laws,
published in 1609, enabled him to make complete
and accurate predictions of the positions of the
planets. However, Kepler was still not satisfied: so
far he had a separate rule for each of the planets
but - though he had been forced to give up not
only his geometrical model, but also his idea of
perfect, i.e. circular, motion - he still believed in a
harmonious Universe. It took him a further ten
years to find what he was looking for - the pat-
tern we now know as Kepler’s third law:

[orbital period]* « [distance from Sun]®
That is,
TPecd®  and  T?=%d®

[Note. The ‘distance from Sun’ is strictly the semi-
major axis.]

If the period of a planet is measured in years
and its distance from the Sun is measured in
astronomical units (box 1B), then k = 1.

SAQ 1.4

What would you expect to find if you drew a graph
of T? against d° for the planets?

SAQ 1.5

The average distance of Mars from the Sun is 1.52
times the average distance of the Earth from the
Sun. Calculate the orbital period of Mars.

perihelion -aphelion
(nearest (point
point A furthest
to Sun) away
from Sun)

® Figure 1.4 Kepler’s first and second laws of
planetary motion.
The orbits of the planets are ellipses with the Sun
at one focus. F is the other focus. Distance a is
called the semi-major axis.
The times taken to travel along AB, MN and PQ are
equal. Since the shaded areas are also equal, the
planet sweeps out the same area in any given
interval of time.
The eccentricity of the ellipse is given by c/a; for a
circle ¢ = 0 so the eccentricity is also zero.
[The diagram greatly exaggerates the small
eccentricity of planetary orbits.|

SAQ 1.6
It takes Jupiter very nearly 12 years to make one
complete orbit of the Sun. Calculate the approximate
distance, in AU, of Jupiter from the Sun.

SAQ 1.7.
The mean distance of the planet Saturn from the
Sun is 9.54 AU. How far is this:

a in metres; b in terms of the speed of light?

In many ways, Kepler was a model scientist,
passionate in his search for patterns yet careful in
his measurements and prepared to modify even
his most dearly held convictions in the face of
conflicting evidence from those measurements.
Though he was immensely successful in
describing how the planets moved and hence
explaining their apparent movement in relation
to the constellations of fixed stars, Kepler did not
manage to explain why the planets move in their

Box 1B The astronomical unit (AU)
When measuring distances within the solar system, a very
convenient unit to use is the average distance between
the Earth and the Sun.

This distance, which is very nearly 1.5 x 10" m, is called
the astronomical unit (AU).
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elliptical paths. Providing this explanation was
one of the great achievements of Newton during
the latter half of the seventeenth century. By that
time, most scientists had accepted the Copernican
model of the Universe, partly because of Kepler’s
work but also because of the observations of
Galileo through the recently invented telescope.

Galileo

In 1609, Galileo Galilei heard about how a Dutch
lens grinder had used two lenses to make distant
objects look larger and nearer. He tried the idea
out for himself and then used it to look at the
Moon, the planets and the stars. Galileo was a
convinced Copernican and he was able to use
what he saw to support his views. For example, his
observation that there were mountains on the
Moon helped to undermine the idea that the

Crescent

crescent

Earth

e Figure 1.5
a The phases of Venus.

b The Copernican model can readily explain these observations.
[Note. For simplicity, the Earth is shown as being stationary. In
— . fact, Venus orbits the Sun in approximately 60% of the time it

| takes the Earth to orbit the Sun.]

orbit of Venus

heavens were perfect, unchanging and altogether
different from the Earth. His discovery that the
Milky Way is made up of very many faint stars
also supported Copernicus’ idea about the great
distances of the stars.

More importantly, Galileo discovered through
his telescope:
® that Venus goes through a sequence of phases
rather like the Moon, except that its crescent is
part of a much larger circle than when it is
nearly ‘full’ (figure 1.5);
that Jupiter has four satellites (‘moons’), which
have since been called the Galilean satellites
(figure 1.6).
These observations strongly supported a
Copernican model of the Universe.

® Figure 1.6 The Galilean satellites of
Jupiter.
The photographs show what you can
see if, like Galileo, you observe
Jupiter through a telescope at
intervals of a few days. The
observations strongly suggest that
there are four satellites (‘moons’) of
Jupiter which orbit the planet at
different rates.
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SAQ 1.8

Use figure 1.5 to explain:

a why a crescent Venus is part of a much larger
circle than a ‘full Venus;

b why Venus is also called the ‘Evening Star” and
the ‘Morning Star’.

SAQ 1.9

How could you show that Jupiter’s satellites obey
Kepler’s third law?

Galileo also made important advances in our
understanding of motion. Galileo’s ideas were
developed further by Newton who was then able
to use them to help explain why the planets move
in accordance to Kepler’s laws.

Newton

Though Isaac Newton claimed that his contribu-
tions to science were possible only ‘by standing on
the shoulders of Giants ..., he was himself truly
an intellectual giant. He made major advances,
not only in the understanding of motion,
including the motion of the planets, but also in
many other branches of physics and mathematics.

Building on the work of Galileo, Newton
formulated the laws of motion as they apply to
bodies on Earth (box 1C). He then broke with the
tradition that had begun with the ancient Greeks
and applied these laws to the motion of heavenly
bodies too. More specifically, he first proved that
any spherical body which moves in accordance
with Kepler’s second law - sweeping out equal
areas in equal times — must have a ‘central’ force
acting on it. He also showed that, for a body
moving in an elliptical orbit with the centre of
force at one of the foci, this force must be
inversely proportional to the square of the
distances between the centres of the two bodies
concerned. Newton then made the revolutionary
suggestion that in the solar system this centrally
directed force is, in fact, a gravitational force: just
as the gravitational attraction of the Earth causes
an object on Earth to fall to the ground when it is
dropped, so the gravitational attraction of the Sun
keeps a planet in its elliptical orbit.

Box 1C Newton'’s laws of motion

First law

A body continues in its state of rest or of uniform (i.e.
unaccelerated) motion in a straight line unless it is acted
on by a net (i.e. unbalanced) external force.

Second law
The acceleration produced in a body by an unbalanced
force is in the direction of, and directly proportional to,
the force and is inversely proportional to the mass of the
body.

The second law is often expressed in the form

E=ig

where F is the net force in newtons, m the mass of the

body in kg and a the resulting acceleration in ms™2.

Third law
If a body A exerts a force on body B, then body B also
exerts a force, of the same size and along the same line,
on body A, but in the opposite direction.

Newton was also able to show that, for a body of mass
m to move in a circular path of radius r with a speed of v,
a force of mTVzis needed, directed towards the centre of

the circle (i.e. a centripetal force).

Newton developed this idea by making two
further assumptions about this gravitational force
acting between any two bodies in the Universe:
firstly, that it is inversely proportional to the
square of the distances (d, in metres) between
their centres (as he had already proved was
required for motion in an ellipse); and, secondly,
that it is directly proportional to their masses (m;
and m,, in kilograms). In other words:

mqmy
dZ

oc

or

mymy
d2

F=G

This relationship is now known as the universal
law of gravitation and the constant G as the
universal gravitational constant.

Having boldly made all these assumptions, or
conjectures, in developing his theory, Newton
now needed to show that the theory gave the
correct results when applied in practice, for
example to the planets in the solar system.

Assuming that planetary orbits are circular
(which they very nearly are), the gravitational

ndoetiooonsslasebbibbbbbkhibA
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force of the Sun on a planet has to supply the
centripetal force needed to keep a planet in its
orbit - that is,

msmp  mpv?
2 d (1)

where mg and mp are the mass of the Sun and the
planet, respectively; d is the Sun-planet distance;
and v is the speed at which the planet moves
round its orbit.

The period T of the planet, the time it takes to
make one complete orbit of the Sun, is given by

,2md
ke )

Eliminating v by combining (1) and (2) gives

msmp  4n*mpd
d2 = T2

That 15

47
TZ = d3
Gms
Although this relationship shows that the
universal law of gravitation leads to Kepler’s third
law, it was not, by itself, enough to show that

Newton’s theory was correct. Newton also needed

Box 1D Calculating the Moon'’s period
Newton was not able to calculate the period Ty of the
Moon directly from the expression
4n?
2. Ak
T Gmgd
because, although he knew the Earth-Moon distance d,
he did not know the value of the universal gravitational
constant G or the mass of the Earth mg.
He avoided this difficulty by applying his gravitational
equation to falling bodies at the surface of the Earth:
F=mg=0G m——’;’f
T'g
where g is the acceleration of falling bodies at the Earth's
surface and ry is the Earth’s radius, both of which values
Newton knew.
This means that

Gmg =gr¢

and so

to show that his calculated values for the plan-
etary periods T matched the observed values.
Newton could not, in fact, calculate the planetary
periods because neither the mass of the Sun nor
the value of G was known. However, similar
problems could be avoided when using the theory
to calculate the orbital period of the Moon around
the Earth (box 1D).

When he first calculated the Moon’s orbital
period - in 1666, at the age of 24 - Newton was
very disappointed that his figure was wrong by
more than 16%. Sixteen years later, however, new
measurements of the Earth’s radius showed that
the correct value was one-sixth larger than the
previously accepted value. Using the new value,
Newton'’s calculated figure for the Moon’s period
was only about 1% smaller than the observed
figure. Now confident that he had firm evidence
to support it, Newton published his theory of
universal gravitation in 1686.

Further applications of Newton's
theory to astronomy

If Newton had known the value of G, he would

have been able to calculate:

® the mass of the Sun from the distance and
period of any planet;

® the mass of any planet which has a satellite
from the period and distance of that satellite.

However, it was over a century later when Henry

Cavendish first succeeded in measuring G (box 1E)

and so made it possible to use Newton's equations

to calculate these masses.

SAQ 1.10
Use the period of the Earth’s orbit to calculate the
mass of the Sun. (The value of G is given in box 1E.)

The masses of planets which do not have satellites
can be calculated by the small gravitational
effects, or perturbations, they have on other
planets (box 1F). Observations of such perturba-
tions in the orbit of the planet Uranus led to the
discovery of the planet Neptune. Uranus itself was
discovered by William Herschel in 1781 and,
despite its very long period (84 years), enough



R L e S e O S S R R

The Copernican revolution 13

Box 1E How Cavendish measured G

The major problem with measuring G is that if the bodies
which are used to attract each other are of a measurable
mass, the gravitational force between them is exceedingly
small. Cavendish solved this problem using a very
sensitive torsion balance (figure 1.7).

When the large lead spheres were brought close to
the smaller spheres, their gravitational attraction caused
the suspension fibre to twist in proportion to the
gravitational force.

The accepted figure for G is 6.67 x 107" N m? kg2,

M m

® Figure 1.7 Cavendish’s method of measuring G.
M = large lead spheres; m = small lead spheres
connected by stiff rod.

measurements were made over the next few years
to determine its orbit. By about 1830, however, it
had become clear that Uranus was not moving in
its calculated orbit, even when allowance was
made for the perturbations caused by the other
known planets. This meant that:

® cither there was something wrong with

Newton’s theory of gravitation;
® or there was another, as yet undiscovered,

planet causing perturbations.

In 1845, John Adams and Urbain Leverrier
independently calculated where another planet
would have to be positioned to cause the observed
perturbations. In 1846, the planet Neptune was
discovered very close to this predicted position.
What could have been a problem for Newton'’s
theory proved instead to be the opportunity for

a triumphant success.

During the early years of the twentieth century,
astronomers discovered further perturbations in
the orbits of both Uranus and Neptune. These
suggested that their orbits were being affected by

Box 1F Perturbations

As they move with different periods around their orbits,
the distances between the various planets, and their
mutual gravitational effects, are constantly changing.
These changes produce wobbles, or perturbations, in
the planets” orbits. Fortunately, these effects are quite
small, otherwise they would have upset the calculations
made by Kepler and Newton when developing their
theories. Indeed, if the perturbations were very much
bigger than they are, they would seriously affect the
stability of the whole solar system. The perturbations are,
however, large enough to measure and can then be used
to calculate the masses of the bodies involved where
these cannot be calculated from satellites. The collision
between the comet Shoemaker-Levy 9 and the planet
Jupiter in July 1994 (figure 1.8) was due to a massive
perturbation. The comet was split into 21 pieces by huge
gravitational forces as it passed close to Jupiter in 1992.
The orbit of these pieces was also changed, resulting in
the collision with Jupiter two years later.

® Figure 1.8 A perturbing catastrophe.
The site where a fragment of comet Shoemaker-
Levy 9 hit Jupiter on July 18, 1994. The place of
impact is seen as a bright spot at the centre
surrounded by two ring-like features. The inner
ring is 80% of the size of the Earth. This image
was taken by the Hubble Space Telescope.

yet another planet and, after a long search, the
planet Pluto was discovered in 1930. Many
astronomers, however, consider Pluto’s mass to be
too small to explain the perturbations which led
to its discovery.
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The basic structure of the solar system is out- SAQ 1.11
lined in box 1G and table 1.1. Using the information in box 1G, describe the ways

in which the planet Pluto differs from other planets.

Box 1G The solar system

e Figure 1.9 Planetary orbits. There is also a belt of small, rocky asteroids between Mars and Jupiter.

Planets order of TAU long may be visible. This tail always points
Table 1.1 summarises the facts and figures for the main away from the Sun due to the pressure of the Sun’s
planets in the solar system, while figure 1.9 shows the radiation (figure 1.11b).

planetary orbits and figure 1.10 the relative sizes of the
planets and the Sun.

In the table, the mass of each planet is compared with
that of Earth, which is approximately 6 x 10**kg.-

The ecliptic is the plane of the Farth’s orbit around the

Sun. Mercury Jupiter Saturn
Uranus Pluto

Earth
Comets /
Comets, which return at regular intervals, have very eccentric ‘oe®:
orbits around the Sun (figure 1.17a). The first of these orbits
was calculated by Edmond Halley, a friend of Newton, for / \
the comet which now bears his name. Venus  Mars Neptune

Comets are believed to be made from frozen water,
methane and ammonia in which dust and fragments of rock
are trapped. Typically, they are a few kilometres in diameter. ® Figure 1.10 The relative sizes of the Sun and the
When a comet is close to the Sun, a tail of vapour of the planets.

Sun

< \

L
/ Jilg ! \
/ e \}gplteﬁ\ \Uranus Neptune|
| / Saturn |
| 1086 ‘ 4 1948
\ b /
N o i
. /

.0} o

v s /
i th of comet /
// path of come /

e Figure 1.11 a Orbit of Halley’s comet. b A comet’s visible vapour tail.
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® Table 1.1 The planets of the solar system.

SAQ 1.12

— - e

Jupiter has 16 satellites but Galileo observed only 4:
lo, Europa, Ganymede and Callisto.

Suggest why.

Problems for Newton's theory

Newton’s laws of motion and his theory of
gravitation have been spectacularly successful not
only in explaining the motion of the Moon and
the planets and predicting the existence of
hitherto unknown planets, but also when applied
to moving objects on the Earth. But even as
Leverrier was using the theory to predict the
existence of Neptune, he was aware that it didn’t
quite fit the observed behaviour of the innermost
planet, Mercury. (For further information about

Four further satellites of Uranus have been reported, but at the time of writing they have not been officially confirmed.

this problem, and how it was resolved by Einstein’s
general theory of relativity, see chapter 7.)

Finally, Newton was well aware that his
universal law of gravitation had important
implications for the structure of the whole
Universe. Since all the evidence available at the
time indicated that the stars were static, Newton
needed to explain why the gravitational attraction
between them did not cause the Universe to
collapse. Newton realise‘;l"/that there was only one
solution to this problem: in a static Universe,
matter must be uniformly spread throughout an
infinitely large space. As astronomers since the
time of Newton extended and developed an
essentially Copernican model of the Universe in
the light of further thought and evidence, the
idea of an infinite, static Universe was shown to be
mistaken. These developments in cosmological
theory are explored in chapters 2-5.
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® Copernicus’ heliocentric model of the
Universe provided a more convincing
explanation of the observed changes in the
positions of the Sun, the planets and the
stars than Ptolemy’s long-established
geocentric model.

¢ Kepler’s laws of planetary motion are:

1 planets move in elliptical orbits around
the Sun;

2 a particular planet sweeps out equal
areas in equal times;

3 the period T of a planet is related to its
distance d from the Sun by the
relationship T2 o d°.

These laws helped to gain support for the
Copernican model by increasing its
accuracy and its simplicity.

# Further support for the Copernican model
was gained by Galileo’s discovery, through
a telescope, of the phases of Venus and the
satellites of Jupiter.

@ The following three equations:
e Newton’s second law of motion:

F=ma

e Newton’s universal law of gravitation:
mym,
dz

[

e Newton’s equation for circular motion:
mv?

T

enabled Newton himself to explain Kepler’s
laws and to calculate the correct period for
the Moon. They also enabled others to
explain the regular return of comets and
to predict the existence of the planet
Neptune on the basis of perturbations in
the orbit of Uranus.
B P S RS R .

Ouestions

1 In the Ptolemaic model of the solar system,
Venus moves on an epicycle whose centre
is on an Earth-centred deferent. The centre
of the deferent is always directly between
the Earth and the Sun (figure 1.12).

Sun

® Figure 1.12 Venus in the Ptolemaic system.

a What does the Ptolemaic model pre-
dict about the phases of Venus?

b How does this prediction compare with
what was actually observed by Galileo
once the telescope had been invented?

2 In the eighteenth century, J. E. Bode and
J. D. Titius generated a series of numbers
as follows:

start with the series 0 3 6 12 24 48 96
add 4 G R L Sy
divide by 10 08 D7 i M b7

a Complete the table of figures.

b Because Bode and Titius were
astronomers, they were quite excited
about the final series of numbers. Use
the information in table 1.1 to explain
why. (Note. The planets beyond Saturn
had not, at that time, been discovered.)

¢ Patterns in data are most useful to
scientists if they not only fit existing
observations but also predict new ones.

(1) What predictions could eighteenth-
century astronomers make from
the Bode-Titius series of numbers?

(i) How successful did these predic-
tions turn out to be?
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Beyond the solar system

By the end of this chapter you should be able to:
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and the size of the

describe the structu of

he Copernican model was primarily a model

of the solar system; for Copernicus, as for

Ptolemy, all the stars were simply placed on
the outermost sphere of the Universe. One impor-
tant difference, however, was that for Copernicus
this outermost sphere of stars had to be very
distant from the solar system, otherwise there
would be detectable parallax between stars as the
Earth moves round its orbit. This much greater
distance of the stars implied that they did not,
like the planets, simply reflect light from the Sun
but actually emitted light like the Sun. In other
words, the Sun is our local star and stars are
distant ‘suns’.

explain qualitatively how other ataxles drﬁer fram our own;

recall and use Newton's universal law of gravitation to relate the mass of a galaxy
to the orbital speed of the stars within it.

show awareness of the prmcspal contents of the Unwerse, including stars,

=)

 the apparent

sen absolute

The distances of stars

During the seventeenth century, Galileo’s
discovery of many faint stars in the Milky Way
and Newton’s idea of an infinite Universe both
indicated that stars were not all at the same
distance from the solar system. Astronomers at
that time, however, had no way of measuring the
distances to stars. The best they could do was to
assume that all stars were, in fact, equally bright
and that differences in their apparent brightness
(i.e. how bright they looked) were entirely due to
differences in their distances. The inverse square
law was then used to compare distances: a star
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which was four times as
bright as another would be
only half as far away, a star
nine times as bright only
one-third as far away, and so

on (figure 2.1).

SAQ 2.1
Newton estimated that the
Sun appeared from Earth to
be a million million (102
times brighter than Sirius, the _
brightest star in the sky. ® Figure 2.1 The inverse square law:

: ‘ observed brightness o e : 3 5
What would be Newton'’s estimate of the distance of area A (distance d)

Sirius from Earth?

W S

stars when measured from opposite sides of the

By 1838, astronomical instruments were accurate Earth’s orbit (box 2A). The adjacent stars did not
enough for F. W. Bessel to measure the distance of show any measurable parallax with each other and
the star 61 Cygni by its parallax, i.e. by the change were assumed to be so far away that their
in its direction relative to the directions of adjacent directions remained virtually unchanged.
Box 2A Using parallax to measure the Because the distances of the nearest stars are measured
distance of a star ' by their parallax, a star which has a parallax of 1 arc-second
Parallax p is defined as half of the angle through which a is said to be one par(allax) sec(ond) or parsec (pc) distant
star’s direction changes as the Earth moves from one ' from Earth.
extremity of its orbit to the other (figure 2.2). Since the further away a star is, the smaller its parallax,
By measuring the direction of 61 Cygni with respectto &
more distant stars whose direction was assumed to remain distance (pc) = m
the same, Bessel was able to measure its parallax.
The parallax of 61 Cygni 61 Cygniis — 0 3 = 3.33 pc from Earth.
. a+b : For a star at a distance of 1 parsec from Earth, the
g b complete circumference of the circle of which a 1AU arc is a

part is given by 2mpc and by 60 x 60 x 360 AU. That is,
Tpc=2x 10°AU = 3 x 10" m (which is 3.26 light-years)
61 Cygni is, therefore, about 11 light-years from Earth.

was just 0.3 seconds of arc.

® Figure 2.2 Measuring the parallax of a star. [Note. The angles on this diagram are greatly exaggerated ]
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Using photographic techniques with the most
accurate modern equipment, the smallest parallax
which can be measured from the Earth’s surface
1s about 0.01 of a second of arc (a pin-head at a
distance of ten miles!). This means that parallax
can only be used to measure the distances of the
10000 or so stars which are within 100 parsec of
Earth. Fortunately, however, astronomers
discovered how distances of certain stars could
reliably be calculated from their brightness.

SAQ 2.2

The nearest star to Earth, other than the Sun, is
Proxima Centauri which has a parallax of 0.76
seconds of arc. Calculate the distance of this star.

SAQ 2.3

How far away, in light-years, are the most distant
stars with a measurable parallax?

Stars were first classified according to their
brightness more than two thousand years ago, by
Hipparchus in ancient Greece. The brightest stars
were classified as being magnitude 1; the
dimmest stars which could be seen (with the
naked eye - there were no telescopes in ancient
Greece) were classified as being magnitude 6.
Other stars were classified at intermediate magni-
tudes in accordance with how bright they looked.

During the nineteenth century, when it became
possible to measure the intensity of the light
reaching Earth from a star, scientists found that
light from a magnitude 1 star was, in fact, about
100 times more intense than light from a star of
magnitude 6. In other words, a difference of 5
magnitudes corresponds to a ratio of 100 in the
measured intensity of light.

Since

25%X25%25%25%25=25%= 100

a difference of 1 magnitude corresponds to a ratio
of 2.5 in the measured intensity of light.

Being able to measure the amount of light
received from stars also meant that the magni-
tude scale could be extended in both directions:
the Sun has a magnitude of -26.7 and the
dimmest star that can be detected on a long-

exposure photograph using a very large telescope
has a magnitude of about +25 (figure 2.3a).

