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AREA OF STUDY 3
WHAT IS MATTER AND HOW IS IT FORMED?

6 Origins of atoms

6.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in
your digital formats, learnON and eBookPLUS at www.jacplus.com.au.

6.1.1 Introduction
FIGURE 6.1 The universe is a triumph of decades
of observation.

Scientists find it useful to analyse matter in terms of
the atoms that form it. This is the basis of chemistry,
and our understanding of biology and geology.
These atoms contain a dense nucleus of protons and
neutrons surrounded by a cloud of electrons. But
atoms did not always exist; they only exist under
the right conditions. Through an amazing journey
of exploration, physicists are now confident that the
first atoms formed about 13.8 billion years ago, a
mere 380 000 years after the universe itself came into
being. This topic explores how physicists have come
to this conclusion.

To understand the origin of atoms, we need to
understand how the universe began. The big bang
is the name given to the theory that scientists use
to explain why the universe is as it is. The big bang
model of the universe is a triumph of decades of
observation, measurement, theory and scientific
exploration. However, there is still a lot that is not
known, and there are alternative interpretations. The universe is a very active research field with new and
surprising discoveries being made and new questions being asked.

6.1.2 What you will learn

KEY KNOWLEDGE
After completing this topic you will be able to:
• describe the big bang as a currently held theory that explains the origins of the universe
• describe the origins of both time and space with reference to the big bang theory
• explain the changing universe over time due to expansion and cooling
• apply scientific notation to quantify and compare the large ranges of magnitudes of time, distance,
temperature and mass considered when investigating the universe

• explain the change of matter in the stages of the development of the universe including inflation,
elementary particle formation, annihilation of anti-matter and matter, commencement of nuclear fusion,
cessation of fusion and the formation of atoms.

Source: VCE Physics Study Design (2016–2021) extracts © VCAA; reproduced by permission.
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PRACTICAL WORK AND INVESTIGATIONS
Practical work is a central component of learning and assessment. Experiments and investigations, supported by
a Practical investigation logbook and Teacher-led videos, are included in this topic to provide opportunities to
undertake investigations and communicate findings.

Digital documents Key science skills — Units 1–4 (doc-#####)

Key terms glossary (doc-#####)

Practical investigation logbook (doc-#####)

To access key concept summaries and practice exam questions download and print the studyON: Revision and practice
exam question booklet (doc-####).

6.2 The big bang theory: early developments

KEY CONCEPTS
• Describe the big bang as a currently held theory that explains the origins of the universe.
• Describe the origins of both time and space with reference to the big bang theory.
• Explain the changing universe over time due to expansion and cooling.

6.2.1 Scientific theories
A theory in science is not a wild guess. It is the best attempt of scientists to explain the results of
experiment and observation. In this subtopic we look at the major evidence about the nature of the universe
and the particles of matter that form it. This evidence is used by scientists to form what is known as the big
bang theory. A good theory can be tested by observation and often helps scientists predict phenomena yet
to be observed. The big bang theory has allowed scientists to explain observations of the universe and make
successful predictions of what would be observed in the future.

6.2.2 Discovering the universe of galaxies

FIGURE 6.2 The Milky Way
In the early twentieth century, significant
progress was made in our understanding
of atoms and subatomic particles with the
discovery of the nuclear atom, made up
of protons, neutrons and electrons. At the
same time, our understanding of the universe
was advancing at a tremendous pace. At the
turn of the twentieth century, there was little
comprehension of how large the universe
was. Astronomers knew there were a very
large number of stars and that these stars
seemed to be clustered into a region of space
known as the Milky Way. It was not yet clear
whether the Milky Way was the extent of
the universe, or just one population of stars
among many.
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FIGURE 6.3 Henrietta Leavitt
In 1912, Henrietta Leavitt (1868–1921) made

a discovery that was about to shine light on this.
She investigated a type of star called a Cepheid
variable. These stars vary in brightness over
time in a regular way. Leavitt studied the two
clouds of stars called the Large Magellanic
Cloud and the Small Magellanic Cloud. She
reasoned that the stars in each of these ‘clouds’
would all be approximately the same distance
from us, meaning that any variation in their
brightness could be attributed to an actual
difference in luminosity, rather than just being
the result of varying distance. As with all light
sources, stars become dimmer the further
away they are. Working with the stars from
the Magellanic Clouds proved to be a very
powerful technique. Leavitt plotted a graph of
the maximum luminosity of the stars versus
the period of their variation in brightness. She discovered a clear relationship between the luminosity and
period: the more luminous the Cepheid variable, the longer its period.

The period is the time it takes for one occurrence of a repeating event. For example, the period of the
Earth rotating on its axis is 24 hours; the period of the motion of the second hand on a clock is 60 seconds.

FIGURE 6.4 The vertical axis measures the brightness of the star. As they are all in the same body of stars, they
are similar distances from us meaning that the brightness varies in the same way as the luminosity. The horizontal
axis shows increasing period plotted on a logarithmic scale; the scale is 10 to the power of the numbers on
the axis.
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By 1919, Harlow Shapley (1885–1972) had used this relationship to determine how far the Earth is from
groups of stars called globular clusters and the Large Magellanic Cloud. All he needed to do was measure
the period of the variation in brightness of the Cepheid variable stars in these clusters and use Leavitt’s
relationship to determine the luminosity of the star. Comparing this luminosity with the brightness he could
measure the distance to the stars, and hence the distance to the clusters they were in. Most of the stars in the
Milky Way lie in a plane in the shape of a spiral. Shapley found that the globular clusters group around the
centre of the Milky Way in a sphere.
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FIGURE 6.5 Globular cluster
Globular clusters are spherical clusters of thousands, and

sometimes millions, of stars. Shapley used his mapping
of globular clusters to determine the general shape and size
of the Milky Way galaxy and found that the clusters
formed a spherical shell whose centre lay in the
direction of the constellation of Sagittarius. This suggested
that the centre of the galaxy was in this direction
and that our solar system was located towards
the edge. Until Shapley’s measurements, the solar system
was thought to be near the centre of the galaxy.

Shapley’s estimate of the size of the galaxy included
the Magellanic Clouds and assumed that the Andromeda
nebula was within the Milky Way. He had made quite an
error in his estimate. By this time thousands of nebulae in
the shape of spirals and ellipses had been catalogued. Some
of them seemed to be very small. How could they all be in
our galaxy?

From 1919 to 1926, Edwin Hubble (1889–1953) examined the Andromeda nebula in great detail using
the large telescopes at Mount Wilson, California. He took long exposure photographs of the spiral arms and
counted numerous novae (singular nova; bright stars that were not in previous photographs) and Cepheid
variables. Using these, Hubble established the size and distance of the Andromeda nebula from Earth and
found that it lay well beyond our galaxy and was comparable in size to the Milky Way. It seemed that our
galaxy was only a tiny portion of the universe after all.

One of the most significant results in the history of cosmology came from the work of Shapley and
Hubble. In 1919, Shapley noticed that the velocities of nebulae, later found to be galaxies, indicated that
they were nearly all moving away from us. Hubble explored further and, in 1929, showed that the more
distant the galaxies were from us, the faster they were moving away. The speeds were enormous; one
measurement suggested that a galaxy was moving away from us at 42 000 km s–1, more than one-tenth of
the speed of light!

