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TOPIC 12
Elemental origins

12.1 Overview
12.1.1 Module 8: From the universe to the atom
Elemental origins
Inquiry question: What evidence is there for the origins of the elements?
Students:

• investigate the processes that led to the transformation of radiation into matter that followed the ‘Big
Bang’

• investigate the evidence that led to the discovery of the expansion of the Universe by Hubble
(ACSPH138)

• analyse and apply Einstein’s description of the equivalence of energy and mass and relate this to the
nuclear reactions that occur in stars (ACSPH031)

• account for the production of emission and absorption spectra and compare these with a continuous
black body spectrum (ACSPH137)

• investigate the key features of stellar spectra and describe how these are used to classify stars
• investigate the Hertzsprung–Russell diagram and how it can be used to determine the following about a

star:
– characteristics and evolutionary stage
– surface temperature
– colour
– luminosity

• investigate the types of nucleosynthesis reactions involved in Main Sequence and Post-Main Sequence
stars, including but not limited to:
– proton–proton chain
– CNO (carbon-nitrogen-oxygen) cycle

FIGURE 12.1 This spectacular panoramic view of the Carina Nebula and the unique
star Eta Carinae in the heart of the nebula.
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12.2 The earliest atoms
12.2.1 A long story!
Scientists find it useful to analyse matter in terms of the atoms that make it up. This is the basis of chemistry,
and our understanding of biology and geology. 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 13.82 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 and the later developments that led to the atoms
that make up you and me.

To understand the origin of atoms, we will need to understand the early universe. 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.

The big bang model of the universe describes the universe as beginning from a point, or singularity, that has
grown through expansion for the past nearly 14 billion years. Subsequent sections of this topic will explore
how physicists came to this conclusion. The big bang was not an explosion in the normal sense of the word,
where material located at one point in space at one time is suddenly pushed into the space around it over a
short period of time. With the big bang, there was no matter at the start, no space and no time. All of these
emerged from the big bang itself. This is very challenging to understand because many questions arise:

• “What does it mean for time to begin?”
• “Where did the big bang occur, if there was no space before it?”
• “Where did all of the energy come from in the first place?”
Science often has this effect; we learn about relations between things that we see and find that these lead

to further questions. These questions take us to the edge of the universe in space and time but may also take
us to the edge of what it is possible to understand.

12.2.2 The early universe

FIGURE 12.2 The cosmic microwave background 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.

The very early universe contained no
stars and galaxies; in fact, there were
no atoms. The earliest data that scient-
ists have for the universe is from what is
known as the Cosmic Microwave Back-
ground (CMB). This is the very low
energy radiation left over from when
the first atoms formed. The CMB is one
of the key pieces of evidence for the big
bang model. It provides an image of the
universe as it was about 380 000 years
after its beginning.

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 the release of energy that formed the cosmic microwave background.
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Let’s piece the story together from the beginning until the formation of the very first atoms, the time when
the CMB was formed.

The first 10−43 seconds FIGURE 12.3

Source: NASA WMAP Science Team.

This is known as the Planck era and current the-
ories of physics cannot explain what happened
in the conditions that were present. The uni-
verse 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. With 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 begins 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. During this brief period, the universe is
thought to have expanded in size by a factor of 1026, so that it was about 10 cm across. This rapid expansion
explains, among other things, why the cosmic microwave background radiation 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 theory to explain 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.

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.

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.
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10−12 seconds to 10−6 seconds
In the quark era, particles began to appear in large numbers. These included quarks, electrons and neutrinos.
Most particles still formed in pairs with an antiparticle, but a slight bias towards particles resulted in matter
that was not annihilated through contact with antimatter.

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 were annihilated by contact with their antiparticles, and leptons such as electrons dominated.

3 minutes to 20 minutes
FIGURE 12.4
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Nucleogenesis occurs. During
this era, annihilation with anti-
matter became less significant
and the critical phase of fusion
occurs. During these few minutes
most of the nuclei in the universe
formed. The following section
outlines this in detail.

12.2.3 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 neut-
ron and vice versa. This produced
equal numbers of each, but as
the universe cooled, fewer pro-
tons interacted with electrons with
sufficient energy to form neut-
rons. This resulted in more pro-
tons 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 can fuse 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).
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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.

FIGURE 12.5

Fusion

To understand the prediction
of the proportion of hydrogen to
helium, consider the ratio of pro-
tons to neutrons, which is 7:1. To
form a helium-4 nucleus, 2 pro-
tons and 2 neutrons are required.
According to the 7:1 ratio, for
every 2 neutrons in the universe,
there were 14 protons, so 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.