B

_15 —

+5
10 B
*15
+20

+25

Rigel
(in Orion)

Sirius

Sun

bright

jeS==hun

l«—— Venus (at brightest)

|«—— Sirius (brightest star)
Rigel

naked eye limit

binocular limit

large telescope
(visual limit)

large telescope
(photographic limit)

=5 Bigihi)
e
=1
1=t
)
e Y 5
e +10

+15

e Figure 2.3 a Apparent magnitudes and
b absolute magnitudes of stars.
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SAQ 2.4

How many times more intense is the light received

on Earth:

a from a star of magnitude 1.7 than from a star of
magnitude 4.7;

b from the Sun than from the brightest star, Sirius,
magnitude 21.46?

How bright a star looks - its apparent magnitude
- does not, however, tell us anything about how
bright the star actually is. A star which looks very
bright, for example, could be either a rather dim
star which is not too far away from Earth or a very
much brighter but more distant star. To be able to
compare the actual brightness of stars, we must
take into account how far away they are.
Astronomers define the absolute magnitude of a
star as the apparent magnitude it would have if it
were 10 parsec from Earth. The absolute magni-
tudes of stars range from -10 to +15 (figure 2.3b).

Using the inverse square law, it turns out that
the apparent magnitude m, the absolute
magnitude M and the distance d (in parsec) of a
star are related by the expression

d
el (box 2B)

Sirius, for example, has an apparent magnitude
of ~1.46 and is 2.65 parsec from Earth. The absolute
magnitude of Sirius is given by the expression

M = -1.46 - 5 Ig (0.265)

= -1.46 - 5(-0.58)
=-146 +2.9
=+1.44

SAQ 2.5

Arcturus is 11 parsec from Earth and has an apparent
magnitude of -0.1. Calculate its absolute magnitude.

Henrietta Leavitt, in 1912, discovered how the
brightness of stars called Cepheid variables could
be used to calculate their distances. The brightness
of these stars rises and falls in a very regular way
(figure 2.4), with periods ranging from a few hours
to a few weeks. Fortunately for astronomers, some
Cepheid variables are close enough for their
distances to be measured by parallax. When she

Box 2B Calculating the magnitudes of stars
The magnitudes of stars provide a way of comparing their
brightness. The apparent magnitude m of a star is related
to its intensity I by

m = -2.51g I + constant

Since a difference in magnitude of 5 represents a
brightness ratio of 100, the apparent magnitudes m, and
mg of two stars from which the radiation reaching Earth
has intensities I and I are given by the expression:

1~ j00me-mis o lg(l—“‘)=%(m5—m,\)
IB IB

[Note. A smaller magnitude implies a brighter star]
So, the difference in apparent magnitude is given by

ma—mg=-2.5 lg(II—z)

The absolute magnitude M of a star is the apparent
magnitude it would have if it were at a distance of 10
parsec. So

M-m=-25 lg(%)

However, by the inverse square law,

(-

So
" -

calculated the absolute magnitudes of these stars,
Leavitt discovered a relationship between the
absolute magnitude of a Cepheid variable and its
period (figure 2.5). Astronomers were then able to
use this relationship to calculate the distances of
Cepheid variables with apparent magnitudes and
periods that could be measured but which were too
far away to have any detectable parallax. Measuring
the distances of Cepheid variables in this way
played a crucial part in determining the scale, the
structure and even the age of the Universe.

SAQ 2.6

Describe, in as much detail as you can, the pattern in
the brightness of the star Delta Cephei shown in
figure 2.4.
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*» Figure 2.4 How the brightness of 8 (delta) Cephei varies. This star has
given its name to a whole group of variable stars called Cepheid
variables.

Absolute magnitude
N
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e Figure 2.5 Absolute magnitude—period relationship for
Cepheid variables.
[Note. Walter Baade discovered, in 1952, that there are two distinct
types of Cepheid variable. The graph is for what are known as
Population I Cepheids.|

SAQ 2.7

Polaris is a Cepheid variable with a period of about 4 days. Its
apparent magnitude varies around a figure of +2.0. Estimate the
distance of Polaris from Earth.

Galaxies

The idea that stars were not just scattered randomly throughout
space but were organised into large groups or galaxies was first
suggested from observations of the Milky Way (galaxias is the Greek
word for milk). The Milky Way (figure 2.6) is a faint, broad, continuous
band of light which can only be seen on a clear, moonless night and
when there is not too much light pollution from street lamps.
Galileo first noticed, via observations through a telescope, that the
band of light was, in fact, a vast collection of very faint stars. Thomas

Wright suggested, in 1750, that
the continuous loop of the Milky
Way could be explained if the
solar system were part of a collec-
tion of stars shaped like a convex
lens. We see more stars when we
look across the width of this
galaxy than we do when looking
across its thickness.

As this idea became accepted,
astronomers naturally wanted to
know how big the galaxy was
and whereabouts in the galaxy
the solar system was located.
Detailed star counts in different
sections of the Milky Way, made -
by William Herschel and his son
John during the late eighteenth .
and early nineteenth centuries,
gave the same results in all direc-
tions and suggested that the Sun
must be quite close to the centre
of the galaxy. Early in the twenti-
eth century, however, Harlow
Shapley used Cepheid variables
to measure the distances of the
globular clusters of stars which
surround the galaxy (figure 2.8).
His measurements indicated not
only that the galaxy was
approximately 100 000 light-years
in diameter, but also that the
Sun was rather closer to the edge
of the galaxy than to its centre.
The conflicting evidence from
star counts was later explained
in terms of dust within the
galaxy which obscured the more
distant stars. Studies of the
clouds of hydrogen gas during
the 1950s, using radiation in the
21-centimetre radio wave-band
(box 2C), indicated that the Milky
Way has a spiral rather than a
lens-like structure. The picture
of the Milky Way which has
gradually emerged is
summarised in figure 2.8.



in the same direction as the proton in the nucleus to
spinning in the opposite direction, a short burst of radiation
with a wavelength of 21 centimetres is emitted.

A 'hiss’ of this 21-centimetre radiation can be detected from
many directions in our galaxy, indicating the presence of
clouds of hydrogen gas. The wavelength of the radiation is,
in fact, shifted by varying amounts due to different clouds
of hydrogen moving at different speeds relative to the solar
system. (See page 49 for an explanation of this ‘Doppler
shift/) Using the patterns of these wavelength shifts,
astronomers have been able to map the hydrogen clouds in
our galaxy. Figure 2.7 clearly indicates a spiral structu

» Figure 2.7 Map of hydrogen clouds in the Milky
Way galaxy based on 21-centimetre radiation.
(The blank area is where the gas clouds are
moving at right angles to the line of sight from
Earth, so that no Doppler Shift can be measured.)
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¢ Figure 2.8 The size and structure of the Milky Way
galaxy.

In 1755, Immanuel Kant had developed
Wright’s idea of the Milky Way as a galaxy of stars
and suggested that the luminous patches of light
inebulae) which can be seen in many parts of the
night sky might also be galaxies of stars.
Astronomers disagreed about this idea and it was
not until 1924 that the existence of separate
galaxies was confirmed when Edwin Hubble,
using a 100-inch telescope, discovered Cepheid
variables in the Andromeda nebula and in other
spiral clusters of stars. These turned out to be
much further away than the stars in our own
galaxy. Hubble had shown that these spiral
clusters were indeed separate galaxies of stars.

Hubble was able to use Cepheid variables to
measure the distances of many local galaxies, i.e.
galaxies up to about 2.5 million light-years away.
When he calculated the absolute magnitudes of
these galaxies, however, Hubble found that they
were very similar: the difference in the magni-
tudes of the brightest and the dimmest galaxies

was only about 2.5. Most galaxies are too
far away to be able to pick out Cepheid
variables but, by assuming that all these
galaxies were of average brightness,
Hubble was able to map out the Universe
to a distance of 500 million light-years, a
region which contains about 100 million
galaxies (box 2D overleaf).

Hubble’s measurements showed that
although there are local variations in the
Universe, so that the solar system, our
own galaxy and our local group of
galaxies all have their distinctive
features, the Universe on a larger scale is
very uniform. Just as the Earth’s surface
when seen from space no longer looks
‘bumpy’ but perfectly spherical, so the
‘lumpiriess’ of the Universe is smoothed
out when seen on a larger scale. The idea
that the Universe is everywhere and in all
directions essentially the same - i.e. that
it is isotropic - is known as the
cosmological principle.

Hubble’s mapping of galaxies in effect
completed the Copernican revolution. Far from
being at the centre of the Universe as it was in the
Ptolemaic model, the Earth is simply one of the
planets of a star which is situated well away from
the centre of one of the hundreds of millions of
galaxies in the Universe. Hubble’s detailed study
of galaxies also led to what is often regarded as
the most important astronomical discovery of the
twentieth century, i.e. that the Universe is not
static but expanding. The story of this discovery is
included in chapter 5.

SAQ 2.8

The difference between the apparent magnitude and

the absolute magnitude of a Cepheid variable in the

Andromeda galaxy is 24.

a How far away is the galaxy?

b How does the distance of the Andromeda galaxy
compare with the diameter of the Milky Way?
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Box 2D More about galaxies
Galaxies may be spiral — like our own galaxy —
or elliptical in shape (figure 2.9). They are
grouped into clusters with separate galaxies
just a few galactic diameters apart.

Though they vary in size, galaxies typically
contain around 100 billion stars. The fact that
the stars which comprise galaxies are not
observed to be falling towards the galactic
centre suggests that they rotate around this
centre. Evidence from 21-centimetre radio
radiation within our own galaxy confirms this
view. Stars which are nearer than the solar
system to the galactic centre appear to move in
the opposite direction to stars that are further
away. This indicates that it is not the galaxy as
a whole which rotates but that stars orbit the
centre of mass of the galaxy in much the same
way that planets orbit the Sun.

Using other galaxies as a fixed frame of
reference, it is estimated that the Sun orbits the
centre of mass of the Milky Way galaxy with a
period of about 2.3 x 10® years.

The period T of the Sun - or of any other
star in the galaxy - is determined not by the
total mass M of the galaxy but by the mass m
of the galaxy which is within its orbit, average
radius d. The formula

S 4n’d’ a
Gm

® Figure 2.9 a Spiral galaxies.
can be used to calculate this mass, which can
then itself be used to estimate the mass of the
whole galaxy.

b

b Elliptical galaxies.

SAQ 2.9
Estimate the mass of the Milky Way galaxy (box 2D).

SAQ 2.10
What is the biggest error Hubble would be likely to
have made in his estimates of the distances of
distant galaxies by assuming they are all of average
brightness?
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® The observed brightness of stars is
compared on an apparent magnitude scale
on which the brightest stars visible to the
naked eye are magnitude 1 and the
dimmest stars magnitude 6.

- ® The distances of the nearest stars can be
found by measuring their parallax.

® The absolute magnitude M of a star is
related to its apparent magnitude m and
its distance d (in parsec) by the expression:

d
M=m-5lg—
. B

# A relationship exists between the absolute
magnitude and the period for Cepheid
variables. This greatly extends the range
over which the distances to stars can be
measured.

- ® Observations of the Milky Way suggest that
it is a spiral galaxy of stars and that the
Sun is well away from its centre.

' & Distance measurements indicate that the
Milky Way is but one of many millions of
galaxies, local clusters of which are
uniformly distributed in all directions
(the cosmological principle).

R R B S o M A NS T2

e ]
1 Summarise the overlapping methods used
to measure the distances of stars and

galaxies by making a table with the
following headings:

Method used to Distances measured
measure distance (light-years)

2 The speed at which stars are moving
towards or away from the Earth can be
measured from the Doppler shift of their
spectra. (See chapter 5 for an explanation
of this.)

Figure 2.10 shows these speeds for stars in
different parts of another galaxy, after
making allowance for the speed of the
galaxy as a whole.

+

Speed
(towards Earth)

i

1
/
(away from Earth)

@ Figure 2.10 Speeds (relative to Earth) of stars
in different parts of a galaxy.

Explain as fully as you can, what the data
in figure 2.10 indicate about the galaxy.
e e e =




CHAPTER 3

Reading the radiation
from stars

y the end of thls chapter you should be able to:
understand that stars and galaxies are |
which they emit, whilst planets in the solar s

2 sketch and interpret a Hertzsprung-Ru&seu dlagr‘

plotted against temperature, in ﬂrder to necogmse ahd |dent;fy ﬂfffemm ide
star; : o . =

explain how the composition of stellar atmnspheres may be obtamed trom.— lla
spectra; : e
- 4 sketch and interpret a graph to .illu,strafteﬁthe.vﬁriatioﬁ with anélength of ﬂaei». .
- transparency of the Earth's atmosphere for the electromagnetic spectrum.

he only source of information astronomers about 800K (K = °C + 273), the filament emits a

have about stars is from the light - and the dull red glow, i.e. it has become red-hot. As its

radiation from other parts of the electro- temperature rises further, not only does the ‘
magnetic spectrum - which reaches Earth. (Stars filament emit more light but the colour of the |
produce electromagnetic radiation themselves, light it emits also changes, first to orange and ‘
whereas we observe planets through the radiation then to yellow. Eventually, if the filament can be
they reflect from the Sun.) Astronomers have made hot enough, it emits white light or even
learned to use this radiation not only to measure light which looks distinctly blue.
the distances of stars and galaxies but also to If you look carefully at stars, you will notice
measure the temperatures of stars and to find out that they too may be any colour in the range from
what chemical elements they are made of. red, through yellow and white, to blue, so that the
Information about the temperatures and composi- colour of a star gives a good indication of its sur-
tion of stars eventually helped astronomers to face temperature. Stars are often classified by
work out the different stages in the life-histories their colours - and hence, in effect, by their
of stars. temperatures — using a scale devised in Harvard at

the beginning of the twentieth century (box 3A).
The temperatures of stars 540 3.1
Astronomers can tell how hot the surface of a star Sirius is a very bright white star. Betelgeuse and
is by the colour of the light it emits. To under- Arcturus are both red, but Arcturus is rather more
stand how they do this, think about what happens orange than Betelgeuse. Rigel is a blue star.
o gradual.ly ICIRISE The curreniiimupleah Put these stars in order of their temperatures,
filament of a light bulb. When the filament ; :
i S starting with the hottest.

becomes hot enough it starts to emit light. At
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Box 3A Classifying stars by their colour
Since the beginning of the twentieth century, stars have
been classified according to their spectral type, i.e. the
colour of the light they emit. In effect, this is classifying
stars by their temperatures. Table 3.1 summarises this
classification.

The actual letters used for spectral type are a relic from
a century or so ago when stellar spectra were classified
into many more types and before the relationship
between spectral type and temperature was recognised.

hottest

@ Table 3.1 The classification of stars.

To understand why the colour of a hot body
changes as its temperature changes, we need to
split up the radiation it emits into a spectrum of
its different wavelengths using a transparent
prism or a diffraction grating (figure 3.1).

collimating
lens

' . prisny
. telescope focuses

incoming light here

photogrgphic plate .: _

e Figure 3.1 Splitting radiation into a spectrum.
The collimating lens produces a parallel beam of
light. Different wavelengths are deviated different
amounts by the prism and are brought to a focus
at different points on the photographic plate.
Lenses and prisms absorb light; a better
spectrometer can be made using mirrors and a
diffraction grating. The intensities of different
wavelengths can also be directly measured
electronically.

visible spectrum

et e

Relative
intensity

x 1
0 1 2 3
ultraviolet —» <+—infrared il WS
Wavelength (m x 10™°) (um)

e Figure 3.2 Radiation energy profiles at different
temperatures.
The broken lines show how the peak intensity, and
the wavelength at which this occurs, vary with
temperature. The overall intensity is represented
by the area under the graphs.

Once radiation has been split into a spectrum,
its intensity at each wavelength can be measured.
A hot solid body emits radiation across a broad
range of wavelengths, with a peak intensity at
one particular wavelength. The higher the
temperature of a body:
® the shorter the wavelength at which peak

intensity occurs; and
E the greater the intensity at each wavelength,

i.e. the higher the overall rate at which a given

area of its surface radiates energy (figure 3.2).
The radiation profile of a hot body depends not
only on its temperature, but also on the nature of
its surface. Surfaces which are good absorbers
(and therefore poor reflectors) of a particular
wavelength of radiation are also good emitters of
those wavelengths. A perfectly black surface is one
which absorbs all the light radiation which falls
on it. We can extend this idea to include all other
types of electromagnetic radiation and imagine a
perfectly black body which absorbs all the
radiation which falls on it. Such a black body
would also be a perfect emitter of all wavelengths
of electromagnetic radiation..

In 1893, using the best black body he could
make, Wilhelm Wien discovered the following
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relationship between the temperature T and the
wavelength which has the maximum rate of
energy emission Apy,y:

Amax T = constant

(If T is in kelvin and A, in metres, the constant
has the value 2.9 x 10°mK)

This relationship is now known as Wien’s
displacement law.

If Amax for a body is measured, its temperature
can then be calculated. For example, if the
filament of an electric light bulb emits more
energy at a wavelength of 1 X 10°m (1 pm) than at
any other wavelength, the temperature of the
filament is given by

A T=29 %103 mK
That is,

S SN b
el A0
=2900K

This calculated temperature, which is called the
black-body temperature, will not be exactly right
because the filament is not a perfectly black body.
The surface of a star is, however, believed to be .
very nearly a black body so that measuring A,
gives a reliable measurement of its temperature
(figure 3.3).

® Figure 3.3 The Sun as a black-body radiator.
The broken curve is for black-body radiation. Curve A is radiation from the Sun which reaches the
Earth’s atmosphere. Curve B is radiation from the Sun which reaches the Earth’s surface (see page 32).

SAQ 3.2

Use the information from figure 3.3 to calculate the
temperature of the Sun’s surface.

Early in the twentieth century, some interesting
patterns were discovered by plotting, on a graph,
the absolute magnitude of stars against their
temperature. Such a graph is now called a
Hertzsprung-Russell diagram (H-R diagram),
after the two astronomers who separately discov-
ered these patterns (figure 3.4). _

Most of the stars on an H-R diagram fall on a
band crossing the diagram diagonally from top
left to bottom right. These are known as main
sequence stars.

There is a cluster of relatively cool, red stars in
the top right quarter of the H-R diagram whose
absolute magnitudes indicate that they are very
bright. Since a cool star radiates energy at a
relatively low rate per unit area, these stars must
be very large. Typically they have diameters
10-100 times greater than the Sun and are known
as red giants.

Finally, there is a cluster of relatively hot, white
stars in the bottom left quarter of the H-R
diagram. The absolute magnitudes of these stars
indicate that they are rather dim. Since a hot star
radiates energy at a relatively high rate per unit
area, these stars must be very small. Typically they
are about the size of the Earth, i.e. about
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® Figure 34 The Hertzsprung-Russell diagram.
[Note. Temperature increases towards the left.|

one per cent the diameter of the Sun, and are
known as white dwarfs.

SAQ 3.3

Comment on the position of the Sun on the H-R
diagram.

By estimating the masses of stars (box 3B),
astronomers discovered that there was a relation-
ship between the mass of a main sequence star
and its position on an H-R diagram. The hottest,
brightest stars at the top left of the main
sequence on an H-R diagram are the most
massive (up to about 50 times the mass of the
Sun). The coolest, dimmest stars at the bottom
right of the diagram are the least massive (as little
as 0.05 of the mass of the Sun).

The composition of stars

Oddly enough, we can find out which chemical
elements stars are made of from the radiation we
don’t receive from them. To explain this, we need
to understand what is happening to the atoms of
a substance when they emit radiation.

Box 3B Using binary star systems to
estimate stellar masses

About half of the stars we can see are members of
multiple star systems in which two or more stars orbit
each other. By carefully observing the orbits of the two
stars in a binary system, astronomers can calculate their
masses.

There are some binary star systems in which both stars
are visible. The period of the orbit of either star around
the other can then be measured (figure 3.5a). Provided the
distance of the stars from Earth is known, the distance
between the stars can be calculated from their angular
separation. Their combined mass can then be calculated
from the following relation, derived by Newton from
Kepler’s third law (though not applied by him to
binary stars):

kad®

m;+mp= ?

where my + my is the combined mass of the two stars, a
is the distance between them, and T is the orbital period
in years.

If m; and m» are in terms of the Sun’s mass and a is in
AU, then k = 1.

In actual fact, each of the two stars in a binary system
orbits their common centre of mass which does not itself
move against the background of stars (figure 3.5b).

The relative masses of the stars are inversely
proportional to their relative distances from this common
centre of mass. The individual mass of each star can be
calculated from their total mass and their relative masses.
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® Figure 3.5 Orbits of stars in binary systems.

a The time taken for either star to orbit the other
can be measured.

b In actual fact, both stars orbit their common
centre of mass, X.
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An atom comprises a very small, massive
nucleus surrounded by a much larger volume
which is occupied by electrons. When an atom
absorbs energy, one or more of these electrons
may become excited, i.e. ‘jump’ to a higher energy
level. If an excited electron then returns to its
original energy level, energy is released as
radiation. The wavelength of the radiation emit-
ted by a particular electron depends on precisely
the amount of energy it releases as it returns to
its unexcited state. The larger the amount of
energy released by an electron, the higher the
frequency - and the shorter the wavelength - of
the radiation it emits.

When atoms are very close together, as they are
in a solid or in the dense matter of a star, there
are so many different interacting forces that the
electrons in atoms make energy jumps of all sizes
within a certain range. This will produce
radiation of all frequencies within a certain range,
$O a continuous spectrum is produced.

If atoms are well separated, however, as they are
in a gas, the forces of interaction between them
will be very small except when they are actually
colliding. The electrons in each particular type of
atom, therefore, have only a relatively small
number of possible energy levels. Whenever an
electron releases energy by moving between a
particular pair of these levels, exactly the same

e Figure 3.6 Electron jumps and radiant energy.
When electrons ‘jump’ from a higher energy level
to a lower one, radiation is emitted. The larger the
energy jump, the shorter the wavelength of the
radiation emitted.

amount of energy is released and exactly the same
wavelength of radiation is emitted (figure 3.6).

In a gas, each type of atom emits its own
distinctive wavelengths of radiation; when these
are separated, using a prism or diffraction grating,
the resulting emission spectrum consists of a set
of narrow lines. Individual elements can be
identified by the particular lines in their emission
spectra, just as individual human beings can be
identified by their particular fingerprints (figure 3.7).

SAQ 34
Explain why a sodium vapour lamp, a mercury
vapour lamp and a neon sign each produces its
own distinctive colour of light.

The spectrum produced by the radiation from a
star, however, is neither an emission spectrum
consisting of bright lines nor a continuous
spectrum. It is, in fact, a continuous spectrum
with dark lines where certain wavelengths of radi-
ation are missing. These lines were first discovered
in the Sun’s spectrum by Joseph von Fraunhofer,

® Figure 3.7 Emission spectra of some elements:
a helium, b hydrogen and ¢ sodium.
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Figure 3.10 Detecting elements in the Sun.

a Dark lines in the (absorption) spectrum of
sunlight.

b The emission spectrum for iron in the same range
of wavelengths.