FIGURE 6.6 Edwin Hubble FIGURE 6.7 The Andromeda galaxy contains most of its stars
in a flat disk similar to the Milky Way. The globular clusters are
not restricted to this disk.
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SAMPLE PROBLEM 1

The discovery that stars form enormous structures called galaxies and that the rate galaxies
recede from the Earth increases with their distance from us depended on a discovery by
Henrietta Leavitt. Describe her discovery and how it enabled these great discoveries by Edwin
Hubble and his collaborators.

Teacher-led videos: SP1 (eles-XXXX)

THINK WRITE

1. Identify what Henrietta Leavitt discovered. Leavitt discovered that a type of star
called a Cepheid variable varied in
luminosity in such a way that the
more luminous the star, the longer its
period of variation. This provided a
method to determine the luminosity of
the star and therefore its distance
could be determined by the difference
between its luminosity and its
brightness when viewed from Earth.

2. Link this discovery to the use of it by Hubble and
others to discover galaxies and their recession.

Hubble used this discovery to show
that clouds of stars were well beyond
the limits of the Milky Way galaxy
and therefore separate galaxies in
their own right. He also found that the
more distant the galaxies, the faster
they were receding from us.

PRACTICE PROBLEM 1
Henrietta Leavitt discovered that Cepheid variables varied in luminosity over a period of time which
increased the more luminous the stars were. Knowing this relationship, astronomers could determine
the luminosity of the star by measuring its period. Why can’t astronomers simply measure the
luminosity of a star by observing how bright it is?

6.2.3 The expansion of space
This information was astonishing and very unexpected. Everywhere in the sky that astrophysicists looked,
they found galaxies moving away from us. All galaxies are experiencing the same thing. If people in
another galaxy looked at us, they would see us racing off in the opposite direction. In fact, it is not the
galaxies themselves that are moving away; rather, space is expanding and taking the galaxies with it!
Galaxies do also move through space due to gravitational interactions with other galaxies; we know that
the Milky Way is currently colliding with the relatively tiny Sagittarius Dwarf Elliptical Galaxy. But these
motions of neighbouring galaxies do not explain why distant galaxies are moving away from each other
with a speed that increases with distance.

Galaxies and tightly bound clusters of galaxies do not expand as they are held together by gravity. The
Milky Way is part of a cluster of galaxies known as the Local Group. The Local Group includes over 30
galaxies, the two largest being Andromeda and the Milky Way. The Large and Small Magellanic Clouds arePdf_Folio:5
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also members of the Local Group. The Andromeda galaxy is actually approaching us at enormous speed
due to gravitational attraction, but as we look at more distant galaxies beyond the Local Group, the
expansion of space dominates gravitational forces.

Hubble jumped to the obvious conclusion. All of the galaxies are racing away from each other, so if we
imagine running time backwards, we would see that they had all come from the same spot. It was as though
the universe was born from some form of explosion that threw space and matter out in all directions. This
was the first scientific evidence that the universe had a beginning. Prior to this, scientists assumed that the
universe had existed forever. This was the beginning of time and space, which has expanded ever since.

Waves can be described in terms of their period, frequency, speed and wavelength. The
wavelength is the distance between successive corresponding parts of a periodic wave — the
length of one cycle. The period of a periodic wave is the time for one part of the wave to
travel one wavelength. The frequency of a periodic wave is the number of cycles that occur
every second.

6.2.4 Measuring expansion
Hubble measured the expansion of space using a phenomenon called the red shift.

Light emitted by a star or galaxy that is moving away from us is shifted towards the red end of the
spectrum. The faster the galaxy moves away, the greater the red shift. Stars or galaxies moving towards us
have their light shifted towards the blue end of the spectrum, which is called blue shift.

FIGURE 6.9 Light from astronomical objects observed through a spectroscope
reveals spectra showing red shift. The scale indicates the wavelength in
nanometres.
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FIGURE 6.8 Transverse periodic waves in a piece of string
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The visible spectrum of light contains red, orange, yellow, green, blue, indigo and violet.
The spectrum continues into invisible forms of radiation, including infra-red at lower
frequencies than red and ultraviolet at higher frequencies than violet.

Hubble observed that the red shift was greater for more distant galaxies.
The red shift of all distant galaxies could be explained if space were expanding. As the light from a

distant source travels through space en route to Earth, the space it passes through stretches, increasing the
light’s wavelength. The longer the light travels through space (that is, the further away the galaxy), the
greater the increase in wavelength due to expanding space, and so the greater the red shift.

This effect can be quickly demonstrated using a rubber band to represent space. Mark a rubber band
every 2 mm along a 2 cm length. The distance between neighbouring marks represents the wavelength of
light. As you stretch the rubber band a little, you will see each mark move away from all of the others. As
time goes on the universe keeps expanding, like stretching the rubber band further. As a consequence, the
wavelength of light from distant galaxies gets longer over time.

FIGURE 6.10 (a) The rubber band before stretching (b) The stretched rubber band — each dot has moved away
from all of the other dots

(b)(a)

SAMPLE PROBLEM 2

What major discovery about the nature of our universe did Hubble make when he considered the
red shift effect in his analysis of spectra from galaxies?

Teacher-led videos: SP2 (eles-XXXX)

THINK WRITE

1. Identify what Hubble saw when observing the red
shift of galaxies.

When Hubble measured the red shift
of distant galaxies he noticed that it
increased the further the galaxy was
from us.

2. Connect his observation with the nature of the
universe.

This was interpreted by physicists as
meaning that the universe must be
expanding. Prior to this discovery
they thought it was static.

PRACTICE PROBLEM 2
Explain how the light from distant galaxies has come to be red shifted before it reaches us?
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SAMPLE PROBLEM 3

Explain why expansion is observed on the large scale, but not on the relatively small scale of a
galaxy.

Teacher-led videos: SP3 (eles-XXXX)

THINK WRITE

1. State that expansion is seen when observing distant
galaxies.

When Hubble measured the motion of
more distant galaxies, he found that
they were moving away from us, but
some nearer ones were moving
towards us.

2. Explain the difference in gravitational effects over
different distances.

Gravity is a force that weakens with
distance. Gravity can cause galaxies
near to each other to move toward
each other; but for galaxies separated
across a greater distance, the gravity
becomes too weak and the expansion
of space overrides its effect.

PRACTICE PROBLEM 3
What did Hubble observe about all of the galaxies that were not near to the Milky Way?

6.2.5 Einstein and general relativity

FIGURE 6.11 Aleksandr
Friedman

In parallel to the experimental work of Shapley, Hubble and other
astronomers, theoretical physics was making tremendous progress. In
particular, Albert Einstein published his General Theory of Relativity in
1915, which provided a new way of understanding gravity. Until then,
scientists had used Isaac Newton’s theory of gravity, which essentially
stated that masses exert an attractive force on each other. Einstein’s theory
was that mass curves space and other masses move in response to the
curvature of space. However, there was a problem with both theories.
Newton wondered why the universe was not collapsing, given that all
masses attract each other, and decided that the universe must be infinite.
The idea that the universe is infinite in size and has existed forever
endured until the big bang theory was developed. Einstein’s theory did
not provide a satisfactory answer to the collapsing universe problem
either, so he inserted what became known as a cosmological constant in
his equations to counter the curvature of space.