One of the strongest pieces of measured evidence for the big bang model of the universe (along with the
observed expansion and cosmic microwave background) 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
later 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 hydrogen and helium nuclei to form, it is still way
too hot for electrons to stay bound to those nuclei. Before the necessary cooling required to enable atoms to
form, 380 000 years would pass.

An overview
The following table outlines significant events in the early universe.

TABLE 12.1 Significant events in the early universe

Time since beginning of
universe (seconds)

Temperature (K) Event

0 Universe is born

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 The formation of atoms (recombination), CMB produced

(Continued)
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TABLE 12.1 Significant events in the early universe (Continued)

Time since beginning of
universe (seconds)

Temperature (K) Event

1013 to 1016 The Dark Ages (stars yet to form)

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

1017 (9.3 billion years) The 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 via 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.

12.2 SAMPLE PROBLEM 1

1. The first atoms formed about 380 000 years after the universe began. What were the elements of
these atoms and why did it take so long for them to form?

2. What determined the ratio of hydrogen to helium in the universe?

SOLUTION:

1. The first atoms were mostly hydrogen and helium with a trace of lithium. The nuclei for these
atoms formed in the first minutes of the universe but the temperatures were too hot for the next
380 000 years for electrons to bind with the nuclei. Before that time, the electrons had so much
kinetic energy that they could escape any nucleus they came near.

2. The ratio of protons to neutrons at the time was 1 neutron to every 7 protons. This came about
because neutrons were formed when protons and electrons came together with sufficient energy.
The energy of impact was not sufficient after a while, stopping the production of further neutrons
through the interaction of a proton and an electron. Neutrons could still decay into a proton and an
electron and the result was 7 protons for every neutron. When nucleosynthesis occurred over a
period of about 17 minutes, all of the available neutrons underwent fusion with protons to form
helium-4 nuclei. What remained was twelve protons (hydrogen nuclei) for every helium-4 nucleus;
that is, twelve particles of hydrogen to four of helium or a universe of 75% hydrogen by mass and
25% helium.

 

12.2 Exercise 1
1 When did the first nuclei form and why did they stop forming about 20 minutes after the universe began?
2 In the early universe, both matter and antimatter formed, which quickly annihilated each other. How did the

universe end up being dominated by matter?
3 According to the big bang model, particle physics predicts that there would have been 75% hydrogen by

mass and 25% helium by mass formed in the conditions present in the first 20 minutes of the universe. How
does this prediction provide convincing evidence that the big bang model is accurate?

 

Watch this eLesson: From hydrogen to helium
Searchlight ID: eles-2459
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12.3 The expanding universe
12.3.1 Discovering the universe of galaxies

FIGURE 12.6 The Milky Way
In the early 20th 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 20th century, there was little grasp of how
large the universe was. Astronomers knew that
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.

In 1912, Henrietta Leavitt (1868–1921) made
a discovery that was about to shine light on this
puzzle. 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 brighter
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 12.7 Henrietta Leavitt FIGURE 12.8 The vertical axis measures the
brightness of the star. 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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FIGURE 12.9 Globular cluster FIGURE 12.10 Edwin Hubble

 

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 then use Leavitt’s
relationship to determine the luminosity of the star. Comparing this luminosity with the brightness he could
measure revealed 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 were not
confined to the plane of the Milky Way, but rather cluster around its centre in a sphere.
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.

FIGURE 12.11 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.

Shapley’s estimate of the size of the galaxy included the
Magellanic Clouds and also 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 tele-
scopes 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 photo-
graphs) and Cepheid variables. Using these, Hubble estab-
lished the size and distance of the Andromeda nebula from
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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.

12.3 SAMPLE PROBLEM 1

Henrietta Leavitt discovered a feature of some types of distant stars that enabled the distance to those
stars to be measured. How did this discovery change scientists’ understanding of the universe?

SOLUTION:

FIGURE 12.12 This view of the southern
skies shows the two Magellanic Clouds, our
near neighbour galaxies, and the location of
the invisible magnetised hydrogen bridge
between them.

The discovery of the relationship between the lumin-
osity and the period of Cepheid–variable stars enabled
astronomers to measure the distance to groupings of
stars such as globular clusters, the Magellanic clouds
and spiral nebulae to see whether they were part of
our group of stars or so far away that they were part of
separate groups altogether. This was how the Magel-
lanic clouds and spiral nebulae were discovered to be
separate galaxies from our own.

12.3.2 The expansion of space
One of the most significant results in the history of cosmology came from the work of Shapley and Hubble.
Hubble correctly interpreted data that had earlier been used by Shapley. 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!