Figure 3.8 The a absorption and b emission
spectra for helium. The dark Fraunhofer lines are, therefore, the

Dark lines in the absorption spectrum of any absorption spectra of the elements in the
element exactly match the bright lines in its

emission spectrum.

atmosphere of the Sun or stars and are at exactly
the same wavelengths as the bright lines in the

in 1814, and are now known as Fraunhofer lines emission spectra of those elements (figure 3.8b). By
(figure 3.8a). matching the lines in a star’s absorption spectrum
Fortunately, we can learn just as much from with the lines in the emission spectra of
Fraunhofer lines as we can from an emission elements, astronomers can identify the chemical
spectrum. Most of the radiation from a star is elements in the atmosphere of the star (figure 3.10)

emitted from its very hot surface. The dark lines
are produced because atoms in the somewhat
cooler atmosphere of stars absorb exactly the same
wavelengths of radiation that they emit. Of course,
they continually re-emit this radiation, but they do
so in all directions so that much less is emitted in
the direction in which it was originally

travelling (figure 3.9).

2 B

Explain what the spectra in figure 3.10 indicate about
the Sun’s atmosphere. Box 3D gives more details.

emission spectrum

e

white light

absorption spectrum

Figure 3.9 How an absorption spectrum is produced.

For simplicity, only the strong lines in the yellow region of the spectrum are shown. Yellow light

at these two wavelengths is absorbed by the sodium atoms and re-emitted in all directions.

The intensity of these wavelengths travelling in the original direction is, therefore, greatly reduced.
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Box 3C Reading the radiation from across
the electromagnetic spectrum

Radiation from stars and galaxies reaches the Earth not only
as light but also from other regions of the electromagnetic
spectrum. Until the mid-twentieth century, however,

| astronomers concentrated entirely on visible radiation. One

obvious reason for this is that they could detect this
radiation with their own eyes, whereas other types of
radiation have to be detected in some other way - for
example through using special film or electronic devices.

It is important to realise that the Earth’s atmosphere only
allows radiation in two bands of wavelengths to pass
through easily (figure 3.17). One of these ‘windows’
corresponds quite closely to the range of visible
wavelengths, though it also extends partly into the infrared
and ultraviolet regions of the electromagnetic spectrum. The
other band of radiation for which the atmosphere is
transparent is radio waves with wavelengths between about
10 centimetres and 100 metres.

Earth-based telescopes

The atmosphere is not, however, perfectly transparent for
light. This is partly due to absorption by molecules in the
atmosphere and partly due to scattering, mainly by dust
particles but also to some extent by molecules. This is why
large — and expensive — optical telescopes are placed in
observatories on high mountain sites (figure 3.12) in parts of
the world which are as free as possible from atmospheric
pollution and the light pollution which street lights in towns
and cities create. Observations in the near infrared region
of the electromagnetic spectrum are also possible from
such sites.

Key

transparent

Type of radiation

partial
absorption

gamma

opaque

X-rays

ultraviolet
visible
infrared
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® Figure 3.11 Radiation windows in the
atmosphere.

The existence of an atmospheric window for a band of
radio waves explains why the first non-optical telescopes
developed by astronomers were radio telescopes (figure
3.13). The first observations of radio waves from
astronomical bodies were made during the 1930s.

On the 4200 m summit of Mauna Kea, in Hawaii, there
are nine major telescopes: three for short radio
wavelengths, and six for visible and infrared radiation.

e Figure 3.12 The 1.2 metre UK Schmidt optical
telescope, on a remote mountain in New South
Wales, Australia. This is used to photograph the
southern sky. Each 0.33 m x 0.33 m photographic
plate contains images of up to a million stars and
galaxies. Galaxies up to 10° light-years away are
recorded.
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Telescopes in space
To make observations at visible wavelengths which are
entirely unaffected by the Farth’s atmosphere requires using
a spaceship or artificial satellite as the observation platform.
Doing this is, of course, very expensive. The Hubble
telescope, for example, which was put into orbit in April
1990, cost $1.2 billion. In December 1993 it cost a further
$630 million to correct design faults which were only
discovered once the telescope was in orbit (figure 3.14).

Effective observation of radiation at other wavelengths,
for example X-rays, ultraviolet and infrared radiation and
microwaves, requires putting the detection devices into orbit
above the Earth’s atmosphere. Examples include the Cosmic
Background Explorer Satellite (COBE, 1989) for detecting
microwaves (box 5E on page 52) and the more recent NASA
Compton Observatory, a space-craft that detected bursts of
gamma radiation. These involve the emission of very large
amounts of energy and may be due to collisions between
neutron stars or to black holes swallowing up neutron stars
(see chapter 4).

Some of the discoveries astronomers have made from
observations in these regions of the electromagnetic
spectrum are included at various places in this book.

® Figure 3.13 The Jodrell Bank radio telescope, Cheshire,

Can we afford cosmology?
Because of the very high cost of putting
satellites into orbit, astronomers have to fight
hard to obtain the necessary funding, This has
become increasingly difficult especially since
satellites designed to find out, for example,
about distant parts of the Universe — unlike
communications satellites and weather
satellites — have no obvious economic pay-off.
Indeed, funding for astronomical research
of any kind, as for any other scientific research
that is not directly targeted at enhancing the
economy, is under increasing pressure. A
good standard of living, including expensive
items such as health care, a safe environment
and national security, is obviously very
important. However, quality of life, which
includes not only the arts but also the quest
for a better understanding of the Universe
simply because of the desire to know, is
considered by many people to be equally
important. Getting the balance right, especially
when the quality of many people’s lives could
be greatly increased by improving their
standard of living, raises serious political and
moral issues.

® Figure 3.14 The Hubble telescope.

Finally, it is important to remember that
radiation reaches Earth from space not only as
light but also from across the whole electromag-
netic spectrum. Astronomers have, since the late
1930s, discovered a great deal about the Universe

from their observations of these other types of
radiation and by interpreting their spectra in just
the same way as they had learned to interpret
visible spectra (box 3C).
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| Box 3D Elements in the Sun

Table 3.2 shows how many atomic nuclei there are of
each of the commonest elements for each 10° hydrogen
nuclei (protons).

Numberof  Elements

atomic nuclei

1000000 hydrogen

60000 helium

100-1000 oxygen, carbon

10-100 nitrogen, silicon, neon,
magnesium, iron, sulphur

1-10 sodium, aluminium, argon,
calcium, nickel

@ Table 3.2 The proportions of different elements
in the Sun’s atmosphere.

How helium was discovered
In 1868, Norman Lockyer noticed in the Sun’s spectrum a
line that did not correspond to any known element.
Lockyer had discovered a new element which he called
helium after the Greek word for the Sun - helios. More
than 20 years later, a gas which was released when
heating uranium ore was found to produce the same lines
in its emission spectrum. We now know that the alpha (o)
radiation emitted by radioactive uranium atoms consists
of particles which are, in fact, the nuclei of helium atoms.
Though there is very little helium on Earth, helium is the
second most common element in the Sun, in other stars,
and in the Universe as a whole.

Of the 92 naturally occurring elements, 67 have been
detected in the Sun.

VIIVIAK

4 The radiation emitted by stars can be split
up into spectra so that we can examine the
different wavelengths of radiation they
contain.

# The temperature of a star can be measured
by identifying the wavelength at which most
energy is emitted and comparing this with
what we know about the energy emitted by
a black body at different temperatures.

@ The chemical elements present in stars can
be identified by comparing the dark lines
in stellar spectra with the absorption
spectra of the separate elements.

# Plotting the absolute magnitudes of stars
against their temperatures on a
Hertzsprung-Russell diagram indicates
that there are three types of star:

e main sequence stars,
e red giants and
e white dwarfs.

# The Earth’s atmosphere is transparent only
to electromagnetic radiation in the regions
of light and of shorter wavelength radio
waves. Electromagnetic radiation from
stars in other regions of the electromag-
netic spectrum can be observed only from
above the Earth’s atmosphere.

_

1 Figure 3.15 shows how the movement of
two adjacent stars, towards or away from
Earth, varies with time. (These speeds can
be measured from the Doppler shift of
their spectra as explained in chapter 5.)

Explain, in as much detail as you can,
what figure 3.15 suggests about the two
stars.
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e Figure 3.15 Speeds (relative to Earth) of two
adjacent stars.




HAPTER 4

The life-histories of stars

By the end of this chapter you should be able to:

describe the nu

2 calculate the e‘
within the Sun;
describe how cloud
into stars; '

recall that main se

spends on the main

6 describe the proba
- evolution on a He

he Hertzsprung-Russell (H-R) diagram (figure

3.4) incorporates information about the absolute

magnitudes, temperatures, sizes and masses of
stars. It is essentially a very useful summary of
these features of the stars as they now are (or, more
correctly, as they were at the time when the radia-
tion now reaching Earth was originally emitted).

However, since stars are radiating energy at a

colossal rate, it follows that they cannot continue
to do this indefinitely. Stars, like things on Earth,
must change with time. Astronomers have long
suspected that different groups of stars on the
H-R diagram - main sequence stars, red giants
and white dwarfs - might represent not so much
altogether different types of star but rather differ-
ent stages in the life-histories of stars. To be able to
interpret the H-R diagram in this way, however,
astronomers first needed to understand how stars
can radiate energy so fast for so long.

The source of stars’ radiant energy

During the second half of the nineteenth century
and the early years of the twentieth, explaining
the source of the Sun’s radiant energy was a

1

taking place

j helium, form

star, the time it
mass;
represent this

particularly troublesome problem. By any known
chemical or physical process, the Sun had enough
mass to release energy at more or less its present
rate for only a very small fraction of the time
needed for either geological or biological evolu-
tion to have occurred.

Einstein’s special theory of relativity, published
in 1905, offered a possible solution to this prob-
lem. Scientists had previously believed that, in any
closed system, nothing that happens can change
either the total mass or the total energy of that
system. One of the implications of Einstein’s
theory, however, is that mass can be converted
into energy and vice versa, and that it is the mass-
plus-energy of any system which remains
constant. Einstein’s theory also indicated that
mass and energy were related by the formula

E=Amc®

where E is energy (]), Am is change in mass (kg),
and c is the velocity of light (ms™).

SAQ 4.1

How much energy would be released by a loss in
mass of 1g?
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Because light travels very quickly (3 x 108 ms?),
a very small loss in mass results in the release of a
very large amount of energy. The loss of a small
percentage of the Sun’s mass, therefore, has
allowed it to radiate energy at its present rate for
the billions of years scientists have estimated were
needed for geological and biological evolution.

SAQ 4.2

The Sun’s mass is approximately 2 x 10¥kg, It
radiates energy at a rate of 4 x 1026 Js™'. Scientists
estimate that the Sun can continue to radiate energy
at its present rate until a further 0.035% of its mass
has been lost. Calculate how long this will take.

Stimulated by this idea of the inter-convertibility

of mass and energy, and by many discoveries

about the structure of atoms, physicists gradually

developed theories concerning how, at the very

high temperatures found in the core of the Sun

and other stars, small atomic nuclei might join

together - or fuse - to produce larger atomic

nuclei. They were eventually able to calculate

the following details of such thermonuclear

fusion reactions:

® which particular atomic nuclei would fuse:

® the atomic nuclei which would result from
these fusions;

® the minimum temperature at which each
fusion reaction would occur;

® the loss of mass involved and thus the amount
of energy released.

For example, the reaction believed to occur in
the Sun’s core, at a temperature of about 15
million kelvin, is the fusion of hydrogen nuclei
(symbol: {H) to form helium nuclei (symbol: 3He).
The net result of this nuclear reaction is:

4;H — $He + 2 neutrinos + 2 positrons

Positrons are the anti-matter equivalent of
electrons so that when a positron encounters an
electron they annihilate each other. This very
quickly happens to the positrons from the above
fusion reaction, the loss of mass from each
annihilation resulting in the emission of a photon
of gamma radiation. Overall, during this fusion
reaction, approximately 0.7% of the initial mass is

converted to energy. Because the fusion of hydro-
gen nuclei releases energy, it is often referred to
as hydrogen burning. It is important to remem-
ber, however, that the nuclear reaction involved is
totally different from what is normally meant by
burning, i.e. the chemical reaction of combustion.

A very high temperature is needed for this
thermonuclear fusion reaction because atomic
nuclei are positively charged and must have
enough kinetic energy to overcome the increas-
ingly large force of repulsion between them as
they are brought closer and closer together. Once
the nuclei are sufficiently close, however, a short-
range force of attraction known as the strong
force is able to hold them together. It is, of course,
highly unlikely that four hydrogen nuclei will all
meet with sufficient energy in the same place and
at the same time to fuse and form a helium
nucleus. The reaction actually occurs in several
stages (box 4A).

Once physicists had worked out the details of
hydrogen burning, and of various other thermo-
nuclear fusion reactions occurring at even higher
temperatures, astronomers were then able, for the
first time, to produce a satisfactory account of the
life-histories of stars. Though there is much detail
we still do not understand, and though we may
need to revise our views in the light of future dis-
coveries, most astronomers believe the account of
the life-history of stars which is outlined below to
be substantially along the right lines.

The birth and life of a star

What people sometimes think of as empty space
in fact contains gas, and it is from this gas that
astronomers believe stars are born. The gas is
mainly hydrogen, with some helium and smaller
amounts of other substances also present. In most
regions of space the gas is very thinly dispersed:;
on average there is just one atom per several
hundred cubic metres of space. In some regions of
space, however, the gas is rather denser than else-
where. In such interstellar gas clouds, atoms of
hydrogen (usually joined in pairs to form mole-
cules) and atoms of helium may be close enough
and cool enough - i.e. moving slowly enough -

to be drawn together by their gravitational
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Box 4A Hydrogen burning: the
thermonuclear reaction in main sequence
stars
The main process by which hydrogen nuclei fuse to
produce helium nuclei is rather more complicated than
the overall equation for the reaction suggests.

First two protons fuse to form a deuterium nucleus
(figure 4.1a):

H+1H - 3H +v + Qe

[Note. H means that a deuterium nucleus has 2
nucleons, i.e. protons+neutrons, and 1 unit of positive
electrical charge.]

Then a further proton fuses to produce a helium-3
nucleus (figure 4.1b):

IHY + 2H > 3He

Finally, two helium-3 nuclei fuse producing a helium-4
nucleus and releasing two protons (figure 4.1¢):

3He + 3He — 3He + 2!H

[a]

o + e =5 3+v+e".
-3
- $-8

Key

?- 0@

° proton
0 neutron
v neutrino
5 :
e positron

® Figure 4.1 Three stages in the process of
hydrogen burning.

attraction for each other. If, within such a gas
cloud, an area develops in which the atoms are
rather closer together than in surrounding
regions, they will more strongly attract each
other. This will result in the density of the gas
cloud increasing further so that atoms will not
only attract each other even more strongly but
will also attract atoms from an increasingly large

surrounding region. A positive feedback loop of
this kind may eventually produce a proto-star, i.e.
a local concentration of atoms which is large
enough to create a star.

As the atoms in the proto-star are drawn closer
together, a reduction in their gravitational
potential energy is balanced by an increase in the
kinetic energy of their random, disordered
movement. In other words, the temperature rises.
When the temperature reaches about 3000 kelvins,
the nuclei of the hydrogen and helium atoms can
no longer hold on to their orbiting electrons, and
when the temperature reaches several million
kelvin hydrogen burning begins. Once this thermo-
nuclear fusion reaction has ignited, enormous
amounts of energy are released and eventually a
state of equilibrium is reached in which:
® the energy radiated by the star exactly balances

the energy released by thermonuclear fusion,

so that the star maintains a steady temperature;
® the thermal and radiation pressure acting

outwards from the core exactly balances the

gravitational pressure tending to collapse the

star’s mass inwards, so the star maintains a

constant size.

The main sequence stars on a Hertzsprung-
Russell diagram are in this steady state. Whereas
it takes only a relatively short time for stars to
form - between ten thousand and a million years,
depending on their size - they stay as stable, main
sequence stars for much longer. The greater the
mass of a star, however, the faster its rate of
hydrogen burning and the shorter its life as a main
sequence star (table 4.1).

It is not possible to see stars being born in inter-
stellar gas clouds because of the dust particles -
containing elements other than hydrogen and
helium - which are also present. Infrared
telescopes, however, penetrate this dust and have
provided some direct observational evidence to

® Table 4.1 Lifetimes of main sequence stars.
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SAQ 4.5
Where, on an H-R diagram, would you expect a star
to be during the period when it is developing into a
stable, main sequence star?

Despite the fact that a small loss in mass results
in the release of an immense amount of energy,
all of the hydrogen in the core of a star will
eventually be used up so that it can no longer
maintain its stable equilibrium and remain a
main sequence star. Hydrogen burning may
continue in a shell surrounding the core, but the
core itself will contract. As with the initial
contraction which formed the star, the reduction
in gravitational potential energy is balanced by an
increase in kinetic energy, i.e. the temperature of
the core rises. This increases the rate of energy
output from the core which then causes the star
to expand considerably. As the star expands, its

® Figure 42 The Orion nebula: a star nursery. | outer layers cool and a type of star known as a red

Radiation from the stars which have formed | giant is eventually produced (figure 4.3).
causes the remainder of the gas cloud from which

they were created to glow.

SAQ 4.6
On an H-R diagram, variable stars, including
Cepheid variables, form a diagonal line from
mid-way along the main sequence to the region of
the red giants. What does this suggest about
variable stars?

support the above theory. Once a star is formed,
the intense radiation it emits forces away any
remaining gases from its immediate surround- 1
ings, making the star visible, and also causes a |
large region of the surrounding gas cloud to glow.
The Orion nebula is believed to be
the glowing gas cloud surround-
ing a ‘nursery’ of young stars

,hyc}raggn burning shell

(figure 4.2). !
. - helium core
SAQ 4.3 ~ hydrogen
What pattern does table 4.1 suggest & el
about the relationship between the T \. o
mass of a main sequence star and o

its rate of hydrogen burning? How
could this pattern be explained?

e Sun as a main sequence star -
(@iameter = 1.4x10°km)

SAQ 4.4

If a collapsing mass of gas is less S o e

than 0.05 of the Sun’s-mass, a main - . iameter=14x 107 Kkm)
sequence star will not be produced. e i ,

Explain why. What would you ® Figure 43 The Sun as a red giant.

expect to be produced? When the Sun eventually becomes a red giant, its atmosphere will

expand to engulf Mercury, Venus and ultimately the Earth itself.
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As the core of a red giant continues to contract,

its temperature eventually rises high enough

(around 100 million kelvin) to ignite another

thermonuclear reaction known as helium

burning. Helium burning is a multi-stage process.

m First, two helium nuclei fuse to produce a
beryllium nucleus:

2He — Be

®m Next, another helium nucleus is added to
produce a carbon nucleus, a photon of gamma
(y) radiation also being emitted:

B+ e - (L +Y%

m Finally, the carbon nucleus may fuse with a
further helium nucleus, to produce an oxygen
nucleus, again with the emission of gamma
radiation:

GC+xHe — 0+

[Note. In the above equations, the nucleon and
proton numbers of the atomic nuclei have been
omitted.]

Core helium burning can maintain a red giant
in a stable state for 10% to 20% of the time it
spent as a main sequence star. As with core hydro-
gen burning, however, all the core helium will
eventually be consumed; the equilibrium will

e Figure 4.4 Helix: a planetary nebula.
The star which produced this nebula can be seen at the exact centre.
[Note. The name ‘planetary nebulae’ is rather misleading since they
have no connection whatsoever with planets. They were thought to

resemble planets when first seen through a telescope and the name
has stuck/]

then no longer be maintained and the core of the
star will collapse once more. What then happens
depends on how high the temperature rises as a
result of this collapse and this, in turn, depends
on the mass of the star. If a star’s mass is below a
certain critical level, its death is a relatively peace-
ful affair; if, however, its mass is above the critical
level, its death is violent and spectacular.

The death of a star

For red giants whose mass is less than about three
times the mass of the Sun, the temperature
reached in the core after the completion of
helium burning will not be high enough to ignite
any further thermonuclear reactions. The star
will, however, become unstable and shed the
outer layers of gas which make up approximately
half its mass. This gas may be ionised by the
intense radiation from the core. The resulting
glow is known as a planetary nebula (figure 4.4).
The core of the star continues to collapse into a
smaller and smaller space, and become corre-
spondingly more dense, until the electrons —
which are responsible for most of the volume of
matter as we know it on Earth - are packed
closely enough together to generate an effect
known as Fermi pressure. This pressure then

e Figure 4.5 Sirius and its white
dwarf companion.
‘Wobbles’ in the position of Sirius
- the star which looks brighter
than any other from Earth - led
to the discovery of its binary
partner, a white dwarf (at a
9 o’clock position with respect to
Sirius in the photograph).
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prevents any further collapse. The eventual result
is a very hot star which is very small, typically
about 1% of the diameter of the Sun, and which
has a very high density, typically 1 tonnecm™, i.e.
several tonnes per teaspoonful. Such stars are the
white dwarfs on the Hertzsprung-Russell
diagram. White dwarfs are not very bright stars
and are difficult to see, even using large
telescopes (figure 4.5). They gradually cool,
becoming progressively dimmer as they do so.

There is, however, an upper limit to the size of a
white dwarf. In 1930, Subramanyan Chandrasekhar
calculated that if a white dwarf has a mass greater
than 1.4 times the mass of the Sun - a mass now
known as the Chandrasekhar limit - even the
Fermi pressure of electrons will not be able to
support the immense gravitational pressure
exerted on the core. The electrons will combine
with protons in the nuclei of atoms - producing
neutrons - and the collapse will then continue
until these neutrons are themselves tightly packed.
This final collapse will be very rapid - taking less
than a second - and will be accompanied by an
extremely rapid rise in temperature.

A red giant which is massive enough to collapse
beyond the stage of a white dwarf does not do so
immediately after the completion of its helium
burning. One or more of a series of further thermo-
nuclear reactions first occur, each of which
produces an equilibrium and prevents further
collapse until its fuel is exhausted (box 4B). Each
successive reaction is ignited, however, only if
gravitational collapse of the core on completion of
the previous thermonuclear reaction produces a
sufficiently large increase in temperature.

When the fuel for a red giant’s final thermo-
nuclear reaction is exhausted, its collapsing core
exceeds the Chandrasekhar limit. The collapse
will, therefore, continue until the neutrons of
which the core is now exclusively made are them-
selves compressed as tightly as they will go. The
combined effect of the shock wave which is
produced when the very rapid final collapse is
suddenly brought to a halt and the intense
radiation pressure from the immensely hot core
then causes the star to explode. The result is
known as a supernova and may, for a few days,
emit as much radiation as a complete galaxy of

Box 4B Further thermonuclear

reactions in red giants

If the mass of a red giant is great enough, one or more of

the following sequence of thermonuclear reactions may

occur after helium burning is complete:

® if, after helium burning ceases, the temperature reaches
600 million kelvin, carbon burning occurs, producing
neon and magnesium nuclei;

m if, after carbon burning ceases, the temperature
reaches 1 billion kelvin, neon burning occurs,
producing oxygen and magnesium nuclei;

E if, after neon burning ceases, the temperature reaches
1.5 billion kelvin, oxygen burning occurs, producing a
variety of nuclei, including silicon;

® if, after oxygen burning ceases, the temperature
approaches 3 billion kelvin, silicon burning begins.
This involves many nuclear reactions, the final product
of which is very stable iron nuclei.