Beginning in 1917, scientists proposed other cosmological models
based on the General Theory of Relativity. Aleksandr Friedman (1888–
1925) found that there were a number of solutions to the equations of
general relativity, each of which is equally valid in terms of the theory,
but of course only one could represent our universe. In some solutions
the universe expands forever, in others the universe would expand for a
time and then collapse back on itself. This theoretical work led Willem de
Sitter (1872–1934) to encourage Hubble to measure the red shift of the
galaxies.Pdf_Folio:8
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Georges Lemaître (1894–1966) was both a Catholic priest and professor of physics. He was fascinated
by what physics might say about the birth of the universe. In 1927, he used general relativity to produce an
early version of what became known as the big bang theory.

Interactivity Shifting stars int-6395

Digital document Investigation 6.1: Expansion of the universe doc-16173

6.2 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.
1. What is a galaxy?
2. Using Cepheid variables of equal distance from Earth, Henrietta Leavitt discovered a relationship between

their luminosity and their period of variation.
(a) Describe this relationship.
(b) What does this relationship enable astronomers to measure?
(c) Why did she need to use Cepheid variables that were similar distances from the Earth to

determine the relationship?
3. What did Hubble notice about all the more distant galaxies?
4. Which of these spectra of three distant galaxies would be from the most distant galaxy. Give your reason.

5. Which great theory of Albert Einstein’s was used in the development of the big bang theory?
6. It is easy to read about the red shift of the galaxies in all directions and jump to the conclusion that the Earth

is at the centre of an expanding universe. Use the rubber band analogy, with each dot on the rubber band
representing a galaxy, to explain why this is not so.

7. Why did proof of the expansion of space still come as such a surprise to scientists, even though those
working with the General Theory of Relativity had already shown an expanding universe was possible?

8. Why did Einstein adjust his theory with a cosmological constant?
9. The light from the Andromeda galaxy is blue shifted. Explain why it is not red shifted like the light from most

galaxies.

To answer practice exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Practice exam questions

Fully worked solutions and sample responses are available in your digital formats.
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6.3 The big bang theory: further developments

KEY CONCEPTS
• Describe the big bang as a currently held theory that explains the origins of the universe.
• Describe the origins of both time and space with reference to the big bang theory.
• Explain the changing universe over time due to expansion and cooling.

6.3.1 An expanding, cooling universe
By 1929 there was both a theoretical basis for the expansion of space, through the work of Lemaître, de
Sitter and Friedman, and the observational evidence of the red shift of galaxies to support it; however, it was
by no means generally accepted.

Hubble plotted the velocity (red shift) of galaxies versus their distance from Earth and ambitiously fitted
a straight line to the data, well aware that the distance calculations had large uncertainties. If the galaxies
really did fit this straight line rule, then it would be easy to judge the distance to other galaxies ; simply
measure their red shift and divide by the gradient of the line. This gradient became known as Hubble’s
constant (H) and the relationship between velocity and distance as Hubble’s Law ( 1

H gives physicists a
means of calculating the age of the universe).

FIGURE 6.12 Hubble’s data. The solid dots are the results for galaxies treated individually and the solid line is
the line of best fit for these data. The dashed line is fitted to the circles, which are the result of treating galaxies in
clusters. One parsec (pc) is 3.09 × 1016 m or 3.26 light-years. Notice the group of blue-shifted galaxies at about
2.5 × 105 parsecs. This corresponds to the Andromeda galaxy and its satellites.
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Source: Adapted from Edwin Hubble, ‘A relation between distance and radial velocity among extra-galactic nebula’, Proceedings
of the National Academy of Science, vol. 15, no. 3, 15 March 1929, Mount Wilson Observatory, Carnegie Institution of Washington.
Communicated 17 January 1929.

The value of Hubble’s constant has been measured with increasing accuracy since Hubble’s time and
discoveries in recent years have established its value to a small margin of uncertainty. Using the simplest
scenario — that the universe has expanded at a constant rate — Hubble’s early measurements put the age
of the universe at 2 billion years, but the age of the Earth appeared to be greater than that. Improvements
in measurement, including a better understanding of Cepheid variable stars and measuring the red shift of
much more distant galaxies, have since put the age of the universe at about 13.8 billion years.
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SAMPLE PROBLEM 4

Use the solid line in the graph of Hubble’s data to estimate the age of the universe. Compare this
with his estimate of 2 billion years.

Teacher-led videos: SP4 (eles-XXXX)

THINK WRITE

1. As the unit for speed here is kms-1, convert the
distance to kilometres.

2 × 106 pc = 2 × 106 × 3.09 × 1013

= 6.2 × 1019 km

2 Hubble’s constant is the gradient of the graph. H = 1100

6.2 × 1019

= 1.77 × 10−17 s−1

3 The age of the universe is the reciprocal of
Hubble’s constant.

t = 1

H

= 1

1.77 × 10−17

= 5.64 × 1016 s

= 1.8 × 109 years
4 State the answer. This is 2 billion years to one

significant figure, in agreement with
Hubble’s estimate.

PRACTICE PROBLEM 4
Given the currently accepted age of the universe is 13.8 billion years, is Hubble’s trendline with this
early data too steep or not steep enough in gradient?

Weblink The expansion of the universe and Brian Schmidt

Other evidence for the expansion model of the universe included surveys showing that galaxy density in
distant space was greater than the density of galaxies closer to Earth. This is expected with the expansion
model because when we observe distant galaxies, we see them as they were billions of years ago — due to
the limit of the speed of light — when the universe had undergone much less expansion.

The young universe must have been very hot and we will learn that a significant event called
recombination resulted in photons (light) being able to travel freely for the first time without interacting
with electrons. The wavelength of a photon depends on its energy. As the universe expanded, the
wavelengths of the photons would have expanded, stretching out to form microwaves with much less
energy than when the photons were initially released. These microwaves have become known as cosmic
microwave background radiation (CMB) and correspond to a background temperature of about −270 °C
or 2.7 K. Arno Penzias and Robert Wilson discovered this radiation in 1965 when they were trying to
eliminate some noise coming from their radio telescope. The identification of this noise as the missing
energy left over from the beginning of the universe was the turning point for the big bang theory.

The theory had predicted the existence of greatly red shifted energy left over from the early universe.
With the discovery of CMB, this energy had been found — cooled from 3000 K at recombination to 2.7 K
today by the expansion of the universe.
Pdf_Folio:11
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FIGURE 6.13 Penzias and Wilson discovered the cosmic
microwave background radiation (CMB) in 1965.