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 do not
explain why galaxies are moving away from each other with a speed that increases with distance.

Galaxies and tightly bound clusters of galaxies do not expand because 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 are
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
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the first scientific evidence that the universe had a beginning. Prior to this, scientists assumed that the universe
had existed forever.

REMEMBER THIS
FIGURE 12.13 Transverse periodic waves in a piece of string
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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.

 

12.3.3 The Doppler effect

FIGURE 12.14 The
Doppler effect: as the
source moves to the right,
the wavelengths in front of
it are smaller than those
behind it.

S

= sourceS

How did Hubble measure the expansion of space? He used a phenomenon
called the Doppler effect. We are familiar with its effects on sound. When
fast moving objects go by, the sound they make drops in pitch. You can hear
this when trains, fire engines or racing cars speed past you. This change in
pitch (or frequency) is known as the Doppler effect, after Christian Doppler,
who predicted its existence in 1842, before it had been observed.

Doppler realised that, as light has a frequency like sound, it is also changed
by this effect. Light emitted by a star or galaxy that is moving away from us
is shifted towards the red end of the spectrum. This is commonly called the
red shift. The faster the galaxy moves away, the greater the shift. Stars or
galaxies moving towards us have their light shifted towards the blue end of
the spectrum, which is called blue shift.

FIGURE 12.15 Spectra showing red shift. The scale indicates the length
in nanometres.
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REMEMBER THIS
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.

Using the Doppler effect on stars
Spectra from stars contain numerous lines, which are characteristic of the gases they are made from. These
lines can be identified by comparing them with the spectra of known gases (found by passing light through
each gas at rest in a laboratory). When the light from a star is passed through a spectroscope, the characteristic
pattern of lines observed may be shifted. A shift towards the red end of the spectrum indicates the star is
moving away from us; a shift towards the blue end indicates that it is moving towards us.

12.3 SAMPLE PROBLEM 2

How was Hubble able to measure the motions of galaxies relative to us?

SOLUTION:

Hubble analysed the light from galaxies using a spectroscope. He observed that the light was red-shifted
and, the greater the distance to the galaxy, the greater the red shift.

Red shift revisited
FIGURE 12.16 A star with
only tangential motion would
not change its distance from
the Earth. The radial compon-
ent of its motion will move
the star toward or away from
the Earth.

A

C

B

Star A moves radially.
Star B moves tangentially.
Star C moves both
tangentially and radially.

Solar system

The Doppler effect is the same no matter how far the observer is from the
source. The speed of the source determines the red shift or blue shift. What
Hubble observed, was that the red shift was greater for more distant galax-
ies. According to the theory behind the Doppler effect, this must mean that
these galaxies were moving away at much greater speeds.

But space is expanding. While 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 light from distant galaxies takes
many millions, if not billions, of years to reach Earth, and during this time
the wavelength increases. 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.

Locally, the Doppler effect is more significant. Some galaxies are mov-
ing towards us and some away, under gravitational influences, but in the far
reaches of the universe, the Doppler effect due to these local interactions
is drowned out by the expansion of the universe.

This expansion 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.
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FIGURE 12.17 (a) The rubber band before stretching; (b) the
stretched rubber band; each dot has moved away from all of the
other dots.

(b)(a)

12.3 SAMPLE PROBLEM 3

Explain why the observation that the red shift is greater for more distant galaxies is consistent with red
shift being due to an expanding universe.

SOLUTION:

An expanding universe stretches the wavelength of light on its journey. The longer the light travels, the
more it is stretched, so the more distant galaxies would show greater red shift.

 

12.3 Exercise 1
1 It is difficult to determine the luminosity of stars because their brightness depends on their distance from us,

which is usually not otherwise known. How did Henrietta Leavitt control for distance when determining the
relationship between the luminosity and the period of Cepheid–variable stars?

2 What evidence did Hubble have that the universe was expanding?
3 Does the greater red shift observed for more distant galaxies mean that they are moving more rapidly away

from us?

12.3.4 The big bang
FIGURE 12.18
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By 1929 there was both a theoretical basis for
this new cosmology from Einstein’s general
relativity and the observational evidence of
the red shift of galaxies to support it; how-
ever, 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

Hubble’s Law (
1
H

gives physicists a means

of calculating the age of the universe). The
value of Hubble’s constant has been meas-
ured with increasing accuracy since Hubble’s

12 Jacaranda Physics 12

UNCORRECTED P
AGE P

ROOFS



i
i

“c12ElementalOrigins” — 2018/4/6 — 5:25 — page 13 — #13 i
i

i
i

i
i

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. The age of the
Earth has been dated using the proportion of radioactive isotopes in rocks, the rate of cooling from the Earth’s
original molten state, the time it would take to develop its geological features, and the time required for the
evolution of life. These all pointed to an age greater than 2 billion years — the currently accepted figure for
the age of the Earth is about 4.6 billion years.