Further nuclear fusion would not result in the release of

energy and so does not occur.

Each of the reactions in the series occurs more rapidly
than the last, from a few hundred Earth years for carbon
burning to around a day for silicon burning.

SAQ 4.7

Explain the presence of the most common ele-
ments in the Sun (table 3.2 on page 34).

stable stars before becoming a rather less
prominent nebula (figure 4.6).

In the extreme temperatures and pressures
which prevail during a supernova explosion,
further thermonuclear fusion reactions occur

which absorb rather than release energy. This is

® Figure 4.6 The Crab nebula: the remains of a
supernova which was observed in 1054.
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how the elements with atomic nuclei more
massive than iron are created. Nuclei of these
elements continue to exist in the debris of the
explosion which rapidly cools as it is dispersed
into the hydrogen and helium gas in the surround-
ing region. In the course of time, local density
fluctuations and gravitational attraction may then
cause these clouds of gas and dust to collapse and
so give birth to a new generation of stars.

Stars, then, change with time. They are born,
live out their lives and die, in some cases produc-
ing the raw materials from which other stars are
born. But if stars have a life-history, what of the
Universe as a whole? Has it always been the way it
now is or does it, too, have a life-history? If so,
how and when did it start and how is it likely to
end? These fundamental cosmological questions
are examined in chapter 5. First, however, various
other types of star, all of which were discovered
during the second half of the twentieth century,
will briefly be considered.

SAQ 4.8

We know, from spectroscopic analysis, that the Sun
contains the nuclei of many elements heavier than
iron. What does this indicate about the origin of
the Sun?

SAQ 4.9

There are far more main sequence stars than there
are red giants or white dwarfs. Why is this?

Neutron stars and black holes

Detailed calculations using computer models
suggest that, under certain conditions, part of a
star’s core might remain intact after a supernova
explosion and so form a neutron star. Such a star
would have a density more than a hundred
million times greater than a white dwarf, which
itself has a density almost a million times greater
than the Earth. A neutron star with the same
mass as the Sun would have a diameter of only
about 30 kilometres and a teaspoonful of material
from it would have a mass of several hundred
million tonnes.

Though the theoretical existence of neutron stars
was clearly suggested by calculations, most
astronomers did not, until 1967, believe that they
actually existed. Some unexpected observations
made by the young Cambridge astronomer Jocelyn
Bell and her supervisor Antony Hewish were to
change all that. Having helped him to set up 2048
dipole antennae covering an area the size of three
football pitches (figure 4.7), they were using them
to survey galaxies which emitted radio waves, i.e.
low frequency electromagnetic radiation. The
signals received by the array of antennae were
automatically plotted, and one day, when
examining the chart, she noticed an unusual
looking signal.

On checking back, she found that the signal
had occurred several times before. Hewish and

® Figure 4.7 Jocelyn Bell (now Professor Jocelyn
Bell-Burnell) and the dipole array.
Note the ‘low-tech’ nature of the dipole array
which led to the discovery of pulsars.
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Bell then set up special recordings and found that
the signal was a series of beeps with a period of
1.3373011 seconds, regular to an accuracy of
better than a millionth of a second. Careful
checks showed that the pulses were not being
produced on Earth, for example by electronic
equipment. Other pulsating radio sources were
also discovered in different areas of the sky,
including one in the Crab nebula - a supernova
remnant - with a period of one-thirtieth of a
second. These pulsating sources of radio-wave
radiation were given the name pulsars.
Assuming that the frequency of the pulses
corresponds to the frequency at which a pulsar
vibrates or rotates, pulsars must be very small
bodies. The intensity of the radio signals from
pulsars which reach Earth, hundreds of light-years
away, suggests that they are also very massive and
very dense. The most plausible explanation of
pulsars is that they are neutron stars (box 4C).

SAQ 4.10
Explain why it is likely that only a small proportion
of pulsars can be detected from Earth.

The theories developed by astrophysicists, about
what can happen as burnt-out stars collapse, pre-

dict the possibility of a further stage of develop-
ment beyond a neutron star. If the mass of a J
neutron star is greater than about three solar
masses, neutrons would no longer be able to with-
stand the immense gravitational pressure and the
core of the star would shrink to an infinitesimally
small point with an infinitely high density. For a
radius of a few kilometres around such a point,
the gravitational field would be so strong that not
even light and other forms of electromagnetic
radiation could escape. We would have what is
known as a black hole.

As with neutron stars, most astronomers once
thought that black holes, though theoretically
possible, did not actually exist and left specula-
tion about them to writers of science fiction.
Though we cannot, by definition, ever see a black
hole, we should, if they exist, be able to detect
their effects. There are, in fact, a number of

observations which suggest that black holes do
exist. First, mass calculations for some binary I

stars suggest that the ‘invisible partner’ is too
massive to be either a white dwarf or a neutron
star and might, therefore, be a black hole.
Secondly, many very bright sources of radiation in
the radio-wave region of the electromagnetic
spectrum have been observed by radio

Box 4C Are pulsars neutron stars?

The Sun rotates approximately once per month. If it
collapsed to the size of a neutron star, its angular
momentum would remain the same. The huge reduction
in diameter would, therefore, greatly increase its rate of
rotation. It would, in fact, rotate about once per second,
ie. at approximately the same frequency as the radio
pulses from a pulsar.

The Sun, like other stars, has a magnetic field. If the Sun
collapsed to the size of a neutron star, its magnetic field
would be a billion times stronger. If, as on Earth, the
magnetic axis of a neutron star is at an angle to the axis
of rotation, the powerful electrical field created would
accelerate charged particles along the magnetic axis. This
would cause a narrow beam of radiation to be emitted
from around each magnetic pole of the neutron star
(figure 4.8). As the neutron star rotated on its axis these
beams of radiation would sweep out a path through
space. If the Earth happens to lie on this path, we will
receive a short burst of radiation with each rotation of the
neutron star.

X-ray detectors on satellites have discovered X-ray
pulsars. These pulsars regularly switch off for periods of
a few hours. This suggests a neutron star which is part of
a binary system and is periodically eclipsed by its partner.

X-rays would be produced when gases captured from
its main sequence companion collided violently with the
neutron star.

axis of rotation

magnetic field

beam bf radio waves

/

® Figure 4.8 How neutron stars emit ‘lighthouse
beams’ of radiation.




R R R R R R R R R

The life-histories of stars 43
e |

astronomers. The intense radiation emitted by
these quasi-stellar radio sources, or quasars (box
4D), may be produced as matter is accelerated in
the very powerful gravitational field surrounding
a black hole. Thirdly, the intense radio-frequency
emission from the centre of our own galaxy could
be caused by gases rapidly orbiting a very massive
yet relatively small body such as a black hole.
Fourthly, powerful X-ray sources, for example
Cygnus X-1, may be produced by binary systems in
which one member is a main sequence star and
the other a black hole. As gases from the main
sequence star spiral in towards the black hole they
would reach a sufficiently high velocity for X-rays
to be emitted.

SAQ 4.11
The pulsar in the Crab nebula also pulses in the
visible region of the electromagnetic spectrum. The
30 Hz flashes are, however, too rapid to be detected
by the human eye. Suggest how they might be
detected.

Box 4D Quasars

Before the development of radio astronomy during the
1940s, everything astronomers knew about the Universe
was based on visual observations.

One of the first very strong radio-wave sources to be
discovered, known as Cygnus A, was estimated (by the
red-shift method described in chapter 5) to be a billion
light-years distant. This meant the radio-brightness of
Cygnus A was 10 million times greater than that of an
average galaxy. Many more of these radio-wave sources
have been discovered, with massive red-shifts implying
distances of up to 18 billion light-years and with optical
brightnesses up to 100 times greater than the brightest
galaxies. It was because these extraordinary sources were
quite unlike any other stars astronomers had ever seen that
they were called quasi-stellar radio sources, or quasars.

Astronomers later discovered that many quasars
fluctuated in brightness with periods varying from a few
months to a few days. Since an object cannot vary in
brightness in a shorter time than it takes for light to travel
across it, a quasar might be only a few light-days in
diameter and yet be many times brighter than a galaxy. If
quasars really are as distant as their red-shifts imply, their
huge power output in relation to their small size cannot
easily be explained except in terms of the radiation

emitted by matter as it rapidly orbits and/or is sucked into
a black hole.

Box 4E The search for extra-terrestrial
intelligence (SETI)

Since the early 1960s, astronomers have been monitoring
radiation in the radio wave section of the electromagnetic
spectrum for evidence of intelligent life elsewhere in the
Universe. Indeed, when the regular pulses of radio wave
radiation from pulsars was first detected, one possible
explanation that sprang immediately to mind was that these
were deliberately produced by extra-terrestrials (‘little green
men”).

In order to convey information, however, pulses of radio
waves would need to be irregular. (Think about the variable
pattern of dots and dashes in a Morse code message, or
the variable pattern of 0s and 1s in a binary computer
signal) Furthermore, radio waves used to communicate
information would be concentrated into a very narrow band
of frequencies.

Nowadays, radio astronomers use very powerful
computers to scan millions of different radio frequency

bands many times each second for signals which might
indicate extra-terrestrial intelligence. Even if such a signal
were detected, however, there would still be the immensely
difficult problem of deciphering its meaning. This problem is
the subject of many science fiction stories. The source of
any such signal is also likely to be very many light-years
away so that any “conversation” with extra-terrestrials
would involve many generations of radio astronomers.

SAQ 4.12
In the early days of SETI, it wasn't possible to
monitor millions of frequency bands so just a few

were chosen. One of these was the 21 cm band (see
pages 22 and 32).

Why do you think this band was chosen?
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# Stars can emit intense radiation for very
long periods of time because of the
thermonuclear fusion reactions which
occur in their cores. In these reactions:

e small atomic nuclei join to produce
larger atomic nuclei;

e there is a fractional loss in mass which
results in the release of a large amount of

energy, according to the relationship
E=Amc2

Main sequence stars are born as the gases
(mainly hydrogen and helium) and dust in
interstellar clouds are drawn together by
gravitational forces. Loss in gravitational
potential energy causes an increase in the
kinetic energy of atomic nuclei, i.e. a rise in
temperature.

During its life on the main sequence, a star

is in equilibrium:

e energy released by hydrogen burning in
the core balances energy emitted as
radiation, so a steady temperature is
maintained;

e gravitational pressure tending to collapse
the core is balanced by thermal and
radiation pressure tending to expand it,
SO a constant size is maintained.

Heavyweight star
(mass around 20 Suns)

S
main sequence lifetime

birth of stars
in a dark cloud

ot G e SO e S

main sequence lifetime

® Figure 4.9 The life-histories of stars: a suminary.

VITITANR

¢ Once the hydrogen in a star’s core is all
converted to helium, it begins to collapse
again under gravitational pressure.

The subsequent life-history of a star
depends on its mass (figure 4.9).

Evidence for the existence of immensely

dense neutron stars, and of even denser

black holes from which not even electro-

magnetic radiation can escape, includes:

e pulsars, whose rapidly pulsing radio
waves could be produced by rapidly
rotating neutron stars;

® quasars, whose immensely bright radia-
tion from a very small source could be
explained if they were powered by the
gravitational field of a black hole;

e powerful X-ray sources which could be
produced in a binary system as gases
from a main sequence star spiral into its
black hole partner.

neutron star
or black hole

supergia
upergiant supernova

red giant

Star like the Sun

2
white dwarf

planetary
nebula
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Juestions

1 The H-R diagrams in figure 4.10 show the

life-histories of two stars A and B.

Describe the life-histories of the two stars
and suggest an explanation of the
differences between them.

Put the clusters X, Y and Z in order of
age, from the youngest to the oldest.
Give reasons for your answer.

The spectral lines in the stars from
young clusters show that they are

metal-rich. These stars are known as
Population I stars. Stars from older
clusters have spectra with only very
weak absorption lines for metal

[Note. The H-R diagrams do not of course,
indicate how long the stars spend at
various stages of their life-history.|

2 a Stars tend to occur in clusters, all the elements. These Population II stars are

stars in the same cluster being metal-poor.
aPprox1mately the sarlne age. The H-§ Suggest an explanation for these
d-lagram .for‘the-stars 1p a cluster often differences.
gives an indication of its age (figure 4.11).
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® Figure 410 H-R diagrams showing life-histories of two stars.
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® Figure 4.11 H-R diagrams for three star clusters.




CHAPTER 5

The origin and future of
the Universe

10
11
12
13
14

15

16

€ be able to:
recall Olbers' paradox; ' = e ‘ :
interpret Olbers’ paradox to explain why it suggests that the model of an infinite,
static Universe is incorrect; : : = ‘

understand what is meant by the Doppler effect;

recall and use the equation for fractional change in wavelength %/l = g:

understand what is meant by red-shift and blue-shift, and appreciate simple
differences between red-shift and terrestrial Doppler effects;

recall and interpret Hubble's law for the expansion of the Universe and its
implications regarding the size of the observable Universe;

understand what is meant by the cosmological principle;

convert the Hubble constant Hy from its conventional units (km s~ Mpc™') to the
Sl units (s7"):

describe and interpret the significance of the microwave background radiatigﬁ

understand that the standard (big bang) model of the Universe implies a fini\"te
age for the Universe;

recall and use the expression t = 1/Hy to estimate the order of magnitude of the
age of the Universe.

appreciate that there is no direct experimental evidence for the physics involved
at the energies prevailing during the evolution of the Universe before about 1 ms;

outline the difficulties involved in projecting the evolution of the Universe back
before about 0.01 s;

describe qualitatively the evolution of the Universe from 0.01 s after the big bang
to the present;

understand that the Universe may be ‘open;, ‘flat’ or ‘closed’, depending on the
mean density of matter in the Universe, and that this determines the ultimate fate
of the Universe:

appreciate that, until the mean density of matter in the Universe is known
accurately, its age cannot be determined from the Hubble constant;
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cosmology;

critical density p. = 3H,%/8nG;

17 recall that it is currently believed that the mean density of matter in the Umverse e
is close to, and possibly exactly equal to, the critical densﬂy needed for ‘flat‘

18 use Newton's universal law of gravitation to derive, and usé, the expression for

19 recognise that the general theory of relativity is needed for a strlctly complete
derivation of the expression for critical density.

y the mid-1920s, Hubble’s distance

measurements had confirmed a model of the

Universe in which stars were grouped into
galaxies, and local clusters of galaxies themselves
were distributed uniformly in space. Though
galaxies more than 500 million light-years away
were too faint to be seen, there was no reason to
believe that the Universe did not continue in the
same way beyond that distance. In other words,
astronomers had established a cosmological
model which was fully compatible with Newton’s
view of a static, uniform and infinite universe
existing in the framework of absolute space.
Within the next few years, however, this model
was shown to be seriously flawed.

Olbers’ paradox

One serious problem with Newton'’s cosmological
model had been pointed out as early as 1826 by
Heinrich Olbers. Olbers showed that in an infinite,
uniform universe the sky at night would be
exceedingly bright (box 5A), whereas we know
perfectly well that this is not so. This contradiction
- that the universe must be infinite otherwise it
would collapse under its own gravitational forces,
yet cannot be infinite otherwise the sky would be
bright at night - is now known as Olbers’ paradox.

SAQ 5.1

Explain, as fully as you can, why a static universe
must also be infinite.

If an argument begins with certain assumptions
and, by correct reasoning, arrives at a conclusion
which is false, there must be something wrong
with the assumptions. In order to arrive at the
conclusion that the sky could not be dark at

night, Olbers, like Newton, not only assumed that

the Universe is infinite and uniform but also

made two further assumptions:

® first, that space extends indefinitely in all direc-
tions, as a sort of invisible three-dimensional
grid, quite independently of any matter - stars,

Box 5A Olbers’ paradox

In its simplest form, the argument that the night sky in an

infinite universe would be bright is based on the idea that

along any particular line of sight there would eventually
be a star. Since most of these stars would be extremely

dim, however, this argument is not very convincing. The

following argument is very much better.

Imagine a thin shell in space at a radius r from Earth.
Radiation from the stars in this shell will reach the Earth
with a small, but definite, intensity. Imagine also a second
shell, the same thickness as the first but at twice the
distance, i.e. with a radius of 2r. :

In a uniform universe, the stars in the larger shell will,
on average, be the same distance apart and will radiate
energy at the same rate as the stars in the smaller shell
However, because of its greater distance:
® the average intensity of radiation reaching Earth from

each star in the larger shell will be only one-quarter of

that from the smaller shell (inverse square law);

B the volume of the larger shell will be four times greater
than the smaller shell, so it will contain four times as
many stars,

Overall, therefore, the intensity of radiation reaching
Earth from each shell will be exactly the same.

A similar argument applies to any thin shell, whatever
its distance from Earth. In an infinite universe, there is an
infinite number of such shells of stars. However small the
intensity of radiation received from each shell, therefore,
the total intensity of radiation received will be infinitely
large.

Even when allowance is made for nearby stars
intercepting some of the radiation from more distant
stars, the radiation level on Earth ought nevertheless to be
about as high as it is on the surface of an average star,
e.g. the Sun.
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gas clouds, galaxies etc. - which might happen

to be present;
m secondly, that the Universe is static.
Astronomers now believe both of these assump-
tions to be incorrect. The reasons for the rejection
of the idea of absolute space are considered in
chapter 6. Olbers’ paradox itself, however, was
resolved by Hubble’s discovery, in 1929, that the
Universe is not static but expanding.

Hubble’s law

Hubble made this discovery from his detailed
measurements of the spectra produced by the
light from other galaxies. Vesto Slipher had
previously discovered that the dark lines in these
spectra, although clearly identifiable as indicating
particular elements, were slightly out of position,
usually shifted towards the red end of the
spectrum (figure 5.1). Slipher explained these
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® Figure 5.1 Red-shifts in the spectra from distant
galaxies,
The horizontal arrows show the red-shifts of the
calcium H and K lines in the spectra for galaxies B,
Cand D.
On the scale the spectra are shown on this page,
the red-shift for galaxy A is 0.6 mm, which
represents a fractional change in wavelength (AA/4)
of 0.004.

red-shifts in terms of the Doppler effect (box 5B):
the increase in the wavelength of the spectral
lines meant that our own galaxy and other galax-
ies were moving away from each other.
Furthermore, the bigger a galaxy’s red-shift, the
greater its speed of recession, i.e. the faster a
galaxy and the Earth are moving apart. In fact, for
speeds of recession which are small compared to
the speed of light, the fractional change in the
wavelength (A4/A) is equal to the speed of galaxy
(v) expressed as a fraction of the speed of light (c):

AMA = Vc
“
An example
Galaxy A on figure 5.1 has its dark H and K calcium
lines red-shifted by 0.4%. This indicates that it is
moving away from Earth at 0.4% of the speed

of light.
Since
¥ 08
c 100
then
.. 08
V= WC
=m x3x108ms™!
=12%10°ms"
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SAQ 5.2

How fast are the other galaxies shown on figure 5.1
moving away from Earth?

SAQ 5.3
The first astronomer to measure a speed using the
Doppler effect was Sir William Huggins in 1868. He
found that the dark lines in the spectrum of the star
Sirius were red-shifted by 1/10 000 of their normal
wavelengths. What does this tell us about Sirius?

SAQ 5.4
In 1912, Slipher showed that light from the nearby
Andromeda galaxy is slightly blue-shifted. What
does this indicate? Suggest why the movement of
Andromeda relative to Earth should be different
from the movement of most other galaxies.
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Box 5B The Doppler effect

The change in wavelength due to relative motion between
a source and an observer was first explained by Christian
Doppler, in 1841.

Consider a source emitting light with a wavelength of
A metres and travelling at c metres per second.

The time taken for one complete wave to be emitted is
then 4/c seconds (figure 5.2a).

If the source is moving with a speed of v metres per
second, it will have moved away from the observer by a
distance of v x A/c metres during the time it takes for one
complete wave to be emitted (figure 5.2b).

This means that the wavelength of the light as seen by
the observer will have been increased by this amount
(figure 5.2c).

The change in wavelength A% is given by

Al =v xAfc
and the fractional change in wavelength by
AXA =v/c

The same relationship applies if the source and
observer are moving towards each other, except that in
this case the wavelength of the light is reduced.

[Note. The above argument applies to the Doppler
effect as experienced on Earth with respect to e.g. sound
waves. Because of the effects of relativistic speeds,
however (see chapter 6), it is an approximation for light
and is strictly valid only as the value of v/c tends to zero)

@ Source emits 1 complete wave in %seconds.

@ As it does so, the source moves back
by v x = metres.

® Figure 5.2 Explanation of the Doppler effect.

By measuring the distances and red-shifts of a
large number of galaxies, Hubble discovered a
pattern in the recessional speeds of galaxies: the
further away a galaxy is, the faster its speed of
recession. More precisely, the recessional speed is
directly proportional to its distance from Earth
(figure 5.3). This relationship is called Hubble’s law
and implies that the whole Universe is expanding.

The fact that the Universe is expanding offers a
solution to Olbers’ paradox. Light - like other
forms of electromagnetic radiation - is radiated as
small ‘packets’, or quanta, of energy called
photons. If a galaxy and the Earth are moving
apart, the number of photons reaching the Earth
each second from that galaxy is reduced.
Furthermore, the red-shift associated with
recession also means that the energy of each
individual photon is smaller.

Since the rate at which galaxies move apart
increases with distance, each of the above effects
also increases with distance. This means that the
more distant a region of the Universe is, the
smaller the contribution it makes to the total
amount of light we receive. The total amount of
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e Figure 5.3 Hubble’s law.
[Note. Hubble was not aware of the existence of
two types of Cepheid variable (see figure 2.5) so that
his distances to galaxies were less than half of the
corrected distances shown on the graph,]
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radiation we receive on Earth, therefore, is quite
small. In short, it is dark at night because the
Universe is expanding.

At first sight, Hubble’s law might seem to
reverse the Copernican revolution and put the
Earth, once again, at the very centre of the
Universe. However, a simple thought-experiment
(box 5C) shows that Hubble’s law would apply to
the observations of red-shifts from anywhere in the
Universe: wherever we were in the Universe, other
galaxies would recede at speeds directly propor-
tional to their distance and it would seem to us
that we were at the centre of the Universe.

Box 5C Hubble’s law and the

cosmological principle

Hubble’s law - the idea that each part of the Universe is

expanding at a rate which is proportional to its distance

from Earth — might seem, at first sight, to contradict the

cosmological principle, i.e. that everywhere in the Universe

is essentially the same. A simple thought-experiment,

however, shows that there is, in fact, no contradiction.
If the Universe is expanding uniformly, and in a given

period of time At any two galaxies initially a distance d

apart move a distance Ad further apart, then:

B any two galaxies initially a distance 2d apart would
move 2Ad further apart,

¥ any two galaxies initially a distance 3d apart would
move 3Ad further apart, and so on.
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® Figure 54 Hubble’s law thought-experiment.
So from any given galaxy:
® any other galaxy at a distance d would move away

: Ad
with a speed of o

® any other galaxy at a distance of 2d would move away

at a speed of%d and so on.