The name ‘big bang’ came from an early
opponent of the theory, Fred Hoyle, in 1950.
It is not a particularly accurate description as
it implies that the creation of the universe
was like an enormous explosion pushing
matter through space, which is not the case.
Instead of pushing matter through space,
space and time were created in the big bang
and the expansion of the universe with time
carries matter with space.

In summary we have discovered that:
• the universe is vast, filled with billions

of galaxies each containing billions
of stars

• these galaxies are moving away from
each other at a rate that increases
the more distant the galaxies are

• the more distant galaxies (the older ones)
are more densely packed than those
closer to us

• the predicted CMB has been detected.
Most scientists concluded that these discoveries meant the universe had a beginning — in a relatively

small volume — and has expanded ever since. This idea is the big bang theory.

PHYSICS IN FOCUS
Stephen Hawking and the big bang

FIGURE 6.14 Stephen HawkingThe big bang theory raises many questions. What happened
before the big bang? What is outside the universe? What is the
universe expanding into? Famous physicist Stephen Hawking, in
collaboration with others, posed answers to these questions. He
reminded us that in the past people contemplated what would
happen if you sailed off the edge of the world. That question turns
out to not need an answer because we have a completely different
view of the shape of the world; it is a globe, so we never reach an
edge. The question of what happened off the edge of the world
only arose because of our misunderstanding of the shape of the
world, thinking that it was flat.
In his PhD thesis in the mid-1960s, Stephen Hawking proved

that Einstein’s Theory of General Relativity required the universe to
have a beginning in what was called a ‘singularity’. A singularity
is a point of infinite density that is achieved when we think of
what happens if we run time backwards so that the expanding
universe collapses back to its beginning. This was a stunning
result for general relativity. If the universe was initially very dense,
it must also have been incredibly hot and that energy should still
be found throughout the universe. This energy was found soon
after Hawking’s initial work on singularities in the form of the CMB.
This radiation is central to the subject of this topic, the origin of
atoms.
Later Hawking showed that time becomes like another

dimension of space under extreme conditions. It makes no more
sense to ask what happened before the big bang than to ask what is south of the South Pole. Hawking asked
us to imagine the passing of time as being like decreasing degrees of latitude away from the South Pole. The
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latitude is 90° at the South Pole and as we move north it becomes 89°, 88°, and so on. There is no 91° of latitude
and there is no ‘before the big bang’. Time began with the big bang and space has no edge to fall off, or to step
outside of, to discover what the universe is expanding into.

6.3 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.
1. What is the connection between the observed cosmic microwave background and the big bang theory?
2. Explain how Hubble’s observation of receding galaxies led to the idea that the universe had a beginning.
3. What does the big bang theory say about time and space before the beginning of the universe?
4. What does the big bang theory have to say about space since the beginning of the universe?
5. Explain how the energy left over from the big bang has cooled as a result of the universe’s expansion.
6. How does the big bang theory explain Hubble’s observation that the more distant the galaxy, the greater its

red shift?
7. Why would the galaxies have been more densely packed in the universe in the past?

To answer practice exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Practice exam questions

Fully worked solutions and sample responses are available in your digital formats.

6.4 Measurements of the universe

KEY CONCEPT
• Apply scientific notation to quantify and compare the large ranges of magnitudes of time, distance,
temperature and mass considered when investigating the universe.

The universe is on a scale that is very difficult to comprehend with the normal numbers we are
accustomed to. For example, when measuring distance on Earth, measurements in metres or kilometres are
sufficient for most situations. For small objects millimetres or centimetres are often used. Using these units
even the vastness of the circumference of the Earth is not too unwieldy. The circumference of the Earth
is around 40 000 km. It is a big number, but manageable. When looking beyond the Earth, physicists and
astronomers find other units and notations easier to work with.

6.4.1 The astronomical unit
One of the earliest measurements of the vastness of space was the distance from the Earth to the Sun. This
was an important measurement because it could be used to work out the distance to the other planets.
The main reason for Captain James Cook’s voyage, which eventually led him in 1770 to the east coast of
what is now Australia, was to measure this distance by observing a transit of Venus at Tahiti. The average
distance from the Earth to the Sun is known as an astronomical unit (AU). It provides an alternative unit for
measuring distance on the scale of the solar system.

To see the effectiveness of this unit consider the following.
1 AU = 150 000 000 km or 150 000 000 000 m

Pdf_Folio:13

TOPIC 6 Origins of atoms 13

UNCORRECTED PAGE PROOFS



“c06OriginsOfAtoms_print” — 2019/5/21 — 11:15 — page 14 — #14

FIGURE 6.15 The distance from the Earth to the Sun is 1 AU.
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The average distance from the Sun to Saturn is 1.4 billion km or 1 400 000 000 000 m.
When performing calculations with these numbers it is easy to make a mistake, such as including an extra

zero. The metre, or even the kilometre is not a very useful reference on the scale of the solar system. It can
be easier to understand that Saturn is 9.6 AU, or 9.6 times as far as the Earth is from the Sun.

However, the astronomical unit is not very helpful on the scale of the universe. The nearest star is 270
000 AU. The distance to the nearest large galaxy is 160 000 000 000 AU.

SAMPLE PROBLEM 5

The planet Mars has an elliptical orbit. At its closest to the Sun (perihelion) it is 1.38 AU from the
Sun and at its furthest (aphelion) is 1.67 AU. Calculate these distances in metres.

Teacher-led videos: SP5 (eles-XXXX)

THINK WRITE

1. Recall the number of metres in 1 AU. 1 AU = 150 000 000 000 m

2. Multiply this value by the number of astronomical
units.

At aphelion: 1.67 × 150 000 000 000
At perihelion: 1.38 × 150 000 000 000

3. State the solution in metres. At aphelion: 250 500 000 000 m
At perihelion: 207 000 000 000 m
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PRACTICE PROBLEM 5
a. Venus has an average orbital radius of 0.72 AU. What is the average distance of Venus from

the Sun in metres?
b. The distance from the Earth to the Moon averages about 385 000 kilometres. What is this in

astronomical units?

6.4.2 The parsec
Measurement of the distance to nearby stars uses a technique called parallax. This involves observing the
tiny change in position of the nearby star against the distant background stars as the Earth moves around the
Sun. This change in position is so tiny that it is very difficult to measure, even with the largest telescopes.
The lack of parallax observed is one of the reasons that it took a long time to accept that the Earth moved
around the Sun, rather than the other way around as most ancients believed.

FIGURE 6.16 1 parsec is the distance of an object with a parallax angle of 1 arc second.
Earth

1 parsec

1 Aμ
1 arc second

Sun

The change in position is measured as an angle, but no changes as big as 1 degree were observed. Even
one-sixtieth of that, one minute of arc, was too large a unit. Astronomers measure parallax in fractions
of seconds of arc. The distance of an object that would cause one second of parallax as the Earth moved
around the Sun is called a parallax second, or parsec (pc). The nearest star, Proxima Centauri is 1.3 parsec
from Earth. The parsec is equivalent to 30 900 000 000 000 000 m.

SAMPLE PROBLEM 6

Alpha Centauri is 1.339 pc from Earth and Rigel is 265 pc from Earth. How many times further
away is Rigel than Alpha Centauri?