FIGURE 12.19 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 × 1010m or 3.26 light-years.
Notice the group of blue-shifted galaxies at about 2.5 × 105 parsecs.
corresponds to the Andromeda galaxy and its satellites.

Velocity
(km s−1)

1000

500

0 106
Distance (pc)

2 × 106

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.

It was not until the 1950s that Walter Baade identified two populations of stars that helped resolve the age
problem. Baade noticed that Cepheid variables with significant amounts of heavier elements (Population I
stars) had a different relationship between intensity and period than those made of little other than hydrogen
and helium (Population II stars). This more than halved Hubble’s constant, and therefore doubled the calcu-
lated value for the age of the universe. The adjustment resulted in a calculated universe age of 5 billion years;
still young but at least it was older than the Earth. Improvements in measurement since have put the age of
the universe at about 13.8 billion years.

12.3 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.

SOLUTION:

2 × 106 pc = 2 × 106 × 3.09 × 1013

= 6.2 × 1019 km
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Hubble’s constant is the gradient of the graph:

H =
1100

6.2 × 1019

= 1.77 × 10−17 s−1

t =
1
H

=
1

1.77 × 10−17

= 5.64 × 1016 s
= 1.8 × 109 years

This is 2 billion years to one significant figure, in agreement with Hubble’s estimate.

12.3 Exercise 2
Given the data in Hubble’s graph, the currently accepted age of the universe, 13.8 billion years, is quite
unexpected. What is Hubble’s constant if the universe is 13.8 billion years old?

 

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, when the
universe had undergone much less expansion.

FIGURE 12.20 Penzias and Wilson accidently discovered the
cosmic microwave background radiation in 1965.

When the universe cooled sufficiently
for electrons to bond with nuclei form-
ing hydrogen and helium atoms, an event
called recombination, photons were able
to travel through the travel freely through
the universe without interacting with . 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 radio
waves with much less energy than when
the photons were initially released. These
radio waves have become known as cosmic
microwave background radiation (CMB)
and correspond to a background temperat-
ure of about −270°C or 2.7 Kelvin. Arno
Penzias and Robert Wilson discovered this
radiation accidentally in 1965 when they
were trying to eliminate some noise com-
ing from their radio telescope. The identification of this noise was the turning point for the big bang theory.
A graph of the intensities of the microwave radiation for the different wavelengths had the same shape as the
radiation graphs on page 26, except this graph gave a temperature of 2.7 K.
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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, which is
not the case.

So 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 nearer to us
• the predicted cosmic microwave background radiation has been detected.
Most scientists concluded that these discoveries meant that the universe had a beginning in a relatively

small volume that has expanded ever since. This idea has been called the big bang theory.

PHYSICS IN FOCUS
Stephen Hawking and the big bang

FIGURE 12.21The 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, has posed
answers to these questions. He reminds 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 cosmic microwave background radiation. This radiation is central to the topic of
this chapter, 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
asks us to imagine the passing of time as being like decreasing degrees of latitude away from the South Pole.
The 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.

 

Watch this eLesson: The expansion of the universe
Searchlight ID: eles-0038
Try out this Interactivity: Shifting stars
Searchlight ID: int-6395
Explore more with this weblink: The expansion of the universe and Brian Schmidt
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12.4 The power of stars
12.4.1 Stars and Einstein
The big bang theory provides an explanation for most of the atoms observed in the universe. It explains the
abundance of hydrogen and helium, with about 75% of the mass of normal matter in the universe made up of
hydrogen and 25% of helium, and a little lithium as well. This process of big bang nucleosynthesis described
in section 12.2 was all over in the first 20 minutes of the universe’s existence. The big bang model roughly
describes the abundance of atoms in the universe today, but we know there are many more atoms that exist
that could not have been created by the processes of the big bang. The key elements that make us up, including
carbon, nitrogen and oxygen would never have existed and neither would the heavier elements that make up
our planet, such as silicon, iron and aluminium. Where did they come from?

FIGURE 12.22 The Rowland Solar Spectrum, 1886,
depicting the Fraunhofer lines that were so difficult to
interpret.