In other words, Hubble’s law would be true: wherever
we were in the Universe, it would seem to us that we
were at the centre. Far from contradicting the
cosmological principle, Hubble’s law supports it,

The idea of the ‘big bang’

The fact that the Universe is expanding not only
resolved Olbers’ paradox but also suggested when,
and how, the Universe began.

Hubble showed that galaxies are moving apart
at a speed which is directly proportional to the
distance between them (Hubble’s law). If we
assume that galaxies have always been moving
apart at the speeds we now observe, there must
have been a time, long ago, when all the galaxies
in the Universe were in the same place. In other
words, the Universe must have begun with an
immense explosion or big bang. Furthermore, it
is possible to calculate, from Hubble’s measure-
ments, when this big bang occurred.

For example, using the information from figure
5.3, a galaxy 5 x 10° light-years distant is receding
at 0.25 times the speed of light.

Since

distance travelled
speed

time taken =

and assuming the galaxy’s speed has remained
unchanged

5 x 10°
0.25
= 2 x 10'° years

time taken =

In other words, the big bang occurred about 20
billion years ago.

This figure is, however, likely to be a little too
high because the speeds at which galaxies are
moving apart will have decreased since the big
bang due to their gravitational attraction for each
other. Taking this into account, the figure of
20 billion years from the above calculation would
need to be adjusted to around 15 billion years.
Because of its importance in calculating the age of
the Universe, astronomers wish to have as accu-
rate a value as possible for the gradient of the
Hubble law graph. This value is referred to as the
Hubble constant (box 5D).

SAQ 5.5
The age of the Universe can be calculated from any
point on a Hubble graph. Explain why this is.
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Box 5D The Hubble constant
Hubble’s law can be stated in the form:

speed of recession
- =Hy
distance

where Hy is a constant known as the Hubble constant.
The value of this constant can be calculated using any
part of the graph in figure 5.3. For example:

L2095
5 x 10°

0 =5x10" year!
Since a fraction of the speed of light is being divided by
light-years the unit of the Hubble constant in this case is
year™.
The expression used to calculate the Hubble constant is
the inverse of that used to estimate the age of the Universe.
In other words:

the age of the Universe = -
0
Because of uncertainties in key measurements of brightness
and distance, astronomers have, during the latter half of the
twentieth century, disagreed about the best estimate of the
Hubble constant by a factor of two. Estimates of the age of
the Universe also varied, therefore, by a factor of two in the
range 8-16 billion years. One of the main purposes of the

Hubble Space Telescope (HST), launched in 1990, has been
to obtain a more accurate value for the Hubble constant.

A team from Carnegie Observatories in California led by
Allan Sandage has used the HST to measure the distances
of galaxies by means of the brightness of supernovae. A
NASA team has used the HST to obtain better
measurements of Cepheid variables. The distances of more
than twenty Cepheid variables have also been measured
from their parallax by the European Space Agency’s
Hipparcos satellite (launched in 1989). From their
measurements, the Sandage team estimated the age of the
Universe to be about 13 billion years whilst the NASA
team’s estimate was about 11 billion years. Both teams
claimed an accuracy of around 10%. Whilst there was still
significant disagreement, therefore, this was on a somewhat
smaller scale by the late 1990s than it had been in the
earlier years of that decade. By the end of the twentieth
century, there was reasonable consensus amongst
astronomers for the big bang having occurred
12 + 2 billion years ago.

[Note. The scales on the graph in figure 5.3 are not
Hubble’s. They have been corrected in the light of the
discovery by Walter Baade, in 1952, that there are two types
of Cepheid variable, each with its own relationship between
absolute magnitude and period | '

SAQ 5.6
Summarise the different ways in which an expanding
Universe can provide a solution for Olbers’ paradox.

SAQ 5.7
Astronomers often quote Hubble’s constant in
kms™ Mpc™ [M = mega, i.e. 109. If its value in
these units is 80, estimate the age of the Universe.
[Hint. Convert kms™' to a fraction of ¢, and Mpc to
light-years.|

The idea that the Universe began with a big bang
long ago was supported by the discovery, in 1965,
of cosmic microwave background radiation. Arno
Penzias and Robert Wilson were studying the
radiation from stars in the microwave region of
the electromagnetic spectrum. They found that
the microwave detector they were testing was
picking up a lot of stray, unwanted radiation or
‘noise’ which would mask the signals they wanted
to pick up when they pointed their detector
towards particular galaxies. They checked their
apparatus for faults and cleaned dirt - including/
bird droppings! - from the dish which collected

the signals but still the noise was there. Then they
tried pointing their dish in different directions
but this didn’t make any difference either. Penzias
and Wilson then realised that the noise wasn’t
just a problem with their apparatus, but that they
had discovered something important. If the noise
was just the same from all directions then it must
be coming from outside the Earth’s atmosphere.
By making careful measurements of the noise,
they also discovered that the radiation was also
the same strength - to within 0.01% (one part in
ten thousand) - not only in all directions, but also
at all times of day and night and at all times of
the year. The intensity of the microwave radiation
was not, therefore, affected either by the Earth’s
spin or by the movement of the Earth in its orbit
around the Sun. The radiation must be coming
from outside our own galaxy.

The existence of this microwave background
radiation pervading the whole Universe, together
with the fact that its energy profile corresponded
to a black-body temperature of 2.7 K (box 5E, page
52), strongly supported the idea that the Universe
began with a big bang. At an early stage of the big
bang, the Universe would have been very hot and
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Box 5E The black-body temperature of
microwave background radiation

The microwave background radiation first discovered by
Penzias and Wilson had a wavelength of about 7 cm.

To be able to calculate its black-body temperature, they
needed to find the wavelength for which the radiation has
its greatest intensity (Anay). Unfortunately, this turned out
to be at a wavelength which is strongly absorbed by the
Earth’s atmosphere. As figure 5.5 indicates, however, it
was still possible to show that the microwave background
radiation corresponds to a black-body temperature

of 27 K.

The Cosmic Background Explorer Satellite (COBE),
launched in 1989, has measured the energy profile of the
background radiation very accurately at millimetre
wavelengths and indicates a black-body temperature of
2.735K. Very small variations (ripples) in the intensity of
the radiation have also been detected. The significance of
these ripples is considered on page 53.

10*
Relative
intensity
range of
% measured
107 - intensity

2.7K black body

100 10 10
Wavelength (cm)

e Figure 5.5 The Penzias and Wilson profile of
microwave background radiation.
Measurements of the relative intensity of the
microwave background radiation at
wavelengths between 1cm and 20 ¢m fit the

radiation curve for a black-body temperature of
2.7K quite closely.

would, therefore, have been pervaded by high-
energy radiation which had correspondingly short
wavelengths. Because of the huge expansion of
the Universe since that time, this radiation would
have been ‘stretched’ to a much longer wave-
length, and correspondingly low energy. In fact,
about twenty years earlier, George Gamow had
predicted, from the big bang theory, that there
should be a microwave background radiation
corresponding to a black-body temperature just a

few kelvin above absolute zero. A group of
cosmologists had begun actively to search for this
radiation when they heard of its ‘accidental’
discovery by Penzias and Wilson.

SAQ 5.8
Calculate the wavelength at which the 2.7 K back-
ground radiation of the Universe has its maximum
intensity.

SAQ 5.9
Explain why the existence of microwave background
radiation supports the cosmological principle.

The idea that the Universe as a whole was very hot
at an early stage of its development also solved
another problem which had been worrying
astronomers, namely the amount of helium in the
Universe. Overall, the visible matter in the
Universe is approximately 70% hydrogen and 27%
helium, with all other elements together making
up the rest. During the 15-18 billion years the
Universe has existed, hydrogen burning in stars
could have converted no more than 2-3% of the
hydrogen in the Universe into helium. According
to the hot big bang theory, however, the remain-
ing helium could have been produced at the stage
of the big bang when the temperature of the
Universe as a whole was within the range at
which hydrogen burning occurs.

Once the hot big bang theory had become
sufficiently well established to be regarded as the
standard model of the Universe, cosmologists
turned their attention to two further matters:
first, to working out the details of how the
Universe developed from the outset of the big
bang into its present form; and secondly, to decid-
ing what the future of the Universe is likely to be.

The Universe from the big bang to
the present day

The basic principles of the big bang theory are

very simple:

m the Universe was initially exceedingly small and
exceedingly hot;
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m since the big bang, the Universe has been
continuously expanding and its temperature
continually decreasing.

Cosmologists believe that all the hydrogen and

helium from which stars and galaxies eventually

developed had been produced by the time the

Universe was just a few minutes old and its

temperature had fallen to a few million kelvin.

It then took a further million years or so before
the temperature fell to 3000K and the hydrogen
and helium nuclei combined with electrons to
produce atoms, followed, in the case of hydrogen,
by pairs of atoms forming molecules. Once the sea
of free electrons was removed from the Universe,
photons no longer constantly collided with them
so that electromagnetic radiation could travel
large distances unimpeded by matter. The
Universe became transparent.

From about a million years after the big bang
until the present time, the main developments in
the Universe have been due to gravitational forces.
Whenever the density of hydrogen and helium
gases in any particular region of the Universe
became slightly greater than in surrounding
regions, the effects of gravity further increased this
difference in density so that the matter in the
Universe became ‘lumpy’. Smaller lumps developed
in a similar way within larger lumps, and so on.
Such clumping on a relatively small scale resulted
in the birth of stars as described in chapter 4.
Clumping on a bigger scale caused stars to be
concentrated into galaxies and the
galaxies themselves to form clusters
(figure 5.6).

For matter to organise itself in
the manner described above, the
early Universe could not have been
completely uniform. Some slight
non-uniformities must have existed
and these should still be present as
variations in the microwave back-
ground radiation. Very small ‘rip-
ples’ in the background radiation -
corresponding to variations in
temperature of just 3 x 10™° of one
kelvin - were detected by the
Cosmic Background Explorer
satellite (COBE) in 1992.

Small variations
in density . . .

«iirdre exaggerated by
gravitational forces ...

... and result in clusters of galaxies

Once they had constructed a plausible account
of how the Universe developed from the point
when the original hydrogen and helium had been
produced, cosmologists increasingly turned their
attention to what happened before that point. At
first sight, it might seem quite impossible to find
out anything about what happened during the
first few minutes of the Universe. Although we
obviously cannot observe what happened during
this very early period of the Universe, the discover-
les made by particle physicists tell us a great deal
about what may well have happened.

The first few minutes of the
big bang

During the second half of the twentieth century,
most of the progress in physicists’ understanding
of the fundamental particles from which all
matter is made, have come from accelerating
particles to very high speeds and observing what
happens when they collide (box 5F, page 54). Since
temperature is a measure of the kinetic energy of
particles, finding out how particles behave when
they collide at very high speeds is, in effect,
finding out what happens to them at very high
temperatures. Speeds have been reached in
particle accelerators which are equivalent to
about 10'*K, the temperature of the Universe
about 107 of a second after the big bang. Though

e Figure 5.6 The ‘lumpiness’ of the Universe.
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Box 5F Particle accelerators

To study the effects of particle collisions at very high
- speeds - i.e. at very high kinetic energies corresponding
to very high temperatures — large and expensive particle
accelerators are needed. The electron/positron accelerator
at the Centre for European Nuclear Research (CERN) in
Geneva, for example, has a circumference of 27 km and
cost almost £0.5 billion to build.

Because the mass of particles increases with their speed
(see chapter 6), each successive increase in the speed of
particles becomes more difficult — and more expensive —
to produce.

physicists have no experimental evidence for higher
temperatures - and hence earlier times - than
this, the theories they have developed to explain
their observations suggest what might happen at
even higher temperatures. These things may also
have happened at times very close to the start of
the big bang.

It is easier to understand what probably hap-
pened during the early stages of the big bang by
working backwards from what we know about the
basic structure of matter at ordinary temperatures
and explaining what physicists have discovered
happens to this structure as the temperature
increases to higher and higher levels. During the
big bang, the same sequence of changes would
have occurred, but in the opposite direction.

At ordinary temperatures, the basic building
blocks of matter are atoms, which are held
together in various ways to produce millions of
different substances. Each atom itself comprises a
nucleus of protons and neutrons together with as
many negatively charged orbiting electrons in the

immediately surrounding space as there are
positively charged protons in the nucleus.

At temperatures greater than about 10*K,
nuclei can no longer hold on to their orbiting
electrons so that matter no longer exists as atoms
but as nuclei in a sea of electrons. The core of the
Sun and other stars consists of a dense mixture of
nuclei and electrons moving around largely
independently of each other; this mix is known
as plasma.

At temperatures greater than about 107K,
nuclei themselves are no longer stable and split
up into their component protons and neutrons.
Matter at this temperature comprises a turbulent
sea of protons, neutrons and electrons.

Protons and neutrons are currently believed to
be made from fundamental particles called
quarks and, at temperatures above about 10K,
these quarks can no longer be held together, or
confined, as protons and neutrons.

As the temperature rises even further, physicists
believe that the four types of force which exist in
the Universe (box 5G) become progressively
indistinguishable from each other: at 10'°K, the
weak and electromagnetic forces merge and, at
still higher temperatures, first the strong force
and then the gravitational force are no longer
identifiable as separate forces. ‘Messenger’
particles are believed to be responsible for each of
these forces and, in 1983, evidence for W and Z
bosons - the messenger particles for the weak
force — was obtained in a particle accelerator by
colliding protons and anti-protons at speeds
corresponding to a temperature of 10°°K.

Box 5G Four types of force

weak involved in radioactive decay

Physicists believe that there are just four different types of force which operate in
the Universe. These forces, their major effects and the ‘messenger’ particles by
means of which they are believed to operate are shown in table 5.1.

i  photon
 Wand ZBOSst

e Table 5.1 The four types of force.
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At temperatures above 105K, physicists believe
that massless but highly energetic particles, eg.
photons, are constantly being converted into
particles which do possess mass, i.e. into matter,
and vice versa. The ‘exchange rate’ for these
energy-mass inter-conversions, like those in nuclear
fusion reactions, is given by the relationship

E=Am c?

As the temperature increases beyond 10K,
there is a structureless chaos within which
increasingly higher energy photons inter-convert
with particles of increasingly greater mass.

Cosmologists have combined the physicists’
account of what happens to matter as the
temperature rises with their own estimates of
when the Universe is likely to have been at each of
the critical temperatures to construct the history
of the Universe, summarised in table 5.2.

e e R P R TR T

SAQ5.10
Suggest an appropriate time to take as the end of
the big bang. Give reasons for your answer.

SAQ 5.11
How far back to the beginning of the big bang is
there any experimental evidence to support the
cosmologists’ story of the Universe?

Before leaving the story of the early stages of the
big bang one further problem needs to be consid-
ered, namely why there is any matter in the
Universe at all. This problem arises because physi-
cists have plenty of evidence which indicates that
whenever a photon produces a particular particle
of matter, i.e. a particle which has mass, the corre-
sponding anti-particle is also produced. Should
the particle and anti-particle then meet, they

® Table 5.2 The history of the Universe. [Note. The relationships between times,
temperatures and key features as estimated by different cosmologists differ.
The figures given in the table are typical]
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Box 5H Why there is matter in

the Universe

Theoretical physicists have suggested the following

explanation for the existence of matter in the Universe.

B At a very early stage in the big bang highly energetic
photons created massive X-particle/X-anti-particle
pairs and vice versa.

® As the temperature fell, the unstable X-particles and
X-anti-particles decayed.

® In each case there were two possible decay routes:
X-particle — quark + quark or

anti-quark + anti-lepton
X-anti-particle — anti-quark + anti-quark or
quark + lepton
[Note. Electrons belong to the group of particles
known as leptons.|

® The proportion of X-particles which decayed into
quarks was about 1 part in a billion bigger than the
proportion of X-anti-particles which decayed into anti-
quarks. This meant that there were more quarks than
anti-quarks and more leptons than anti-leptons.

® The mutual annihilation of matter and anti-matter, i.e.
of lepton/anti-lepton pairs and of quark/anti-quark
pairs (or of proton/anti-proton pairs formed from
these quarks and anti-quarks), resulted in photons and
protons being produced in the ratio of a billion to one.

annihilate each other, their mass being converted
back into a photon of energy:

photon ¢ particle + anti-particle

Below a certain temperature, however, photons
will no longer produce particle/anti-particle pairs
though such pairs are still annihilated when they
meet. All conversions are now in the direction
mass — energy:

particle + anti-particle — photon

When the Universe reached this critical
temperature, therefore, most of the matter and
anti-matter would be annihilated. A massive
annihilation of this kind would explain why there
are of the order of a billion photons in the
Universe for each proton. Since particles and their
anti-particles were originally created in equal
numbers, however, there remains the problem of
why matter was not completely annihilated.

One of the grand unified theories (GUTs), devel-
oped by physicists to unify the different types of
force, suggests that an asymmetry in the decay of
massive X-particles and their anti-particles at a
very early, very hot, stage of the Universe might

have resulted in an extremely small excess of
matter over anti-matter (box 5H). This would then
explain the small amount of matter remaining in
the Universe after the massive annihilation of
matter and anti-matter had occurred.

SAQ 5.12
A less energetic photon is needed to create an
electron/positron pair than to create a proton/anti-
proton pair. Explain why this is so.

SAQ 5.13
Just after the annihilation of matter and anti-matter,
the Universe was still dominated by radiation. Now
it is dominated by matter. Explain why.

The future of the Universe

The rate at which galaxies are moving apart must
decrease with time due to their gravitational
attraction for each other. What eventually
happens in the future will, therefore, depend on
just how big the gravitational attraction is
compared to the rate at which the Universe is -
expanding. The size of the gravitational attraction
is itself determined by the average density of the
matter in the Universe.

If the average density of the Universe is below a
certain level, known as the critical density, then
the associated gravitational attraction will be too
small ever to stop the Universe from expanding.
The Universe would be open or unbounded
(figure 5.7a).

Alternatively, if the average density of the
Universe is greater than the critical density, the
Universe will eventually stop expanding and begin
to contract again. This contraction would acceler-
ate and eventually produce a big crunch, the
inverse of a big bang. The Universe would be
closed or bounded (figure 5.7b).

A third possibility is that the average density of
the Universe is exactly equal to the critical den-
sity. Though the expansion of the Universe would,
in this case, never stop, it would approach more
and more closely to a definite limit. The Universe
would be flat or marginally bounded.
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Open Universe

Separation of two
galaxies

big bang

Time

[=]

Closed Universe

Separation of two
galaxies

big bang big crunch

Time

® Figure 5.7 a Open Universe. b Closed Universe.

SAQ 5.14

Make a copy of figure 5.7b and extend it to show
what might happen after a big crunch.

In order to decide which of these possible futures is
likely to occur, cosmologists need to know exactly
how the average density of the Universe compares
to its critical density. Unfortunately, neither of
these figures is very accurately known. The critical
density can be calculated from the Hubble constant
(box 5I), but there is a considerable margin of error
in the measurement of galactic distances and
hence of the Hubble constant itself. There is even
greater uncertainty concerning the average density
of the Universe: not only is it difficult to make an
accurate estimate of the visible matter in the
Universe, but there is also the question of just how
much other matter there is. Some cosmologists
believe that such dark matter comprises up to 90%
of the mass of the Universe. Current estimates
suggest that the average density of the Universe
and its critical density differ by only a small factor.
Though this makes it difficult to decide whether
the Universe is open or closed, it also suggests that
it might be flat.

In principle, it should be possible to determine
whether the Universe is open, flat or closed by
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Box 51 The critical density of the Universe
and the Hubble constant

If a galaxy of mass m is at a distance r from the location
of the big bang, its velocity v is given by:
v=Hgt
where Hy is the Hubble constant.
The kinetic energy of the galaxy is, therefore:
sm(Hor)?

The net gravitational force acting on the galaxy is due to
the mass of the Universe within a sphere of radius r.
This mass M is given by:

= e
il L

(where p is the density of the Universe), and the net
gravitational force F acting on the galaxy is given by:

Mm
F=G6G—-
3

The work which must be done by the galaxy to escape
from the rest of the Universe is given by:

[ G

Lo o i
i.e. (mass of galaxy) x (gravitational potential at r).

The critical density (p. or Q) of the Universe - at which

the galaxy has just enough kinetic energy to escape - is
given by:

G
Im(Hor? = -—r"l (3nrpJ

That is,
_3H5
P<=8nG

[Note. The calculation should, strictly speaking, be made
using the general theory of relativity rather than Newton'’s
gravitational theory]

SAQ5.15
Calculate p. (or Q) in the SI units kgm™, where

F}— =2 x 10" years and G = 6.67 x 107" Nm?kg™2.

0

measuring the rate at which the Hubble constant
varies with distance. Such measurements have
only recently become possible (box 5]).

Finally, knowing the exact relationship between
the average density of the Universe and its critical
density is also important for an accurate estimate
of its age. As indicated earlier in this chapter,
calculations based on the current rate at which
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galaxies are moving apart need
to be adjusted to take account of
the fact that they were moving
apart more quickly when the
Universe was younger. The size
of the adjustment which needs
to be made depends on what the
average density of the Universe
is believed to be. Although these
uncertainties mean that cosmol-
ogists differ by a factor of two in
their estimates of the age of the
Universe, being able to work out
what is probably the correct
order of magnitude for the age
of the Universe is itself a major
scientific achievement.

Box 5J Recent evidence for an open Universe

Hubble’s law says that galaxies in the Universe are moving apart, and the
further away they are, the faster they are moving. However, we might expect
the gravitational attraction between galaxies to slow down this expansion. This
should lead to slight deviations from Hubble’s law. Galaxies at greater distances
should show greater deviations — measurements of their velocities should
show that they are moving more slowly than predicted by Hubble’s law.

Sufficiently accurate measurements were first successfully made in 1997 by
Saul Perlmutter and his colleagues in California using the light from supernova
explosions that are observed - very rarely and for very short periods of time —
in distant galaxies. Supernova explosions are of a known, very high, intensity
and hence of a known absolute magnitude. Measuring the apparent magnitude
of such explosions in distant galaxies provides, therefore, a reliable indication
of the distance of the galaxies in which they occur (see chapter 2).

Perlmutter was surprised to find not the expected deceleration in the rate of
expansion of the Universe but an acceleration. This finding has been confirmed
by other astronomers. It appears that there must be some other factor that is
acting in the opposite direction to gravity, i.e. which is pushing the Universe
apart. This other factor is sometimes called 'lambda’ or the cosmological
constant. The greater the distance between two galaxies, the greater the effect
of lambda, and the more they push each other apart. Ironically, Einstein had
originally postulated such a constant to preserve a static Universe, in his
general theory of relativity before rejecting the idea as being mistaken in the
light of evidence for an expanding Universe (box 7C, page 75). So Einstein may
have had the right idea about gravitation, but for the wrong reason. (For
further details of the issues raised by Perlmutter’s observations see New
Scientist, 11 April 1998 pp. 26-30, 3 April 1999 pp. 29-32 and 24 July 1999
pp. 28-32.)
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Olbers showed that, according to Newton'’s
cosmology - a uniform, infinite and static
Universe - the sky at night could not be
dark.