Teacher-led videos: SP6 (eles-XXXX)

THINK WRITE

1. What is the distance from Earth to Rigel and Alpha
Centauri in the same units?

265 pc and 1.339 pc

2. Divide the distance to Rigel by the distance to
Alpha Centauri.

265/1.339 = 197.9
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3. State the solution. Rigel is about 198 times as far away
as Alpha Centauri.

PRACTICE PROBLEM 6
The Andromeda galaxy is 778 000 pc from the Earth, while the Large Magellanic Cloud is 48 500 pc
away. How many times further away is the Andromeda galaxy than the Large Magellanic Cloud?

6.4.3 The light-year
A unit often used in the measurements of distances in space is the distance that light travels in one year.
The light-year is 9 460 000 000 000 000 m. The light-year is informative because it describes how long
it has taken the light to reach Earth. A galaxy that is observed as 4 billion light-years away is observed
as it was 4 billion years ago. That galaxy will not currently be four billion light-years away as it has
moved relative to the Earth in the meantime. The unit of measurement takes this complication into
account.

SAMPLE PROBLEM 7

The Andromeda galaxy is measured to be 2.5 million light-years away. How long has it taken the
light from it to reach our eyes and telescopes?

Teacher-led videos: SP7 (eles-XXXX)

THINK WRITE

1. Determine the distance in light-years. 2.5 million light-years

2. Write that distance as the number of years
the light has travelled.

The light has travelled for 2.5 million years to reach us.

PRACTICE PROBLEM 7
How long has it taken light to reach the Earth from Betelgeuse, which is measured as being 643 light-
years away?

6.4.4 Working in metres
Astronomical units, parsecs and light-years are excellent units for working on astronomical scales but
ultimately scientists need to be able to relate distances to common units like metres. This involves dealing
with very large numbers. Rather than write them out in full as has been done so far in this subtopic,
scientists use scientific notation. This is a number between one and ten multiplied by multiples of ten.

For example, the light-year is the unwieldly 9 460 000 000 000 000 m. In standard form this is written as
9.46 × 1015 m. A number like 1 000 000 000 000 becomes1012. This is so much quicker to write and is so
much easier to read.
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Scientific notation makes it easy to compare very large numbers. It makes use of the
powers of ten.

100 = 1

101 = 10

102 = 100

103 = 1000... and so on

Try comparing the following numbers 9 450 000 000 000 and 3 600 000 000 000. It is much easier to
compare 9.45 × 1012 and 3.6 × 1012. Immediately it becomes clear that the first number is bigger than
the second by a factor of less than three. To find that factor exactly all that is needed is to perform the
calculation 9.45

3.6 = 2.625. The rest of the number
(
1012

)
cancels out so can be ignored. If the numbers did

not have the same power of ten, they can be written so that they do. Consider the numbers 2.6 × 1016 and
1.2 × 1015. To compare the numbers the first could be written as 26 × 1015, then they can be compared on
the same scale.

Big numbers are everywhere in distance in the universe, from the diameters of stars to the circumference
of a galaxy. Scientific notation is an effective way of managing these large numbers.

SAMPLE PROBLEM 8

Add the numbers 2.5 × 108 and 1.2 × 109.
Teacher-led videos: SP8 (eles-XXXX)

THINK WRITE

1. Write the two numbers so the powers of ten
are the same.

2.5 × 108 and 1.2 × 109 = 12 × 108

2. Now that they have common powers of ten,
add the numbers together.

2.5 + 12 = 14.5

3. Write with the multiple of ten. 14.5 × 108

4. Rewrite in scientific notation if necessary. 1.45 × 109

PRACTICE PROBLEM 8
Add 2.3×107 and 4.3×106.

6.4.5 Numbers and time
The universe is not only grand on the scale of distances; time is also on a scale that is difficult to
comprehend. The age of the universe is currently measured to be close to 13.8 billion years (1.38 ×
1010 years).

The next subtopic will address the earliest moments of the universe. The normal practice of
dividing time into seconds is not very helpful. An event like the emergence of gravity occurred
0.0000000000000000000000000000000000000000001 seconds after the universe began.
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0.0000000000000000000000000000000000000000001 is much easier to read as a power
of ten.

1 = 100

0.1 = 10−1

0.01 = 10−2

0.001 = 10−3... and so on

The time when the force of gravity is understood to have first been active as a separate force in the
universe was when the universe was 10−43seconds old.

Temperatures and masses also require extremely large and small numbers to describe them. Temperatures
range from 2.7 K in deep space to 1.47 × 1032 K, the temperature at which physics as we know it cannot
explain what happens — the Planck temperature. Masses vary enormously too. An electron has a mass of
9.1 × 10−31 kg, while the observable universe has an estimated mass of 1.5 × 1053 kg.

SAMPLE PROBLEM 9

The mass of the Sun is 1.989×1030 kg. Write this number in full decimal notation.
Teacher-led videos: SP9 (eles-XXXX)

THINK WRITE

1. Identify the number that needs to be converted. 1.989 × 1030 kg

2. Write digits without a decimal point, then add zeros
so that the total number of digits is equal to the
power of 10 plus one (30 digits plus 1 in this case).

1 989 000 000 000 000 000 000 000
000 000 kg

PRACTICE PROBLEM 9
The Earth is understood to be 4.54 × 109 years old. Write this age in full decimal notation.

SAMPLE PROBLEM 10

The temperature at the centre of the Sun is approximately 15 000 000 K. Write this number in
scientific notation to two significant figures.

Teacher-led videos: SP10 (eles-XXXX)

THINK WRITE

1. Identify the number to be converted. 15 000 000 K

2. Write down the first digits to the number of significant
figures appropriate.

15

3. Add a decimal point to make the number between 1 and 10. 1.5

4. Count the powers of ten required to put the first digit in its
correct place value.

7

5. Write the number as the product of part 3 and 10 to the
power of part 4, including units.

1.5 × 107 K
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PRACTICE PROBLEM 10
The mass of Saturn is 568 300 000 000 000 000 000 000 000 kg. What is the mass of Jupiter in
scientific notation to 4 significant figures?

6.4 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.
1. The distance from the Sun to Mars is on average 0.723 AU. Convert this distance to metres.
2. The distance from the Earth to the Moon averages about 385 000 kilometres. What is this in astronomical

units?
3. The solar system lies about 8 kpc from the centre of the galaxy. The radius of the galaxy is approximately

15 kpc. Describe our location within our galaxy.
4. Sirius, the brightest star in the night sky, is about 8.6 light-years. How long has it taken the light that we see

on Earth to reach us from Sirius?
5. The distance from the Sun to Neptune is 4.495 billion kilometres. Write this in scientific notation in metres.
6. The light from the most distant galaxy observed has travelled 13.39 × 109 years to reach us. Write this

number in decimal notation.
7. When the universe was a second old the big bang theory estimates its temperature was about 10 000 000

000 K. Write this number as a power of ten.
8. The mass of Earth is about 5.97 × 1024 kg and the mass of the Moon about 7.35 × 1022 kg. Without using a

calculator determine the total mass of the Moon and Earth to two decimal places.
9. The mass of Jupiter is 1.898 × 1027 kg and the mass of Earth is 5.972 × 1024 kg. Calculate the ratio of mass

of Jupiter to mass of Earth to one decimal place.

To answer practice exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Practice exam questions
Fully worked solutions and sample responses are available in your digital formats.

6.5 The formation of the first atoms

KEY CONCEPT
• Explain the change of matter in the stages of the development of the universe including inflation,
elementary particle formation, annihilation of anti-matter and matter, commencement of nuclear fusion,
cessation of fusion and the formation of atoms.

6.5.1 Looking back in time
To look into space is to look back in time. This is a consequence of the speed of light and the vast distances
involved. Light travels faster than anything else in the universe, but it still only travels at just under
300 000 000 metres per second. The distance light travels in a year is called a light-year. The light from
Earth’s nearest star, other than the Sun, takes more than four years to reach us, so we see it as it was
more than four years ago. When we look out to the nearest large galaxies we see them as they were over
2.5 million years ago. This is still recent in the universe’s history.
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Looking at the most distant galaxies, we see them as they were over 13 billion years ago. These distant
galaxies are incredibly faint and our current telescopes cannot see further. But even if we could, we don’t
expect to see much more because physicists believe that the first stars would have only begun to shine at
this time. A little over 13 billion years ago the matter in the universe was hydrogen and some helium in
vast clouds, collapsing due to gravity on their way to producing the first stars and galaxies. This period is
known as the Dark Ages (borrowed from a term used to describe the period in history following the fall of
the Roman Empire). The Dark Ages marks the period from 380 000 years following the beginning of the
universe until stars began to shine 150–800 million years later.

FIGURE 6.17 The CMB as measured by the Planck satellite.
The differences in colour indicate temperature differences that
correspond to differences in the density of the universe when it
was 380 000 years old.

To look further back in time, we don’t see objects, we see the remnants of an event. This is CMB, the
energy in the form of photons left over from the early universe. Prior to the universe reaching 380 000
years of age, this energy was trapped in a state of constant scattering, a bit like light in a cloud. It was
not water molecules that scattered this light but the charged particles that filled the universe. These
protons and electrons were too
energetic, too hot, to combine to form
atoms until the expansion of the
universe had cooled it enough for the
bonds between electrons and protons
and the other nuclei to form. This
event is called recombination and
marks the time when atoms first
formed 380 000 years after the
beginning of the universe. The CMB
provides physicists with a picture
of what the universe was like at
3.8 × 105 years of age because the
light that formed it was free to travel
through the universe from that time.
The CMB has been red shifted
uniformly in all directions by the
expansion of the universe.

SAMPLE PROBLEM 11

What event was the origin of the cosmic microwave background?
Teacher-led videos: SP11 (eles-XXXX)

THINK WRITE

1. Recall what the cosmic
microwave background is.

The cosmic microwave background radiation is a
uniform low temperature radiation throughout space in
all directions.

2. Recall what event resulted in the
cosmic background radiation.

Energy from the big bang was constantly scattered by
charged particles until the universe was cool enough for
electrons to remain bonded to the hydrogen and helium
nuclei that had formed. This event produced the first
atoms and is called recombination. The photons of
energy were able to propagate through space after this
point and it is the greatly red shifted photons that are
observed as the cosmic microwave background.
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PRACTICE PROBLEM 11
Why is it not possible to view the universe using light as it was prior to recombination?

6.5.2 The early universe
The CMB marks the earliest observation we have of the universe. To understand what happened prior to this
event, physicists rely on particle physics and the Theory of General Relativity to help them make sense of
their observations of the CMB and the universe that followed. Particle physics experiments, such as those
in the Large Hadron Collider that discovered the Higgs boson at CERN, create conditions that existed for
particles in the early universe, so physicists do have experimental evidence for much of what happened
prior to recombination.

Let’s piece the story together from the beginning until the formation of the first atoms.

The first 10−43 seconds
This is known as the Planck era and current theories of physics cannot explain what happened in the
conditions that were present. The universe was too small, too dense, too hot and existed for too short a
time for current physics to say anything precise about it. Physicists refer to what existed prior to when the
universe was 10−43 seconds old as a singularity. In this period space and time began. Gravity became a
distinct force at the end of the Planck era. The temperature was 1032 degrees Celsius and the universe was
10−35 cm across.

10−43 seconds to 10−36 seconds
This tiny interval of time in the early universe is known as the grand unified era. During this period,
physicists believe that the strong nuclear force, the weak nuclear force and the electromagnetic force did
not yet exist as separate forces. The first matter began to form, but for each particle of matter, there was a
particle of antimatter. As soon as a particle was formed, it would meet an antiparticle and be annihilated.

10−36 seconds to 10−32 seconds
This next period of time is known as the inflation era. During this time, a period of exponential expansion
has been proposed to explain a number of features of the universe. The universe is thought to have
expanded in size by a factor of 1026, so that the observable universe was about 10 cm across. This rapid
expansion explains, among other things, why the CMB is so uniform, being close to 2.7 degrees above
absolute zero in all directions.

Alan Guth proposed this radical idea in 1980. It was a response to some of the limitations of the standard
big bang model that worked well for most of the evidence, but fell short when it came to explaining the
relative uniformity of the CMB in all directions and what is known as the ‘flatness’ of the universe. At first,
inflation may look like a crazy idea invented just to explain away problems. However, in all of the time
since, no-one has come up with a more successful explanation of why the visible universe is so uniform
in temperature or why the universe appears so ‘flat’. In a flat universe, parallel lines remain an equal
distance apart. In a curved universe, they could be more like north–south lines on the surface of the Earth,
which meet at the poles. It is thought that rapid expansion during this era smoothed out deviations in the
flatness of the universe that would otherwise have grown with time. A flat universe only just avoids eventual
gravitational collapse.

The small variations in the cosmic microwave background detected by the Planck orbiting observatory
are consistent with a universe that underwent a period of inflation and resulted in the clumping of matter
into clusters of galaxies.
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FIGURE 6.18 Timeline of the early universe
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FIGURE 6.19 Diagram of the evolution of the (observable part) of the universe from the big bang (left) to
the present

Source: NASA WMAP Science Team

10−32 seconds to 10−12 seconds
The electroweak era was the period when the strong nuclear force came into play. The Higgs boson formed,
enabling particles to have mass.

10−12 seconds to 10−6 seconds
The quark era was when particles began to appear in large numbers. These included quarks, electrons and
neutrinos. Most particles still formed in pairs with an antiparticle, but a bias towards particles resulted
in matter that was not annihilated through contact with antimatter. The source of this bias is not well
understood.

10−6 seconds to 3 minutes
The hadron era was the period when the temperature of the universe had dropped to the point where three
quarks could form protons and neutrons (particles like neutrons and protons made from three quarks are
called hadrons). Most are annihilated by contact with their antiparticles, and leptons such as electrons
dominate.