The red-shift of identifiable lines in the

spectra from galaxies can be explained in
s ALy

terms of the Doppler effect, i.e. T

The speed of recession of galaxies is directly

proportional to their distance (Hubble’s

law) and implies that the Universe is

expanding.

speed of recession
distance

Hubble’s constant (Hy) is

The idea of an expanding Universe:

e explains why the sky is dark at night;

e suggests that the Universe began with a
big bang;

e enables cosmologists to estimate the age
of the Universe (15-18 billion years).

fraction of speed of light
light-years

If units for Hy are

then - = age in years.
Ho

The big bang theory of the Universe, i.e.

that the Universe as we know it today

developed by expansion and cooling from a

very hot, very small beginning, is further

supported by:

e the existence of a 2.7 K microwave back-
ground, which is the remnant of earlier,
hotter radiation;

e the large amount of helium in the
Universe, most of which was produced
when the Universe as a whole (rather
than separate stars) provided the
conditions needed for hydrogen burning
to occur.

VIIVIA KN

4 According to modern cosmological theory,

as the Universe cooled and expanded from

the start of the big bang, matter became

increasingly organised in the following

sequence:

e chaotic inter-conversion of photons and
heavy particles of matter;

e quarks and electrons;

e protons, neutrons and electrons;

e nuclei of helium;

e atoms of hydrogen and helium;

e clumping, resulting in stars - within
galaxies - within clusters.

Experimental evidence relating to tempera-
tures of 10'?K, only a small fraction of a
second after the start of the big bang, has
been obtained from particle accelerators.

Whether the Universe continues to expand
without limit, approaches a limit or col-
lapses to a big crunch depends on whether
it is open, flat or closed. This in turn
depends on whether the average density is
smaller than, equal to or greater than the
critical density.

The critical density p. (or €2) is given by the
expression

3H,?

8nG

Though the average density and the critical
density of the Universe are approximately
equal, we cannot measure either accurately
enough to be sure. This uncertainty also
affects calculations of the age of the
Universe.
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electronically.

1 The intensity of stellar radiation at
different wavelengths is often measured such as 3C 273?

Figure 5.8 shows the hydrogen emission
line peaks from the visible spectrum of
the radio source 3C 273.
a What is unusual about the spectral
hydrogen lines of 3C 273?
b Calculate the recessional speed of
3C 273 and hence estimate its distance.

Juestions

¢ What name is given to radio sources

2 Areference book gives Hubble’s constant
as 75kms ! Mpc .
a Calculate this value in SI units
(ie.in s7h).
b Use your answer to a to find a value for
the age of the Universe.

Intensity

H,
Key F -
F———> indicates AA for each peak
Hy
H)/
H;
[ I [ I [
0.4 0.5 0.6 0.7 0.8

® Figure 5.8 Spectrum of 3C 273 showing red-shifts of hydrogen emission lines.

Wavelength (um)
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The special theory of
relativity

By the end of this chapter you Shouxtdf"be able to: _
1 of the ! elativity, to include the

recall and explain the |
invariance of the spe

lock, to illustrate

2 describe a thought-
~ time dilation:

- 3 outline an experiment, trate time dilation;

4 describe a thought-ex

- 5 use the factor /1 - %:-5

6 appreciate that if mass
an object can be accele _

jth contraction;

num speed to which

Ithough Albert Einstein (figure 6.1) was
primarily a theoretical physicist, his theories
of relativity have had an enormous influence
on astronomy and cosmology during the twentieth
century. Many examples of this influence have
been included in chapters 1-5. In this chapter and
the next, Einstein’s ideas about relativity are
themselves the main focus of attention.
Einstein’s special theory of relativity,
published in 1905:
® showed that the ideas of absolute space and
absolute time, which had been key ideas in the
strongly Newtonian physics and cosmology of
the previous two centuries, were mistaken:
® implied that matter and energy were inter-
convertible, an idea which was important both
for understanding the thermonuclear reactions
which power stars and for developments in
particle physics of ideas which enabled
cosmologists to work out what probably
happened during the big bang.
Einstein developed his special theory of relativity
to resolve a problem about light and other forms ® Figure 6.1 Albert Einstein in 1905.
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of electromagnetic radiation. In 1865, James Clerk
Maxwell had shown that light and other forms of
radiation are wave-like disturbances in an electro-
magnetic field. According to Maxwell’s theory,
electromagnetic radiation of all types - i.e. of all
wavelengths - always travels at exactly the same
speed in empty space. All motion must, however,
be measured relative to something that is
regarded as being stationary. The following ques-
tion therefore arose: relative to what fixed point,
or frame of reference, do all electromagnetic
waves always travel at the same speed? Since
familiar waves such as water waves and sound
waves travel through a substance, usually referred
to as a medium, physicists proposed that electro-
magnetic radiation also travelled through an
otherwise undetectable medium, called the ether,
which pervaded the whole of space. The common
speed of all types of electromagnetic radiation

would then be its speed through the ether which
was itself regarded as being stationary.

The idea of the ether was very similar to
Newton’s idea of absolute space: it was the
framework within which the stars and galaxies
were positioned and through which the planets
moved. As the Earth moves in its orbit around the
Sun, therefore, it must also travel through the ether
and this suggested a way of testing the theory: there
should be a difference in the speed of light depend-
ing on whether it is measured along the direction
of the Earth’s movement through the ether or at
right angles to that direction. In 1887, this
prediction was very carefully tested by Albert
Michelson and Edward Morley whose apparatus was
capable of detecting a difference in the speed of
light ten times smaller than that to be expected
from the speed of the Earth’s movement through
the ether (box 6A). Michelson and Morley were

Box 6A The Michelson—-Morley

The basic idea of the experiment is shown in figure 6.2a.
If the Earth is travelling through the ether in the

direction shown with a velocity v:

m Light travelling along the direction of the Earth’s
motion through the ether would take less time to
reach mirror X, but more time to return, than if the
Earth was stationary.

® Light travelling across the direction of the Earth's
motion through the ether would travel a distance
of d-[1 + VZ/C%) in each direction (figure 6.2b), so it
would take more time both to reach mirror Y and
to return from mirror Y than if the Earth was

experiment @ "

£ SRR S

&h

stationary.
To avoid the need to know the exact location of
fringes if the Earth is stationary, Michelson and
Morley observed the interference patterns with the
apparatus in one orientation and then looked for any
changes in the interference patterns as they rotated
their apparatus through 90 degrees.

and starting, the apparatus was kept slowly rotating,
at 6 revolutions per minute, on a bath of mercury.
They also repeated their observations three months
later just in case the movement through the ether of
the whole solar system itself was cancelling out the
movement of the Earth through the ether as it
orbited the Sun.

Though the apparatus was capable of measuring
a shift in the interference pattern ten times smaller
than that expected from the speed of the Earth
around its orbit, no shift was observed.

To avoid vibrations and distortions due to stopping

T
interference / '

patterns I_TJ_,>

\h/
N7
detected ) =~
= movement

E of Earth

speed across direction of
Earth’s movement
(c = speed of light)

movement of Earth (speed = v)

e Figure 6.2 The Michelson-Morley experiment.

a Light from a single source is split into two perpendicular
directions by a halfreflecting mirror. When the.beams
rejoin at the telescope, interference fringes are produced.

b The effective distance travelled across the direction of
Earth’s movement is given by considering the addition of
the velocity vectors.
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unable, however, to detect any difference in the
speed of light measured along and across the
direction of the Earth’s motion. Their experiment
cast doubt, therefore, on the whole idea of an ether.

Einstein also rejected the idea of an ether and
the related idea of absolute space, but did so on
the basis of theory rather than experiment. To
understand Einstein’s reasoning, it is best to begin
by considering Newton'’s ideas about motion.

Newton realised that all bodies have inertia, i.e.
they tend to resist any change in their motion.
This important idea is expressed in Newton'’s first
law of motion: any body continues in its state of
uniform motion, i.e. remains at rest or moves at a
steady speed along a straight line, unless it is
acted on by an external force.

On Earth, however, bodies which are thrown or
dropped clearly do not continue in a state of uni-
form motion. They accelerate towards the Earth’s
centre and this acceleration is explained in terms
of the external force of gravity which acts on
them. But we can, like Newton, imagine situations
in which bodies would obey his first law of
motion. A spaceship in interstellar space, for
example, far away from any significant gravita-
tional influences, would provide a frame of
reference relative to which a body would remain
stationary or move with a steady velocity unless
we deliberately exerted a force on it. A frame of
reference in which Newton'’s first law of motion is
obeyed is known as an inertial frame.

It is important to realise that, although an
inertial frame cannot have an acceleration, it may
have a constant velocity. Any such constant velocity
which a spaceship, for example, might have would
be shared by everything inside the spaceship. No
observations made inside the spaceship itself
would enable an observer to detect this velocity. It
is also important to note that, despite the accelera-
tion produced by the Earth’s gravity, it is legitimate
in the thought-experiments described later in this
chapter to regard a vehicle on the surface of the
Earth as comprising an inertial frame so far as any
horizontal forces and movements are concerned,
provided that it has no horizontal acceleration.
Again, there is no limit to the number of these
restricted inertial frames, each of which is moving
relative to each of the others.

Newton’s idea of an inertial frame and Maxwell’s
discovery that all types of electromagnetic
radiation must always travel at the same speed
through space were the two key ideas underlying
Einstein’s special theory of relativity. It was by
combining and extending these ideas that Einstein
came up with his startling new theory.

Einstein took Newton’s idea that the laws of
motion apply in exactly the same way to any iner-
tial frame and extended it to include all the laws
of physics, not just the laws of motion. The idea
that all the laws of physics apply equally to all
inertial frames is sometimes called the first
postulate of the special theory of relativity.

Einstein then extended this idea further by
treating the common speed of all electromagnetic
radiation, calculated by Maxwell, as being itself a
fundamental law of physics which must, there-
fore, apply equally to all inertial frames of
reference. In other words, from whatever inertial
frame the speed of light - or of any other type of
electromagnetic radiation - is measured, that
speed will always be found to be exactly the same.
This idea is sometimes called the second
postulate of the special theory of relativity.

If electromagnetic radiation travels with exactly
the same speed relative to any inertial frame, and
there can be any number of inertial frames all
moving relative to each other, the idea of an ether
no longer makes any sense. In other words, accept-
ing the special theory of relativity means aban-
doning the idea of the ether, together with the
associated Newtonian idea of an absolute space
existing independently of particular bodies such
as planets, stars and galaxies.

Furthermore, by combining the ideas:

m first, that the speed of light is the same when
measured from any inertial frame;

® second, that there is a constant relative velocity
between any pair of inertial frames;

Einstein’s special theory of relativity generated

some very surprising predictions.

The basic principle underlying these
predictions is very simple. Since

distance

b time

and the speed of light is the same when measured
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by observers who are moving
relative to each other, the
measurements of time and
distance which are made by
these observers must be different.
Furthermore, it makes no sense
to ask which particular
measurements of time and
distance are correct. All such
measurements are made from
within some inertial frame and
there is no reason to give any
particular frame of reference an
especially privileged status.

Time dilation

One of the predictions of the
special theory of relativity is that
two observers who are moving
relative to each other will each
think that the other’s clock is
running slow. This can be
demonstrated, as can many of the
implications of relativity, by a
tactic often used by Einstein -
and by Newton before him -
namely a thought-experiment.

Imagine two observers travel-
ling in opposite directions on
parallel railway tracks. The
coaches on which the observers
are travelling each carry a long
plane mirror facing the other
coach (figure 6.3a). If either
observer sends a pulse of light,
at right angles to the direction
they are travelling, this pulse
would then be reflected between
the two mirrors over and over
again. Each observer could use
these reflections as the basis for
a clock: one tick of the clock is
the time taken for light to travel
from an observer’s own mirror
to the other observer’s mirror
and back again.

From the point of view of either observer, however, the pulse of
light originally sent by the other observer travels a greater distance
between reflections than the pulse of light originally sent by them-
selves (figure 6.3b,c). Since travelling a greater distance at the same
speed takes a longer time, both observers find that the other
observer’s clock is ticking more slowly than their own clock. To put
the same point in a different way, the time interval between two
events which occur in a particular inertial frame is longer when
measured by an observer who is moving relative to that inertial
frame than it is when measured by an observer who is within the
same inertial frame.

This relativistic slowing of a moving clock compared to a
stationary one is known as time dilation. The effect applies to any
type of clock, including the metabolic processes and ageing of our
own bodies. It is also important to recognise that, in the absence of
any specially favoured or absolute frame of reference, it makes no
sense to ask which of two clocks in relative motion is going at the
right speed or which of two observers in relative motion correctly
measures the time interval between two events.

Experimental evidence for time dilation has been provided by
particles called muons which can be created by collisions in parti-
cle accelerators. The extremely short lifetime of these particles, as
measured by the scientists using the particle accelerator, can be
greatly increased by accelerating the particles to 99.7% of the speed
of light. Muons are also created when cosmic radiation strikes the
Earth’s upper atmosphere. The relatively high proportion of these
muons which survive long enough to reach the Earth’s surface can
also be explained in terms of time dilation (box 6B).

[a]

E)] Pulse of light from A’s lamp

7 X
from B’s point of  from A’s point of
view view
A
Pulse of light from B’s lamp 1 :
s

from B’s point . from A’s point of
of view view

® Figure 6.3 Time dilation thought-experiment.
[Note. Strictly, there would need to be a set of synchronised light-
pulse clocks in each vehicle, located where the successive reflections
of the other person’s pulse of light arrive. These reflected pulses
would get progressively out of step with the synchronised clocks.|
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SAQ 6.1

From the point of view of an observer on Earth, a
clock on a fast-moving spaceship runs slow. A
scientist on the spaceship, however, finds that
bacteria still divide at the same rate as they did
when the spaceship was on the launch-pad.

How can the observer on Earth explain this?

Length contraction

The special theory of relativity predicts that two
observers who are moving relative to each other
will disagree not only about their measurements
of time but also about their measurements of dis-
tance. Once again, this idea can be demonstrated
by a thought-experiment.

The length of a train can be compared with the
length of a tunnel by arranging switches to make
lamps come on: lamp X, at one end of the tunnel,
comes on when the front of the train emerges and
lamp Y, at the other end of the tunnel, comes on
when the rear of the train enters (figure 6.5).

Suppose observer A, by the track at a point mid-
way through the tunnel, sees the lights come on
simultaneously. For this observer, the train will be
exactly the same length as the tunnel. For
observer B, however, who is on the train at its mid-
point and is travelling towards lamp X and away
from lamp Y, lamp X will come on before lamp Y.
For observer B, therefore, the front of the train
emerges from the tunnel before the rear of the
train enters the tunnel. Observer B concludes,
therefore, that the train is longer than the tunnel.

In other words, the length of an object as mea-
sured by an observer relative to whom the object
is moving is smaller than the length of that object
as measured by an observer from within the same
inertial frame as the object. This effect is known
as length contraction.

As with time dilation, length contraction is
completely symmetrical. If the lights are attached
to the ends of the train rather than to the ends of
the tunnel, they will then come on simultane-
ously for observer B, who concludes that the train
and the tunnel are the same length. Lamp Y,

Box 6B Muons and cosmic radiation

When cosmic radiation strikes the upper layers of the
Earth’s atmosphere, muons are created. Since these have a
half-life of only 2 microseconds (2 x 10°s) only a very
small proportion would be expected to reach the Earth’s
surface, in the absence of time dilation, even though they
travel at more than 99% of the speed of light.

The half-life of muons, however, is a type of clock and,
like other clocks, appears to run slow when moving relative
to an observer. In fact, on the Earth the apparent half-life of
the fast-moving muons is increased to about 20
microseconds.

muons expected (in
the absence of time
dilation)

—_ — A

muons
observed

® Figure 6.4 Numbers of muons at different levels in the atmosphere.

Muons take about 20 microseconds to travel from a
height of 6 km to sea-level. This is 10 normal half-lives so
that the number of muons recorded at sea-level should be
2" less than at 6 km, i.e. only about 0.1%. However, because
time dilation increases the half-life of the muons, as
measured by an observer who is at rest relative to the
muons, to 20 microseconds, the number of muons
recorded at sea-level is about 50% of the number recorded
at 6 km (figure 6.4).
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however, is moving towards
observer A, and lamp X is
moving away. Observer A, there-
fore, sees lamp Y come on before
lamp X. This indicates that the
rear of the train has entered the
tunnel before the front has
moved out of the tunnel, so
observer A concludes that the
tunnel is longer than the train.
As before, it is the observer who
is moving relative to the object
being measured who judges its
length to be smaller than the
length measured by an observer
in the same inertial frame as the
object.

Once again, as with time
dilation, it makes no sense to
ask which of the observers
makes the correct comparison:
all comparisons of length are
made from within some inertial
frame and there is no reason to
favour any particular frame. The
idea of the proper length of an
object - i.e. of its length as
measured by an observer who is
at rest with respect to the object
- is, however, a useful one. It
should also be noted that length
contraction occurs only along
the direction of the relative
motion.

SAQ 6.2

From the point of view of an
observer on Earth, an object in a
fast-moving spaceship becomes
shorter. An astronaut in the
spaceship, however, finds that the
length of the object, as measured
with a ruler, is exactly the same as
when the spaceship was on the
launch-pad.

How can the observer on Earth
explain this?

e Figure 6.5 Length contraction thought-experiment.
Observer A sees lamps X and Y light simultaneously, indicating that
the train and the tunnel are exactly the same length.
As the light is travelling from the lamps, observer B moves towards
lamp X and away from lamp Y and so sees lamp X light before lamp
Y. This indicates that the front of the train has exited the tunnel
before the rear of the train has entered, i.e. that the train is longer
than the tunnel.

The special theory of relativity, mass and energy

When the special theory of relativity is applied to the concepts of
momentum and Kinetic energy, it predicts that the observed mass
of a body should increase as its velocity relative to an observer
increases.

At everyday speeds, which are small compared to the speed of
light, the increase in a body’s mass due to its relative velocity is
exceedingly small.

Box 6C Why we don’t normally notice relativistic time
dilation, length contraction and mass increase

The factor by which time dilates, length contracts and mass increases as a
result of relative motion is

-5
L

where v is the velocity of the object being observed relative to the observer,
and c is the velocity of light.

As table 6.1 indicates, the extent of the relativistic changes in observed time,
length or mass is extremely small unless the relative velocity is a significant
percentage of the velocity of light.

Wm0

® Table 6.1 Extent of relativistic changes.
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The greater the relative velocity of a body, how-
ever, the greater the observed mass. Furthermore,
as the relative velocity of a body approaches the
speed of light, its observed mass becomes very
large indeed (box 6C).

These predictions of the special theory of
relativity have the following very important
implications:

1 Because everyday speeds are small compared to
the speed of light, the mass of a body can be
regarded as constant. Newton’s second law of
motion relating force and acceleration can,
therefore, still be applied.

2 Because the mass of a body increases with its
relative velocity, the greater its relative velocity
already is, the more difficult it becomes to
accelerate it further.

3 Because the mass of a body tends towards
infinity as its relative velocity approaches the
speed of light, it is impossible for that velocity
ever to reach the speed of light.

According to the special theory of relativity, there-

fore, the speed of light is not only the same from

all frames of reference, it is also a limiting speed
which can be approached but never actually
attained by bodies having mass.

Plenty of experimental evidence supporting the
above predictions about the relationship between
rest mass and relativistic mass has been obtained
using particle accelerators.

According to the special theory of relativity, the
work done on a body increases the kinetic energy
of that body, not only by increasing the speed of
the body but also by increasing its mass. This
strongly suggests that mass and energy are not
entirely independent of each other. In fact, the
special theory of relativity requires that mass and
energy are inter-convertible at a ‘rate of exchange’
given by the expression:

E=Amc®

Once again, Einstein took two existing scientific
ideas - in this case the ideas that in collisions,
chemical reactions, etc., mass and energy are each
conserved - and combined them into a single idea
with important implications. The idea that mass
and energy are inter-convertible, and that it is the
total mass-plus-energy which is conserved, played
an important part in cosmologists’ understanding
both of the thermonuclear reactions which power
stars and of many of the processes which occurred
at the early stages of the big bang.
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# The special theory of relativity postulates
that:

e the laws of physics are the same in all
inertial (i.e. unaccelerated) frames of
reference;

e the speed of light for any observer in any
inertial frame is always the same.

# The special theory of relativity implies that
there is no stationary medium (ether)
through which electromagnetic radiation
travels and no absolute space independent
of matter. This view is supported by the
Michelson-Morley experiment.

€ The theory implies that:

e a clock which is moving relative to an
observer will appear to run slow - this
time dilation can be demonstrated with
muons whose halflife appears to a
stationary observer to increase when they
are accelerated to high speeds;

e an object which is moving relative to an
observer will appear to be shorter, in the
direction of its travel, than it does to an
observer who is at rest with respect to (i.e.
in the same inertial frame as) the object -
this effect is known as length contraction;

e the observed mass of an object when it is
moving relative to the observer is greater
than its rest mass.

4 In each case the size of the relativistic
change is extremely small unless the rela-
tive velocity between the observer and the
object being observed is a significant
percentage of the velocity of light.

4 The theory also implies that mass and
energy are inter-convertible in accordance
with the equation
E=Amc.

Juestion

w

1 According to Newton’s theory of 1686, the
acceleration produced in a body of mass m
by a force F is given by

a=

2|

According to Einstein’s special theory of
relativity (1905), the acceleration
produced is given by

How do the accelerations predicted by

Newton and Einstein compare:

a at the speeds of ordinary bodies on
Earth (e.g. balls, vehicles etc.)?

b at speeds approaching the speed of
light?

Explain your answers.
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HAPTER 7

The general theury of relativity

and gravity;

principle of equivalence;

o 3 describe a thought-experiment to lllustrate that hght' pas:
- accelerating spacecraft, at right-angles to the spacecraft i
acceleration, appears to follow a curved path to an observer wnhm the craﬂ

4 appreciate the significance of observations made during the 1919 total solar
eclipse, and the measured precession of the orbit of Mercury, in supportmg the

general theory of relativity.

hough the special theory of relativity

deliberately excluded gravitational forces,

these are relatively unimportant at the scale
of elementary particles and so did not prevent the
special theory from contributing to cosmologists’
understanding of thermonuclear reactions in
stars, and to their theories of probable events
during the big bang. The Universe of today on a
large scale, however, is dominated by gravity and
so a theory of relativity is needed that incorpo-
rates gravitational forces. Einstein was well aware
of this need and, in 1915, he published his general
theory of relativity.