3 minutes to 20 minutes
Nucleogenesis occurs. During this era, annihilation with antimatter became less significant and the
critical phase of fusion occurred. During these few minutes most of the nuclei in the universe formed. The
following section outlines this in detail.
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FIGURE 6.20 Temperature and size of the universe over time
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SAMPLE PROBLEM 12

What separates the quark era from the other eras of the early universe?
Teacher-led videos: SP12 (eles-XXXX)

THINK WRITE

1. Recall the details of the
quark era.

The quark era was when particles such as quarks,
electrons and neutrinos began to appear in large
numbers and matter began to dominate over antimatter.

2. Identify the details that
distinguish it from other eras.

Prior to the quark era particles were annihilated by their
antiparticles as soon as they formed. Quarks existed as
individual particles. In subsequent eras, quarks have
been only found combined with other quarks to form
larger particles like protons and neutrons.
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PRACTICE PROBLEM 12
What distinguishes the electroweak era from other eras of the early universe?

6.5.3 Nucleogenesis (the birth of atoms)
In 1948, George Gamow (1904–1968) and Ralph Alpher (1921–2007) proposed a model that explained
how over 99% of the atoms found in the universe could have formed. The protons and neutrons in the early
period of the universe readily interacted with the abundance of electrons and neutrinos present, causing
them to change from proton to neutron, and vice versa. This produced equal numbers of each, but as the
universe cooled, fewer protons interacted with electrons with sufficient energy to form neutrons. This
resulted in more protons being formed than neutrons in a ratio of about 7 to 1. This formed a universe of
hydrogen. Under the right temperature and pressure protons and neutrons can fuse, one at a time, to form
helium-4. These conditions were present when the early universe was about 400 seconds old, allowing
nuclei up to a mass number of 4 to form.

This produced:
• hydrogen (1 proton)
• deuterium (an isotope of hydrogen with 1 proton and 1 neutron)
• tritium (an isotope of hydrogen with 1 proton and 2 neutrons)
• helium-3 (2 protons and 1 neutron)
• helium-4 (2 protons and 2 neutrons).
No stable isotope with a mass number of 5 exists (this has been tested in the laboratory), so fusion of

nuclei beyond helium-4 was very limited. Tiny quantities of lithium-7 and beryllium-7 were produced
through fusion of helium nuclei, but the step to heavier elements involving the fusion of three helium nuclei
to form carbon takes too long. The universe rapidly cooled through its expansion to the point where the
conditions no longer supported fusion. This provided the young universe with its composition of about 75%
hydrogen and 25% helium by mass.

To understand the prediction of the proportion of hydrogen to helium, consider the ratio of protons to
neutrons, which is 7:1. To form a helium-4 nucleus, 2 protons and 2 neutrons are required. According to
the 7:1 ratio, for every 2 neutrons in the universe, there were 14 protons. The formation of helium-4 would
take 2 neutrons and 2 protons, leaving 12 protons in the mix. That leaves 4 nucleons in helium and 12 in
hydrogen, or 25% of the mass in helium and 75% in hydrogen. The fusion in these first moments of the
universe was so rapid and complete that virtually all of the available neutrons went into helium-4. Only
a tiny proportion remained as deuterium or tritium (which decays to helium-3) so this simple calculation
gives a very good prediction of the composition of the universe prior to star formation.

FIGURE 6.21 In the early universe protons outnumbered neutrons 7 to 1.

Fusion
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For nearly 20 minutes, conditions in the universe were sufficiently hot and dense for protons to fuse with
neutrons ensuring that virtually all neutrons were bound in helium-4 nuclei. One of the strongest pieces of
measured evidence for the big bang model of the universe (along with the observed expansion and CMB)
is this predicted proportion of hydrogen and helium. As astrophysicists measure the proportions of the
elements in regions of the universe not greatly affected by fusion in stars, the elements are found in this
predicted abundance.

So we have the formation of nuclei in the early universe, but there are no atoms. That will take more time
because although the universe has cooled sufficiently for nuclei to form, it is still way too hot for electrons
to stay bound to those nuclei. Before atoms could form, 380 000 years would pass.

Table 6.1 outlines significant events in the early universe.

TABLE 6.1 Significant events in the early universe

Time since beginningof
universe (seconds)

Temperature (K) Event

10−36 to 10−32 Inflation occurs

10−12 to 10−6 1016 Elementary particles including quarks and leptons form

10−6 to 100 1012 Annihilation of antimatter and matter leave relatively
small amount of matter

102 109 Commencement of nuclear fusion

103 Cessation of fusion

1013 (380 000 years) 3000 Formation of atoms (recombination), CMB produced

1013 to 1016 Dark Ages (stars yet to form)

1016 (800 000 000 years) First stars and galaxies form; most atoms re-ionised

1017 (9.3 billion years) Earth and solar system form

1018 (13.82 billion years) 2.7 Today

It was not until 800 million years into the universe’s life that the story of the atom resumed, when the
first stars formed and new elements began to form in nuclear fusion in their interiors. In the centres of these
enormous stars, the temperature and pressure was sufficient for long enough for fusion to continue beyond
the formation of helium-4, resulting ultimately in the genesis of all of the elements in nature.

SAMPLE PROBLEM 13

A section of space contained 20 neutrons prior to nucleogenesis. How many helium-4 nuclei
would have formed in this section of space during nucleogenesis?

Teacher-led video: SP13 (eles-XXXX)

THINK WRITE

1. Recall how many neutrons and protons
are required to make a helium-4.

2 neutrons and 2 protons per helium-4

2. Recall that there were seven protons for
every neutron.

7 protons for every neutron were present, so in a
space containing 20 neutrons we could expect
7 × 20 =140 protons — plenty to make helium-4
from every neutron available.

3. Count how many helium-4 nuclei could
have formed from this raw material.

Each helium-4 requires 2 neutrons, so 20
neutrons would produce 10 helium-4 nuclei.
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PRACTICE PROBLEM 13
A section of space formed 2 × 1030 helium-4 nuclei in the nucleogenesis era of the early universe.
How many hydrogen-1 nuclei would have been produced in the same section of space?

6.5 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.
1. Outline how the quark era differed to the electroweak era.
2. What first happened in the hadron era?
3. When did the force of gravity first exist as a defined force?
4. How long into the universe’s existence did protons and neutrons begin to appear in significant numbers?
5. Why were particles in the earliest moments of the universe so short lived?
6. Provide two problems that the inflation hypothesis solves.
7. What prevented nuclear fusion occurring prior to 3 minutes and later than 20 minutes into the life of the

universe?
8. Explain how the big bang theory predicts a ratio of hydrogen to helium of 3:1 in terms of mass.
9. What prevented electrons from binding to nuclei to form atoms in the first 380 000 years of the universe’s

existence?

To answer practice exam questions online and to receive immediate feedback and sample responses for
every question go to your learnON title at www.jacplus.com.au.

studyON: Practice exam questions
Fully worked solutions and sample responses are available in your digital formats.