As we have seen, Newton’s gravitational theory
had been so successful, for example in its
application to the motion of planets and their
satellites, that you might wonder why an alterna-
tive theory was thought to be necessary at all. In
fact, after working on the special theory of
relativity, Einstein simply wanted to find a way to
draw his new theory together with Newton'’s
theory of gravitation - he was motivated by the
desire to make his theories more complete. He
wrote ‘In 1907, while I was writing a review of the
consequences of special relativity ... I realised that
all the natural phenomena could be discussed in

By the end of this chapter you s u

1 apprecnate the SIinﬁcance of the prmczpi ‘

2 explain the effect of gravity on time in terms of a thmught-ex'

'be able to

terms of special relativity except for the law of

gravitation ... I felt a deep desire to understand

the reason behind this ...".

The general theory of relativity suggested some
of the important astronomical and cosmological
ideas that have been considered in other chapters.
For example:

m it suggested the possibility of strange bodies
such as black holes, which nobody had previ-
ously imagined could exist; :

® it implied that the Universe might be open,

closed or flat, each of which would have a

different future.

Furthermore, the general theory of relativity

explained everything which Newton’s gravita-

tional theory explained, whilst also solving some
of its problems, for example changes that had
been observed in the orbit of the planet Mercury.

The principle of equivalence

In Newton’s theories, the mass of a body - which
is a measure of the body’s inertia, i.e. its resist-
ance to any change in its motion - is defined by
his second law of motion, which can be expressed
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auonary
paceshlp
o on Earths surface

98 ms?

- spacesl‘np in
free fall near

o iin the same posmon when it is released

® Figure 7.1

a The equivalence of a stationary spaceship on the
Earth’s surface and one which is accelerating at
9.8 ms™ in interstellar space.

b The equivalence of a spaceship freely falling
towards the Earth’s surface and an unaccelerated
spaceship in interstellar space.

in the form:

F=ma or m=

a

Since the gravitational force acting on a body
turns out to be proportional to its mass, all bodies
at a particular point in a gravitational field are
accelerated at the same rate.

Einstein, however, realised that the connection
between a body’s mass and the gravitational force
acting on it was not a simple coincidence. He
reached this conclusion by means of the following
thought-experiment.

Imagine two spaceships, one which is stationary
on the Earth’s surface and another which is accel-
erating at 9.8 ms™* in interstellar space (figure 7.1a).
Whatever experiments an observer carried out in
either of these two spaceships - for example,
simply dropping something - would give identical
results. From inside either of the spaceships
(assuming they had no windows!) there would be
no way of telling which one you were actually in.

Similarly, it would be impossible to distinguish
between a spaceship that was freely falling

spaceship in

 at9sms?

= Insxde each spaceshxp an object would fallywithﬁ :
oan acceleratlon of9.8 ms‘2 when dropped =

 spaceship in
~ space moving
~atasteady

c Insdde each spaceshlp an ob]ect W111 stay ‘ﬂoanng’ .

towards the Earth, and an unaccel-
erated spaceship in interstellar
space. For example, an object
which was released in either ship
would simply float in the same
position relative to the inside of
the spaceship (figure 7.1b).

Einstein, through this thought-
experiment, realised that if
acceleration and gravity are
indistinguishable from each other
they must be equivalent to each
other. This idea is known as the
principle of equivalence. The
equivalence of gravity and accelera-
tion means that any effects which
are produced by an acceleration,
must also occur due to gravity.

space
accelerating

Relativity and time

A further thought-experiment tells us that accel-
eration affects time. Imagine a spaceship inside
which, at both front and rear, are synchronised
clocks which tell an observer the time by emitting
regular pulses of light. If the spaceship is travel-
ling at a constant velocity, an observer anywhere
inside the spaceship will observe both clocks flash-
ing at exactly the same rate. This is because the
observer and both clocks are within the same
inertial frame. If, however, the spaceship is accel-
erating, the observer’s speed will increase during
the time it takes the pulses of light to travel from

front clock

rear clock

T S P = PR

A spaceship travelling
with constant velocity
is an inertial frame.

If the spaceship has an
acceleration, X moves
as light pulses travel

Light pulses take from clocks. Light pulses
the same time to from the front clock take
reach X from the front less time to travel and so

and rear clocks. shorter intervals than light

pulses from the rear clock.

® Figure 7.2 The effect of acceleration on time.
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the clocks to the observer. This means
that each pulse from the clock at the
front of the spaceship will take slightly
less time to reach the observer, and each
pulse from the clock at the rear of the
spaceship will take slightly more time to
reach the observer (figure 7.2). Hence, to
the observer, the clock at the front of the
spaceship will run faster than the clock
at the rear of the spaceship.

SAQ 7.1
How would an external observer interpret
what is happening with the clocks at the
front and rear of an accelerating spaceship?

Since an upwards acceleration is exactly equiva-
lent to a downwards gravitational pull, a clock at
the lower end of a spaceship which is stationary
on the Earth’s surface should run more slowly
than a clock which is at the top of the spaceship
(figure 7.3). This prediction of the general theory of
relativity was shown to be correct by Robert
Pound and Glen Rebka in 1960. They used an
atomic clock in which the frequency of electro-
magnetic radiation is, in effect, the rate at which
the clock ‘ticks’. If the clock runs slow, the radia-
tion it emits has a lower frequency, i.e. it is red-
shifted. The experiment was carried out in the

23 m high Jefferson Tower at Harvard University in
Cambridge, Massachusetts. Pound and Rebka
found that a clock did indeed run more slowly
when at the bottom of the tower, than when it
was at the top. The extremely small difference
they measured (box 7A) was within 10% of the

figure predicted by the general theory of relativity.

Later, more sensitive measurements gave results
to within 1% of the predicted figure.

Relativity and space

From the point of view of cosmology, the princi-
ple of equivalence is the most important because
of its implications for our concept of space. Again,
it is easiest to understand these implications via a
thought-experiment.

Imagine a beam of light travelling inside a
spaceship, at right-angles to the direction in

: ~ front/upper
dleck .

F=9.8Nkg?

- ...runs faster

= dthan. .
...Tear [lower
“iidlock
aais exactly ...aspaceship at
~equivalent rest on the
‘ to... Earth's surface

e Figure 7.3 The effect of gravity on time.

Box 7A Measuring gravitational red-shift
The effect on an atomic clock of changing its position in
the Earth’s gravitational field is very small It is, therefore,
very difficult to detect e.g. the resulting red-shift when a
gamma-ray emitter is moved down from the top of a high
tower to the Earth’s surface. Pound and Rebka succeeded
in doing this by using a very narrow band of gamma-
radiation that the unstable isotope iron-57 (°’Fe) both
emits and absorbs when it is implanted in a certain type
of crystal

Even so, they were only able to obtain their
measurements by:

® balancing the gravitational red-shift when the emitter
was at the bottom of the tower against the Doppler
blue-shift produced by moving the emitter towards the
detector;

B by repeating the experiment with the emitter at the top
of the tower and balancing the resulting gravitational
blue-shift against the Doppler red-shift produced by
moving the emitter away from the detector.

SAQ 72
The Doppler blue-shift needed by Pound and
Rebka to balance the gravitational red-shift was
produced by moving the emitter towards the
detector at just 2mm per hour.

What fractional change in frequency — and hence
fractional slowing of the atomic clock — does this
correspond to?

which a spaceship is travelling. If the spaceship
moves with a constant velocity, it comprises an
inertial frame and an observer will not be able to
detect its velocity from observations made entirely
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""""""""""" | In a spaceship moving
with a constant velocity,
a pulse of light travels
horizontally.

An accelerating spaceship
i moves an increasingly greater
distance as the pulse of light
travels each part of the way
across. To an unaccelerated
external observer, the pulse
still travels horizontally . . .

b ... but to an observer
in the spaceship, the
'y path of the pulse is curved.

® Figure 7.4 The bending of light by acceleration.

within the spaceship. The beam of light will
therefore be observed to travel across the spaceship
in a straight line (figure 7.4a). However, if the space-
ship is accelerating, for each part of the distance
that the light moves across the spaceship, the
spaceship will have gained a little more velocity
and so will have moved an additional distance at
right-angles to the direction of the light beam
(figure 74b). From the point of view of an observer
within the spaceship, therefore, the beam of light
will travel in a curved path (figure 74c).

Applying the principle of equivalence to this
situation means that gravity must also cause the
path of a beam of light to curve. However, just as
very large accelerations are required to produce
any detectable bending of light, so very large
gravitational forces - implying very large masses -
are needed. For example, Einstein calculated from
the detailed equations relating to his general
theory of relativity - equations which it took him
eight years to work out - that a beam of light
which passed very close to the edge of the Sun
would be deflected by an angle of just 1.75
arc-seconds (figure 7.5).

Sun

® Figure 7.5 The bending of light by gravity. (The
deflection is greatly exaggerated; it is only 1.75
seconds of arc.)

This prediction was confirmed, in 1919, by two
groups of astronomers who measured the
deflection of light from a star by the Sun’s gravita-
tional field during a total solar eclipse (figure 76).
More recently, distant, small but very powerful
radio sources known as quasars have been used to
confirm the theory. Radiation from two
particularly suitable quasars passes very close to
the Sun before it reaches Earth on 8 October each
year; radio waves can be observed passing near the

® Figure 7.6 The Sun is so bright that the only
opportunity to observe light from a distant star
visible very close to the edge of the Sun, is when
the Moon blocks out most of the Sun’s light - that
is, during a total solar eclipse.
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Sun without the need for instruments to be in the
shadow track of a total eclipse. The angle between
the observed positions of the two quasars changes
depending upon how close to the Sun the radia-
tion from each passes on its way to Earth.
Einstein was delighted to find that his
equations almost exactly accounted for the
discrepancy between the observed rate of
precession of Mercury’s orbit and that predicted
by Newton’s theory of gravitation (box 7B). Its
ability to solve a problem which had previously
proved impossible to work out lent strong support
to the general theory of relativity as a more
accurate representation of how gravity works.
From a relativistic point of view, it is more
appropriate to think not in terms of gravitational

forces but rather in terms of a basically ‘flat’ space
which is ‘curved’ in the region of massive objects
(figure 7.8a). Objects and beams of light are then
seen not as being pulled off course by gravity, but
rather as following the ‘bent’ mass-warped
contours of space. Following such a path is, in
fact, the shortest route for light travelling
through space, in much the same way that a great
circle is the shortest route for an aircraft flying
between two places on Earth (figure 7.8b).

Soon after Einstein published his general the-
ory of relativity, Karl Schwarzschild calculated
that a very large and very concentrated mass —
which, for example, might occur as matter col-
lapses in the core of a very massive star after the
fuel for the nuclear fusion reactions has been

Box 7B Explaining the precession of
Mercury’s perihelion

If it were not for the perturbations due to the other planets,
the orbit of Mercury would be an ellipse whose orientation
was always in the same direction. In other words, an
imaginary line drawn from the Sun to the point in Mercury’s
orbit where it is nearest to the Sun - its perihelion — would
always lie in the same direction in relation to the (fixed)
constellations of stars. Because of perturbations, however,
Mercury’s elliptical orbit rotates in its plane so that the path
of Mercury traces out a rosette pattern: the direction of the
perihelion rotates or precesses, very slowly, taking 2250
centuries to make one complete rotation.

When the rate of precession is calculated using standard
(Newtonian) gravitational theory, it does not quite match
the observed rate of precession: there is a discrepancy of
43 arc-seconds per century. During the second half of the
nineteenth century, astronomers searched extensively for a
new planet — provisionally called Vulcan, after the Greek
god of fire, because it would need to be very close to the
Sun to have the desired effect on Mercury — but without
success (figure 7.7). % :

In 1915, Einstein was delighted to find that calculations
for Mercury based on his general theory of relativity
differed from those based on Newton’s theory by exactly
the required 43 arc-seconds per century.

SAQ 73

Use the information in table 71 to explain why
Venus and Jupiter both have a bigger effect than
the Earth on the precession of Mercury’s peri-
helion. (Use the usual Newtonian formula for the
size of the gravitational force between planets))

® Figure 7.7 Precession of Mercury’s perihelion.
The perihelion of Mercury’s orbit rotates
(precesses) at 574 arc-seconds per century.
Calculations using Newton'’s theory of gravity
show that:
Venus causes
Earth causes
Jupiter causes
others cause

TOTAL

277 arc-seconds
90 arc-seconds
153 arc-seconds
11 arc-seconds
531 arc-seconds

Jupiter “ 318 L 5

® Table 7.1
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[a]

The Sun distorts space rather like a heavy mass distorts a
stretched rubber sheet.

actual
position

apparent
position

This can change the apparent position of the star (see
figure 7.5)

@ Light follows the shortest path in curved space,
just as an aircraft, to save fuel, is steered to follow
the shortest route around the curved surface of
the Earth (a great circle).

great
circle

® Figure 7.8 The distortion of space by a large mass.

used up - would distort space so severely that a
‘hole’ is punched in it (figure 7.9). Up to a certain
distance from the centre of such a black hole,
space would be so tightly curved that not even
radiation could escape from it. At the time, the
idea was regarded as a peculiarity of the
mathematics used in the theory rather than as
something that could actually exist. The discovery

event horizon

-

black hole

® Figure 7.9 Space in the region of a black hole. The
distance from the centre of a black hole from
within which not even radiation can escape is
known as the Schwarzschild radius. Because we
cannot possibly observe anything that happens
from within a sphere of this radius, the surface of
the sphere is called the event horizon.

of quasars and pulsars (see chapter 4), however,
suggested that such dense matter, bizarre though
it may seem, might actually exist.

Flat and curved space

Besides predicting the possibility of exotic objects
such as black holes, the general theory of relativ-
ity also has implications for the Universe as a
whole. For example, Einstein himself realised that
his equations implied that the Universe could not
be static. Rather than accepting the revolutionary
implications of this idea, however, he ‘fudged’ the
equations by adding a ‘cosmological constant’ to
make them match the still widely-held assump-
tion from Newton’s theory of gravitation, that the
Universe was neither expanding nor contracting
(box 7C, page 75).

As mentioned earlier, space appears to be basi-
cally ‘flat’ with distortions near massive objects.
The question remains, however, concerning
whether it is generally perfectly flat or whether
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Box 7C The cosmological constant: the
story of a missed opportunity

Einstein’s thinking has had such a revolutionary effect on
modern physics and cosmology that it is both surprising
— and reassuring ~ to find that even he sometimes failed
to exploit the possibilities of his own ideas.

When working out the detailed equations for his
general theory of relativity, Einstein found that they could
apply to a universe that was expanding or contracting but
not to one which was static. Until Hubble’s work in the
1920s on the red-shift of radiation from distant galaxies,
nobody had seriously considered the possibility of an
expanding Universe. Though Einstein had not hesitated to
challenge many other existing assumptions, he did not
challenge this particular one. Instead, he introduced an
extra term into his equations — a cosmological constant -
specifically designed to make a static universe possible.

When he later learned of Hubble’s work, Einstein
immediately realised that he had missed an important
opportunity. He could — and should - have used his
theory not only to provide the solution to Olbers’ paradox
but also to make the further, and potentially testable,
prediction that the Universe is expanding.

there is some overall curvature. In a perfectly flat
universe, two parallel beams of light would
remain parallel however far they travelled (figure
7.10a). If, however, two initially parallel beams of
light converge and eventually meet, space would
be spherical (figure 7.10b); and if two initially paral-
lel beams of light gradually diverge, space would
be hyperbolic (figure 7.10c). These possibilities of a
spherical, flat or hyperbolic space correspond
directly with the possibilities of a closed, flat or
open universe discussed in chapter 5.

Finally, it is important to recognise just how
different Einstein’s concept of space is from that
of Newton. For Newton, it was simply a fact that
the Earth was moving but that the stars were

Y

o SR e
flat space 3 ‘
(Universe flat)
e s

spherical space
(Universe closed)

 hyperbolic spac
- (Universe open)

e Figure 7.10 Space may be a flat, b spherical or
¢ hyperbolic, corresponding to a universe which is
flat, closed or open.

stationary relative to absolute space. The Universe
happened to be that way, but it could have been
different. For Einstein, however - as for Bishop
Berkeley, a contemporary of Newton whose ideas
were ridiculed at the time - the overall structure
of space depends on the overall distribution of
matter in the Universe. In this view, accelerated
motion is motion that is accelerated with respect
to the Universe as a whole. In a sense, therefore,
there is a frame of reference in the Universe
which is more fundamental than all other inertial
frames. This frame of reference is not independ-
ent of the distribution of matter in the Universe
but is, rather, determined by it. This idea was
vigorously promoted in the latter part of the nine-
teenth century by Ernst Mach, whose views had a
significant influence on Einstein’s thinking.
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® The general theory of relativity is based on

1 The gravitational field strength on the

the principle of equivalence, i.e. that a
gravitational force is exactly equivalent to
an acceleration.

The general theory of relativity implies that:

¢ the speed at which a clock runs changes
with its position in a gravitational field,
which can be demonstrated via the gravi-
tational red-shift in radiation (e.g. using
an atomic clock);

e light is deviated by a gravitational field,
i.e. that space is distorted in the region of
massive bodies, which can be observed
when radiation from stars passes close to
the Sun; :

e very dense matter may make the space
around it so tightly curved that no radia-
tion can escape - matter being acceler-
ated towards such a black hole may be
responsible for the intense radiation
emitted by quasars.

The general theory of relativity also
accounts for the discrepancies from the
observed precession of the perihelion of
Mercury when these are calculated using
standard (Newtonian) gravitational theory.

The nature of space is determined by the

distribution of matter in the Universe.

Though inter-stellar space is very nearly

flat, it may not be perfectly so:

e if space is positively curved (spherical)
the Universe is closed;

e if space is negatively curved (hyperbolic)
the Universe is open.

Questions

surface of the Moon is 1.62Nkg™" and on
the surface of the Earth is 9.81 Nkg ™.

What motion of a spaceship would seem
to astronauts to be the same as being sta-
tionary on the Moon’s surface:

a if the spaceship were in deep space far
away from any significant gravita-
tional attraction?

b if the spaceship were quite close to the
earth’s surface?

2 A white dwarf has cooled down to form a
brown dwarf. It is the same diameter as
the Earth but has a density 2 x 10° times
greater. Suppose that an emitter and a
detector such as were used by Pound and
Rebka could be placed on the surface of
the brown dwarf with the emitter 23 cm
below the detector. How fast would the
emitter need to move towards the detec-
tor to balance the gravitational red-shift?

N.B.

e On Earth the required speed is 2mm
per hour for a 23 m separation.

e For separations which are very small
compared to the radii of the Earth and
the brown dwarf, you should assume
that the gravitational field strengths
have a uniform gradient.




Answers to guestions

P4 a See figure.

Prelude

P1  (3.00 x 10%) x (3.15 x 107) = 9.45 x 10" m
The figure 10’ m is, therefore, correct to within
about 5%.

P2 a Onesixth of a circle = one-sixth of a day,
i.e. 4 hours. [Note. This is only approximately
correct because the Sun’s azimuth does not, in
general, change uniformly with time.]

b See figure. The difference in the directions of
the rising and the setting Sun is 180°. The
noon shadow is shorter than at midwinter
because the Sun is higher in the sky.

e Answer for SAQ P.2b.

P3 + a 180"
b 180° divided by 182.6 days (i.e. half of the
365.25 days in a year) gives just under 1°.

daily path of the Sun
when at X on ecliptic
(always visible from

/ Earth’s north pole)

A

daily path of the Sun
when at Y on ecliptic
(never visible from
Earth’s north pole)

® Answer for SAQ P.4a.

b The Sun never rises.

P5 See figure.

\[: retrograde motion
over this part of
each loop
® Answer for SAQ P.5.

Chapter 1

11  Mars is in retrograde motion when it is on the
opposite side of the Earth from the Sun (in oppo-
sition) and hence closest to Earth. The closer Mars
is, the brighter it looks.

1.2 The angular separation changes from 50° to 10°,
i.e. the parallax is 40°.

1.3 The angular separation changes from 3.5° to 2.5°,
i.e. the parallax is 1°.

14 The graph would be a straight line through the
origin. (T? and d° are directly proportional.)
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15

1.6

1.7

18

19

1.10

151

112

T* = 1.52° gives T = v/3.51. So the orbital period of
Mars is 1.87 years.

d? = (12)* gives d = */144. So Jupiter is approxi-
mately 5.24 AU from the Sun.

The mean distance of Saturn from the Sun is:
a 9:pdoe] 55108 = 143 x 10" m:
b 1.43 x 10*2

T RITK 10° light-seconds

(79.5 light-minutes).

a Venus appears as a crescent when it is between
the Earth and the Sun (in inferior conjunction)
and appears full when it is on the opposite side
of the Sun from Earth (in superior conjunc-
tion). Venus looks bigger when closer.

b Venus is always on the same side of the Earth
as the Sun and is, therefore, only seen around
dusk and dawn.

Their periods can be observed and the relative
sizes of their orbits estimated by comparing their
maximum separation from Jupiter. [Note. This
assumes that they all move in the same plane.]

[Note. ST units must be used in this calculation.]
4r’d3
GT?
4(3.142)* x (1.5 x 101y
© 6.67 x 10 x (3.15 x 107)?
=2 x 10%%kg

ms=

Pluto is much less massive than other planets,
has a more eccentric orbit (which cuts inside
Neptune’s orbit at one point) and is at a bigger
angle to the plane of the Earth’s orbit around the
Sun (the ecliptic).

The four satellites discovered by Galileo are
much bigger that the others (with radii of
1500-2500 km compared to 135 km or less). This
means that they reflect more light.

End-of-chapter questions

1

a See figure.

) )

3 - 5 6

e Answer for question 1.

Chap
21

22

23

24

b The prediction from the Ptolemaic model does
not match the observed phases of Venus (see
figure 1.5a), whereas the prediction made from
the Copernican model does. Copernicus
himself was aware that Venus was a crucial test
between his system and the Ptolemaic system
but, since the telescope had not been invented,
could not actually make the necessary
observations.

A e Y SR o8
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04 07 10 16 28 52 100

b The 1st, 2nd, 3rd, 4th, 6th and 7th figures
match the distances (in AU) of Mercury, Venus,
Earth, Mars, Jupiter and Saturn.

c (i) Astronomers predicted that other planets
would be found corresponding to the 5th
figure in the series (i.e. 2.8 AU) and also to the
8th figure (19.6 AU) and beyond.

(ii) The predictions led to the discovery of
Uranus in 1781 and of Ceres - one of many
asteroids - in 1801, both very close to the
predicted positions. Though the planets
Neptune and Pluto were subsequently
discovered, their distances do not fit the
Bode-Titus series of numbers.

Though the Bode-Titus series of numbers
may be purely accidental, it might relate to the
long-term stability of the orbits of planets
which perturb each other.

ter 2 :

Brightness is proportional to 773, so Sirius is

v10'? = 10° times further away than the Sun. This

suggests that the distance of Sirius from Earth is

1.5 x 10" x 10°
1016

(The currently accepted figure is 8.7 light-years.)

about = 15 light-years.

A parallax of 0.76 arc-seconds implies that the

1
star is i 1.32 pc (4.29 light-years) distant.

100pc = 326 light-years.

a The difference in magnitude is 3, so the inten-
sity ratio equals 2.5% i.e. 15.6.
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25

2.6

2.7

28

29

b The difference in magnitudes of the Sun and
Sirius is about 25. A difference in magnitude of
5 means an intensity ratio of 100. So a differ-
ence in magnitude of 25 means an intensity
ratio of (100)°, i.e. 10%°,

The absolute magnitude of Arcturus is:
M=-0.1-5I1g(1})

=-0.1 - 5(0.04)

=

The period is about 5.75 days. The magnitude
decreases (i.e. brightness rises) at about twice the
rate it decreases (i.e. brightness falls). The magni-
tude changes by 0.7, i.e. an intensity ratio of
25%e19,

A period of 4 days implies Polaris has an absolute
magnitude of -3.1.

31=2-51g4
10
That is,
d
lg—=1.02
g 10

d =10(10)"% = 104.7 pc
The distance of Polaris from Earth is about
104.7 pc, i.e. 341 light-years.

a UsingM-m=-5 lg(%):

w24 =5 lg s
10
So
d = 10(10)*8
The galaxy is at a distance of 6.3 x 10° pc
(2 x 10° light-years).

b This distance is about 20 times the diameter of
the Milky Way.

Using SI units throughout, the mass mg of the
galaxy is about:
P 4n’d®
GT?

e 4(3.142)* x (3 x 10* x 10%6)*

© 667 %107 x (2.3 x 10° x 3.15 x 107)°

=3 x 10" kg
The total mass of the galaxy will be greater than
this, though not in proportion to the area of the
galactic disc outside the Sun’s orbit since there is
evidence of a large concentration of mass at the
centre.

2.10

End-of-chapter questions

Note also the recent evidence that each part of
the outer disc of a galaxy often has the same
rotational velocity irrespective of its distance
from the galactic centre. This suggests that there
is a huge unseen halo of dark matter.

The maximum difference in magnitude from the
average is 1.25. This represents a brightness ratio
of 2.5'%° =3.14 and hence a distance ratio of
V3.14, i.e. 1.77.

Hubble’s estimates of galactic distances could be
wrong by this factor.

[Note. Red-shifts are often used to estimate
distances beyond this, on the assumption that
Hubble’s law holds true. See chapter 5]

The galaxy is rotating in the plane of the line of
sight.

Since the speed of movement of stars in the
bulge is directly proportional to their distance
from the centre of the galaxy, the stars in this
area must be rotating with the same angular
speed.

The more widely separated stars in the disc of
the galaxy are all moving with the same speed.
Since their speed is not what Kepler’s laws would
lead us to expect (i.e. varying inversely with their
distance from the centre of the galaxy),
astronomers believe that there must be a very
considerable amount of unseen (dark) matter
surrounding the visible outer edge of the galaxy.

Chapter 3

3.1

Ordering the stars by temperature, starting with
the hottest, gives: Rigel, Sirius, Arcturus,
Betelgeuse.
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3.2  From figure 3.3, Amax is 0.48 X 10 °m. Now:
Amax X T=29%10"
So
2B Re?
048 %107
=6.0 x 10°K
The temperature of the Sun’s surface is about
6000 K.

3.3 The Sun is a main sequence star of average size.

34 In the vapour state, atoms do not interact with
each other. They emit specific wavelengths of
light related to the particular energy levels
between which electrons in the atoms jump.
These energy levels are different in different

types of atom.

3.5 The element iron is present in the Sun’s
atmosphere.

End-of-chapter question

1 Because the motion of the stars is related they

are probably a binary pair orbiting their common
centre of mass; as one of the stars is moving away
from Earth the other moves towards Earth.

The orbital period for the binary pair is about
27 days.

The pair of stars as a whole is moving away
from Earth with a velocity of about 10kms™.

Chapter 4

4.1 The amount of energy which would be released
by a loss in mass of 1g is:
E =(0.001) (3 x 10%)* = 9 x 10%]

4.2 The Sun’s annual rate of loss of mass is:
(4 x 10%°) x (3.15 x 107)
(3 x 10%)
=1.4 x 10" kg year™
The time it will take to lose 0.035% of its present
mass is:

mass consumed

rate
= (0.035 x 107?) x (2 x 10%°)
e 14 MA0T
= 5 x 10° years

i.e. 5 billion years.

43

44

4.5

4.6

4.7

4.8

49

A star’s lifetime on the main sequence decreases
by a very large proportion for a relatively small
increase in mass. The greater the mass of the star,
the greater the temperature needed to produce
enough radiation pressure to maintain equilib-
rium and the greater the equilibrium pressure.
Both these factors will increase the rate of
hydrogen burning.

Even when a log-log graph is plotted from table
4.1, a straight line is not obtained, so there is no
simple relationship between a star’s lifetime on
the main sequence and its mass.

The temperature of the core will not become high
enough to ignite hydrogen burning. The body
will gradually cool once gravitational collapse is
complete. The planets may well have been formed
in this way.

As they are forming, main sequence stars will be
cooler but also larger than when they reach the
main sequence. They will, therefore, be towards
the right-hand side of the H-R diagram. Whether
they are above or below the main sequence line
depends on whether the coolness or the size has
the greater effect on the rate at which radiation
is emitted.

This suggests that Cepheid variables may be main
sequence stars in the process of developing into
red giants.

The commonest elements in the Sun are hydrogen
and helium from the gas clouds out of which the
Sun formed. Hydrogen burning in the Sun’s core
will have converted hydrogen to helium but
cannot have created the other elements. These
must all have been created in an earlier star, for
example a red giant, material from which became
caught up in the gas cloud from which the Sun
was formed. The Sun cannot, therefore, be a first-
generation star, i.e. formed exclusively from
primordial hydrogen and helium.

Elements with more massive nuclei than iron are
produced only in supernova explosions. The gas
cloud from which the Sun was formed must,
therefore, have included the debris from such

an explosion.

Stars spend a greater proportion of their time as
main sequence stars than as red giants or as
white dwarfs emitting enough radiation to be
seen. Furthermore, not all red giants become
white dwarfs.
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410

411

412

Only those pulsars whose narrow beam of
radiation is sometimes directed towards Earth
will be detected.

The pulses can be detected electronically.
Alternatively, the star can be viewed
stroboscopically, i.e. intermittently at the same
rate as it is flashing, when it is possible to make it
‘disappear’.

Advanced civilisations are likely to know that

21 cm radiation is indicative of hydrogen and
that hydrogen is the commonest element in the
Universe. They would also expect other equally
advanced civilisations to know this. Furthermore,
the atmosphere of the Earth is transparent to
radiation of this wavelength and it can be
assumed that this will also be true for other life-
supporting planets.

End-of-chapter questions

1

Star A changes from a main sequence star of
medium magnitude and temperature to a red
giant and then to a white dwarf.

Star B changes from a brighter than average
and hotter than average main sequence star to a
red giant and then to a very bright supernova.

Star A is less massive than star B; the mass of
star B, but not that of star A, exceeds the
Chandrasekhar limit.

a Cluster Y is the youngest and cluster X the
oldest.

The brightest and most massive stars also
have the shortest lives so the youngest cluster
has stars further along the main sequence and
also has stars moving off into the red giant
area from higher up the main sequence.

b Since Population I stars are younger they are
more likely to include debris from older stars
which have produced heavier metal elements
via a series of thermonuclear reactions plus a
supernova explosion. Older Population II stars
are likely to comprise primarily primordial
hydrogen and helium.

[Note. Population II stars are brighter than
Population I stars. The difference is important
when using Cepheid variables for distance
estimates.|

Chapter 5

5.1 If the Universe were finite, there would be a
gravitational force causing it to collapse towards
its centre. In an infinite Universe, however,
gravitational forces might act on any body
equally in all directions and there would be no
net force.

5.2 The red-shifts for galaxies B, C and D are 7 mm,
11 mm and 17 mm respectively, corresponding to
recessional velocities of 4.7%, 7.3% and 11.3% of
the speed of light.

5.3  Sirius and Earth are moving apart at
3x10°x107* =3 x 10*ms™.

54  Ablueshift indicates that the Andromeda galaxy
is moving towards us.

Two local galaxies in the same local cluster
could be moving towards each other.
Alternatively the blue-shift could be due to the
movement of the solar system around the centre
of our own galaxy so that it is just our region of
the Milky Way galaxy, not the galaxy as a whole,
which is moving towards the Andromeda galaxy.

5.5 The age of the Universe can be calculated from
any point on a Hubble graph because the Hubble
constant is the constant of proportionality
between the speed of recession of a galaxy and
its distance.

5.6 The sky is dark at night because:
B fewer photons reach the Earth in a given time;
B the photons of red-shifted radiation are less

energetic.

The idea that the Universe has a finite age sug-
gests a further way of resolving Olbers’ paradox.
The night sky is dark because we receive light on
Earth only from the finite part of the Universe
within a distance of 15-18 billion light-years.
Light from further away than this has not yet had
time to get here. Some cosmologists believe that
the Universe extends beyond this limit because
there was an early inflationary period of the
Universe when there was a faster-than-light
expansion of space-time itself which would not
violate the principle that nothing can travel
faster than light.
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5.7 To convert kms™ to a fraction of the speed of

light, multiply by ; to change Mpc

to light-years, multiply by 3.26 x 10°,
So
Ho=80kms ' Mpc™

3 80

(3 x 10%) x (3.26 x 10°)

=8.2x 107" year™

1
The reciprocal of Hubble’s constant o gives
0

an estimate of 12.2 x 10° years (12.2 billion years)
for the age of the Universe. Current estimates of
Hy vary from 56-80 km s~ Mpc ™. See New Scientist
30 May 1998 pp. 42-46 for an overview.

5.8 Rearranging Am.x x T= 2.9 x 107 gives:
29 %107

e
=1.07x10%m

Amax =

5.9 The fact that cosmic microwave radiation has the
same intensity in all directions (apart from the
very slight ripples referred to in the text and any
Doppler shift due to the Earth’s motion through
it) indicates that the Universe is the same in all
directions, i.e. isotropic. This is one aspect of its
being everywhere the same, i.e. the cosmological
principle.

5.10 There are several possible times for the end of the

big bang:

0.001 second protons and neutrons, the building
bricks of ordinary matter, exist;
hydrogen and helium nuclei, from
which stars are formed, exist;
hydrogen and helium atoms exist
and the Universe is transparent to
radiation.

100 seconds

10* seconds

5.11 The energies of collisions in particle accelerators
are equivalent to temperatures of 10*°K, so there
is some experimental evidence for what could
have happened in the big bang back to about
10""? seconds from its start.

512 Electrons and positrons have only about 5555 of
the mass of protons/anti-protons so that

correspondingly less energy is needed to create
them.

5.13

5.14

5.15

The wavelength of the cosmic background
radiation has become enormously longer and its
energy/mass value correspondingly smaller.

Except for relatively small mass — energy
conversions in thermonuclear reactions, the total
amount of matter in the Universe has remained
more or less the same.

The big crunch could be followed by another big
bang and the whole process repeated indefinitely.

The value of p. (or Q) in the SI units kgm is:
3

(2% 10 x 3.15 x 107)% X 8 X 3.142 X 6.67 x 101!

=45x10"kgm™

(The mass of a proton is 1.7 x 10"’ kg, so this is

just under 3 protons per cubic metre.)

End-of-chapter questions

1

a The spectral lines are unusual in that they are
emission lines rather than absorption lines and
that they show an extremely large red-shift
(AT;L of 14-15%). This is proportionally the same
for any of the lines.

b From figure 5.3, a recessional speed of 14-15% of
the speed of light implies a distance of about
3 x 10° light-years.

Alternatively, from box 5D, the Hubble constant
Hpis 5 x 10 year™. So
distance (light years)

speed of recession (fraction of speed of light)
d Hubble constant

2159:38
T 5x10™
=3 x 10° light-years

¢ 3C 273 is known as a quasi-stellar radio source
or quasar.

a 1pc=3x10%m
So 1Mpc =3 x 10km
75kms”!
3 x 10 km
=25 x 1005
A

75kms™ Mpc™! =

= 12.6 billion years
(dividing by 60s x 24 hours x 365.25 days)
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Chap
6.1

6.2

ter 6

The rate of division of the bacteria - a biological
clock - is slowed by exactly the same proportion,
from the point of view of the external observer,
as the clock which is used to time it.

From the point of view of the external observer,
the length of the ruler has contracted by exactly
the same proportion as the length of the object it
is being used to measure.

End-of-chapter question

1

Chap
71

7.2

73

a Ifvis very much less than c, then
(1 = v*/c%)!2 is very close to 1 so Einstein’s
formula gives the same answer as Newton’s.
b As v approaches c, then (1 - v*/c?)'2 tends to 0
so the acceleration produced by a given force
becomes smaller and smaller. When v = c,
the acceleration produced is zero.
This means that an object having mass can
never quite reach the speed of light, however
much it is accelerated.

ter /

Both clocks would appear to run slower than a
similar clock which was stationary with respect
to the external observer (see chapter 6). As the
spaceship is accelerating, this time dilation effect
would itself become progressively greater.

0.002
360

=l

2mm per hour = ms

v_0.002 10°®
€I BB 3
=18 x 107"

(i.e. about 2 parts in 100 million million)
Measuring a change this small to within 10%
(and later to within 1%) was a triumph of experi-

mental technique,

The gravitational force of another planet on
S
Mercury is o< E

The greatest perturbing effect of other planets
will be when they are nearest to Mercury.

These minimum distances are:

Venus 0.7-04=03AU

Earth 1.0-04=0.6AU

Jupiter 5.0-04=46AU

For these minimum distances

the values of % are:

Venus 8.9
Earth 2.8
Jupiter 15.0

For Venus, its closer distance compared to
Earth more than offsets its smaller mass.

For Jupiter, its much greater mass than Earth
more than offsets its greater distance.
Venus has a bigger overall effect than Jupiter
because its much shorter orbital period means that
it perturbs Mercury far more often. Even when its
shorter orbital period is taken into account, the
Earth still has a smaller effect than Jupiter.

End-of-chapter questions

1 a The acceleration of the spaceship would need
to be 1.62ms™

b The spaceship would need to accelerate

towards the centre of the Earth either at
9.81 -1.62=8.19ms ™ or at 9.91 + 1.62
=1144ms™2
(The acceleration/gravity felt in each of the two
cases would be 1.62ms™ and Nkg™’
respectively, but in opposite directions.)

2 The density of the brown dwarf, and hence the
mass, is 2 x 10° times greater than that of the
Earth.

So the gravitational field strength, and also the
gradient in the gravitational field strength, at the
surface of the brown dwarf are also 2 x 10° times
greater than at the surface of the Earth.

Separation of emitter and detector is 100 times
less on the brown dwarf than on Earth. So,

the difference in gravitational field strength
between emitter and detector on the brown
dwarf is 2 x 10° times greater than on Earth. So,

the emitter and detector need to move towards
each other at

2 X 2% 10 mm per hour

4 x10°
= 3600 mm per second
i.e. just over 1 mm per second




Glossary

anti-matter when matter is created from energy, for each particle of matter created (e.g. proton, neutron or electron)
a corresponding particle of anti-matter is created. If a particle and its anti-particle meet they annihilate each other
to produce a packet (photon) of energy.

astronomical unit (AU) the average distance between the Earth and the Sun; a convenient unit for measuring
distances in the solar system.

1AU = 1.5 x 10" metres

big bang the time when the matter in the Universe was explosively created at a single point from which it has since
been expanding

black hole matter with such a high density that even light and other forms of electromagnetic radiation cannot
escape from its gravitational pull

cosmological principle the idea that the Universe is the same in all directions
critical density the density of the Universe which would mean that it was neither open (i.e. continues to expand
without limit) nor closed

(i.e. stops expanding and eventually starts to contract again) but flat
(i.e. it expands closer and closer to a limit without ever reaching the limit)

Doppler effect the change in the frequency/wavelength of waves that is observed when an emitter of waves and a
detector are moving relative to each other

equivalence principle the idea that an acceleration and a gravitational field are indistinguishable from and so
exactly equivalent to each other

Hertzsprung-Russell (H-R) diagram a diagram in which the absolute magnitude of stars is plotted against their
temperatures; main sequence stars, red giants and white dwarfs cluster in different regions of the diagram

Hubble constant (Hp) the constant of proportionality for Hubble’s law, i.e. between the distance of a galaxy and its
speed of recession

speed of recession Units: conventional kms 'Mpc!

0
distance SI g

inverse square law a relationship which varies inversely with the square of the distance, i.e. is proportional to
|distance] %, for example:

the intensity of light e« |distance from source|?
(or other electromagnetic radiation)
gravitational attraction o< [distance between centres of mass] >

Kepler’s laws (concerning planetary motion)
1%t law  the orbit of a planet is an ellipse with the Sun at one focus

2" Jaw  an imaginary line between a planet and the Sun sweeps an equal area in each equal interval of time
3" law [orbital period]’ = [distance from Sun]’

light year the distance that light travels in one year; a convenient unit for comparing the distance to stars and
galaxies. 1 light year = 10'® metres
magnitude
apparent (m) an ancient scale for comparing the brightness of stars visible from Earth:
brightest = magnitude 1
dimmest visible with the naked eye = magnitude 6
A difference of 1 magnitude corresponds to a difference of intensity of 2.5 times.
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absolute (M) the apparent magnitude a star would have if it was 10 pc from Earth

d
M=51g 10 where d is distance in parsecs

main sequence stars which are still in their main, hydrogen burning phase; they form an oblique line on an
H-R diagram

microwave background radiation radiation characteristic of a temperature of 3 K which is received almost uniformly
form all directions and is believed to date from the big bang

Newton’s law of gravitation the gravitational force between two objects is proportional to each of their masses and
mass; X mass;

inversely proportional to the distance between them, i.e. «< : 3
[distance]

neutron star the extremely dense endpoint of a main sequence star above a certain mass; it consists of tightly
packed neutrons

Olbers’ paradox the name which was given to the problem of explaining why an infinite universe does not appear
very bright in all directions, before the fact that the Universe is expanding had been discovered.

parsec (pc) the distance of stars measured by their parallax (apparent change in position) when seen from the Earth
at opposing points in its orbit round the Sun. 1 parsec is an angular parallax of 1 second of arc (i.e. ﬁ of a degree)

precession of perihelion the gradual rotation around the Sun in the direction, relative to distant stars and galaxies,
of the nearest point to the Sun of a planet’s orbit

red giant the stage in the life history of a star when its life on the main sequence is over; hydrogen burning is
replaced by helium burning

red-shift the observed increase in wavelength (reduction in frequency) caused by an emitter of radiation and a
detector moving away from each other. Radiation in the visible part of the electromagnetic spectrum is shifted
towards the red end of the spectrum. An emitter and detector moving towards each other cause a blue-shift.

relativity
general theory: the implications, e.g. gravitational effect on light, of the principle of equivalence of gravitational
fields and acceleration
special theory: the implications, e.g. time dilation (i.e. the observed slow-running of a clock), length contraction

(i.e. the observed reduction in length of a object) and the interconvertibility of mass and energy, of relative motion
between an observer and what is being observed

spectra light that is dispersed into its component wavelengths so that the lines distinctive of specific elements can
be identified in the radiation received from stars

supernova the explosion that occurs when a red star of sufficient mass has reached the end of sequence of thermo-
nuclear reactions; the star is then very bright for a short time

thermo-nuclear fusion the process that occurs inside stars when small, light, atomic nuclei join together (fuse) to
produce larger, more massive, atomic nuclei, with a small loss of mass and the release of a large amount of energy.
Hydrogen burning and helium ‘burning’ are nuclear fusion reactions not chemical combustion reactions

thought experiment thinking through what would be observed in a difficult-to-set-up experiment without actually
doing it; Einstein’sspecial and general theories of relativity were developed by thought experiments but have since
been confirmed by actual experiments (though not usually the same experiments as the thought experiments)

white dwarf the small, dense star that results after the red giant phase of a star which has too small a mass to
produce a supernova explosion
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Kepler, Johann, 8-9, 9
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length contraction, 65-6, 66
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nebula
Andromeda, 23
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Orion, 38, 38
planetary, 39, 39, 44
Neptune, 13, 14
neutron star, 41-2, 42
Newton, Isaac, 11-13
and Kepler’s laws, 11-12
laws of motion, 11
and Moon’s period, 12
theory of gravity, 11-13
law of gravitation, 11-12

Olbers’ paradox, 47-8
Orion nebula, 38, 38

parallax, 7, 7, 18-19, 18
parsec, 18
Penzias, Arno, 51-2
perihelion, precession of, 73
Perlmutter, Saul, 58
planetary nebula, 39, 39
planets

movement, 3-5, 4, 5

sizes and orbits, 14, 15
Plough, see Ursa major
Polaris (Pole Star), 2, 2
Pound, Robert, 71
precession of perihelion, 73
Ptolemy, 3—4, 3, 4
pulsar, 42, 42

quasar, 43, 72-3

radiation
Zlem, 21, 22, 43
Rebka, Glen, 71
red giant, 28, 29, 38-9, 38, 40
red shifts, 48-9, 48
relativity
general theory of, 69-76

special theory of, 61-7
retrograde motion, 3-4, 4, 5

satellite, 10, 15, 15
Schwarzschild, Karl, 73
SETI (Search for Extra Terrestrial
Intelligence), 43
Shapley, Harlow, 21
Sirius, 19, 20, 39
Slipher, Vesto, 48
solar system, 14-15, 14
space
curved, 73-5, 74, 75
vlat,'73-5.75
special theory of relativity, 61-7
spectra
absorption, 31, 31
continuous, 30
emission, 30, 30
spectral types, 26-7, 27
spectrometer, 27
stars
binary, 29, 29
composition, 29-31, 34
distances, 17-21
formation, 36
life-histories, 35-41, 44
magnitudes, 19-20, 19
main sequence, 28-9, 29, 37, 44
neutron stars, 41-2, 42
pulsars, 41-2, 42
quasars, 43, 43
red giants, 28, 29, 38-9, 38, 40
spectral types, 26-7, 27
supernovae, 40-1, 44
temperatures, 26-9, 29
white dwarfs, 29, 29, 39-40, 39, 40
Sun
apparent movement, 1-3, 2

black-body radiation, 28

composition, 34
spectra, 31, 31
supernovae, 40-1, 44

telescopes
use by Galileo, 10
Hubble, 33
Jodrell Bank radio, 33
Schmidt, 32
types and locations, 32-3, 32, 33
thermonuclear fusion, 36-9, 37, 38
helium burning, 39
hydrogen burning, 36-8, 37, 38
other, 39
thought-experiments, 64-6, 64, 66,
69-72, 70, 71, 72
time dilation, 64-5, 64, 65, 66

Universe
critical density, 56
evolution, 50-6
expanding, 48-50, 56-8
first few minutes, 53-6
flat, 56-8
future, 56-8
geocentric, see Ptolemy
open or closed, 56-8, 75

Uranus, 12-13

Ursa major, 2

Venus’ phases, 10, 10
white dwarf, 29, 29, 39-40
Wien’s law, 27-8

Wilson, Robert, 51-2

Wright, Thomas, 21

X-ray sources, 42-3