6.6 Review
6.6.1 Summary
• Our galaxy, the Milky Way, is only one of billions of galaxies.
• All distant galaxies are moving away from us, and the further away they are, the faster they are

receding.
• The expansion of space provided the first evidence that the universe had a beginning, now determined

to have occurred 13.8 billion years ago.
• In the earliest moments of the universe, there was a period called inflation, where the size of the

universe grew exponentially within a fraction of a second.
• After about 20 minutes, the universe consisted of hydrogen and helium nuclei with 25% of the mass in

helium and 75% in hydrogen.
• Atoms first appeared 380 000 years into the universe’s history when the universe was cool enough for

electrons to stay bound to nuclei.
• Light was then free to travel through the universe, which is now visible as the cosmic microwave

background radiation.
• Production of heavier elements did not occur until the first stars began fusing hydrogen and helium in

their cores, 800 000 000 years after the beginning of the universe.
• The big bang is the name given to the theory that describes the universe beginning from a point of

infinite density and expanding to create space and time as we see it today.
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• The key evidence for the big bang includes: the expansion of the universe, the higher density of
galaxies in the past, the proportion of elements in the universe and the cosmic microwave background
radiation.

• Stephen Hawking showed that the universe may have no boundaries of space or time — time began
with the universe, and space and time outside of the universe have no meaning.

• When measuring distance, temperature, mass and time in the universe, the numbers can be
unmanageably large or small. To reduce this problem numbers can be expressed in scientific notation
where a number between 1 and 10 is multiplied by a power of 10. For very small numbers, the power
of ten is negative.

• Alternative units for distance are used in measuring space. The astronomical unit (AU) is the distance
from Earth to the Sun. It is useful for measuring the solar system. The parsec (pc) is the distance that
produces a parallax angle of one arc second as the Earth moves around the Sun. A light-year is the
distance light travels in one year.

6.6.2 Key terms

The big bang is the name for the dramatic beginning of the universe from an infinitely dense, small point.
A Cepheid variable is a type of star that has a relationship between its period of variation in luminosity and its

maximum luminosity. They are useful for measuring distances to galaxies.
The cosmic microwave background is radiation that can be found in all regions of empty space. It is left over

energy from the big bang.
Cosmology is the study of how the universe began, has evolved and will end.
A galaxy is a collection of hundreds of billions of stars. Stars are organised into galaxies, with very few stars

existing between galaxies.
A globular cluster is a very old, densely packed cluster of stars in the shape of a sphere.
Hubble’s constant is the constant of proportionality relating the speed that galaxies are receding from Earth and

their distance from Earth.
Hubble’s Law states that the speed of recession of galaxies is proportional to their distance from Earth.
Red shift is the increase in wavelength that results from a light source moving away from the observer.
Recombination is the event when electrons could remain bound to nuclei to form atoms. Prior to 380 000 years

after the big bang, electrons had too much energy due to the temperature to remain bound to nuclei.

Digital document: Key terms glossary (doc-#####)
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6.6.3 Practical work and investigations

Investigation 6.1
Expansion of the universe
Digital document: doc-16173
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6.6 Exercises
6.6 Exercise 1: Multiple choice questions
1. Which of the following correctly describes scientific theories?

A. Well thought out scientific explanations
B. Guesses
C. Beyond dispute
D. Measured facts

2. What does the big bang theory predict?
A. The ratio of hydrogen to helium is 3:2.
B. Galaxies are further apart as we look further into space.
C. There is a relationship between distance and red shift of distant galaxies.
D. The expansion of the universe will cause the universe to heat up.

3. Which of the following facts did Hubble use to measure distances to galaxies?
A. Super novae have a known luminosity.
B. Some stars have a luminosity related to their period of variation.
C. Globular clusters contain old stars.
D. The CMB is nearly uniform.

4. What did Hubble discover that was important evidence for the big bang theory?
A. Red shift of galaxies increases with distance.
B. Red shift of galaxies decreases with distance.
C. The CMB is nearly uniform.
D. There is three times the amount of hydrogen by mass than there is helium.

5. What is the explanation for the photons of the CMB having much less energy that 13 billion
years ago?
A. The photons have worn out with age.
B. Photons are more dispersed through the expanded universe.
C. It has lost energy through interaction with matter.
D. Their wavelengths have been stretched as they travel through the expanding universe.

6. Which of the following numbers is the smallest?
A. 3.4 × 108 B. 2.34 × 109 C. 3.39 × 108 D. 3 × 108

7. Which of the following is not scientific notation?
A. 25 × 103 B. 2.3 × 1025 C. 1.006 × 106 D. 7 × 10-7

8. Which of the following is correct?
A. Matter formed before the quark era.
B. The strong nuclear force emerged in the inflation era.
C. The first atoms formed during nucleogenesis.
D. Electrons existed in the quark era.

9. When did the Dark Ages in cosmology occur?
A. Before recombination
B. After recombination and prior to the first stars
C. During inflation era
D. Before the quark era

10. When did inflation occur most dramatically?
A. Prior to the appearance of gravity
B. After atoms formed
C. After the strong nuclear force emerged
D. After the grand unified era.
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6.6 Exercise 2: Short answer questions
1. What did Hubble discover in 1929 that led to the formulation of the big bang theory?
2. The light from the Andromeda galaxy is blue shifted. Explain why it is not red shifted like the light

from most galaxies.
3. How is the big bang different from normal explosions in terms of space and time?
4. List the key evidence in favour of the big bang theory.
5. Why was the CMB discovery so important in establishing the big bang theory?
6. Why is scientific notation preferred when writing very large and very small numbers?
7. The inflation era is the time when the universe was between 10-36 and 10-32 seconds old. Write these

times in decimal notation.
8. Why did nucleogenesis in the early universe only produce light nuclei like hydrogen and helium?
9. List the following events in chronological order: particle–antiparticle annihilation, ignition of the first

stars, nuclear fusion, inflation, the formation of atoms.
10. What metaphor did Stephen Hawking use to help explain how time has a beginning?

6.6 Exercise 3: Exam practice questions
1. a. Sketch a graph of red shift versus distance that summarises Hubble’s observations of

galaxy red shifts. 2 marks
b. How did Hubble determine the speed of recession of galaxies? 1 mark
c. What type of star did Hubble use in his distance measurements for the galaxies? 1 mark

2. a. Describe the source of the cosmic microwave background radiation. 2 marks
b. The variations in CMB measured by the Planck space observatory are about 0.000 57 K.

Write this in scientific notation. 1 mark
3. What tools do physicists use to improve their understanding of what happens to matter in

the conditions in the early universe? 1 mark
4. What needs to happen to energy in order to explore earlier periods? 1 mark
5. As physicists explored the earliest moments of the universe they noticed that the four

fundamental forces — gravity, weak nuclear force, strong nuclear force and electromagnetic
force — were not always separate. What order did the forces appear after the beginning
of the universe? 1 mark

6. For just a few minutes in the early universe, nuclear fusion could take place.
a. What were the products of this fusion? 2 marks
b. Why were the products limited to these? 2 marks

6.6 Exercise 4: studyON Topic Test

Fully worked solutions and sample responses are available in your digital formats.

Test maker
Create unique tests and exams from our extensive range of questions, including practice exam questions.

Access the assignments section in learnON to begin creating and assigning assessments to students.
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