The answer to this question answered another
great scientific question: what powered the Sun
and all the other stars? Early in the twentieth cen-
tury, no one understood what could power the
Sun. Chemical reactions do not produce sufficient
energy. Scientists considered that maybe it was
some form of nuclear reaction that could release
some of the Sun’s mass in the form of energy,
as Einstein described in 1905 in the equation
E = mc2. However, scientists thought the Sun was
made largely of iron, the most stable nucleus of
all. The conclusion that the Sun was made of iron
was based on measurements of tidal effects on the
Earth that showed that the Earth was mostly made
of iron, and on analysis of meteorites from space
that showed that they too were composed largely
of iron. This was prior to the big bang model. It
was easy to assume that the Sun was made of iron. Even analysis of sunlight suggested it was made of iron. It
was not until 1925 that Cecilia Payne (1900–1979) demonstrated that the Sun was mostly made of hydrogen,
not iron at all. She did this using spectroscopy, a technique explained in the next section of this topic.

Stars form from clouds of atoms, mostly hydrogen and helium, collapsing due to the gravitational attraction
between the atoms. This collapse results in a loss of gravitational potential energy of the atoms. This energy
must be transformed into some other form of energy, and the result is the generation of a lot of thermal energy.
The heat provides more than enough energy to the electrons in the Sun, the result being that the electrons are
no longer bound to the nuclei. This creates a ball of plasma, ionised hydrogen and helium nuclei. A result of
star formation in the early universe was that most of the atoms that formed in the era of recombination were
reionised.

The heat has another consequence. The particles in the Sun move about with great energy until the star
reaches a point of equilibrium where the collapse due to gravity is matched by the outward pressure due to
the heating.

If the Sun was a ball of iron as previously thought, calculations have shown that the Sun’s energy supply
from gravitational collapse would only have lasted 15 million years. There was mounting evidence that the
Earth was hundreds of times older than this and the Sun was showing no signs of cooling down. As the Sun
was found to be a ball largely of hydrogen and helium, another energy source was available, hydrogen fusion.
We will return to that in a later section.

Gravitational collapse by itself would only sustain the Sun radiating energy at its current rate for 15 million
years. In topic 11, we learned Einstein established that energy and mass are equivalent. E = mc2 tells us that
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the energy radiated by the Sun, or any star, corresponds to a loss of mass. The Sun radiates 3.86 × 1026 Joule
every second.

12.4 SAMPLE PROBLEM 1

Calculate the mass loss of the Sun every second due to the radiation of energy.

SOLUTION:

E = mc2

m =
E

c2

= 3.86 × 1026

(3 × 108)2

= 4.29 × 109kg

The Sun loses 4.29 billion kilograms every second due to the energy it radiates.

 
The amount calculated in sample problem 1 is the same whichever way the energy is produced. The mass

of the Sun is 1.99 × 1030 kg, so if the Sun radiated at this rate and was able to convert all its mass into radiant
energy, it would last 1.47 × 1013 years. However, the Sun is not converting all of its mass to radiant energy
and is also constantly losing mass to the solar wind and gaining mass through collisions with other material.
What process would sustain the Sun radiating at this rate for the 4.6 billion years that the Earth has existed
and keep it going for whatever time the Sun still has left?

12.4 Exercise 1
One of the most luminous stars, Eta Carinae, is 80 times the mass of Earth and 5 million times as luminous. If it
and the Sun generate their energy in the same way and radiate energy at a constant rate throughout their lives,
would you expect Eta Carinae or the Sun to last longer. Justify your argument using calculations.
But what is powering the Sun, and other stars like Eta Carinae?

FIGURE 12.23 Eta Carinae is a
system of at least two stars envel-
oped in this nebula of material that
it has shed.
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12.4.2 Nuclear Fusion
Some sort of nuclear reaction was the most promising candidate for the powering of stars. Neither chemical
reactions nor gravitational energy would sustain energy at the rate the Sun was producing it for long enough.
In section 12.2.3, we learned about how neutrons and protons underwent fusion in the early universe. We will
now explore this fusion in greater detail.

When protons and neutrons come close enough together, a force called the strong nuclear force binds them
together to form a deuterium nucleus, which is hydrogen with a single neutron.

Nuclei are made of protons and neutrons, known collectively as nucleons. The number of protons is called
the atomic number (Z) and this defines the element of the nucleus (Z = 1 is hydrogen, Z = 2 is helium and
so on). The number of protons plus neutrons in a nucleus is called the mass number or nucleon number (A).
Nuclei that share the same atomic number but have different mass numbers are called isotopes. These are
represented symbolically by:

XAZ

where X is the symbol for the element, A is the mass number and Z is the atomic number. In a nuclear
reaction, the total of the mass numbers on each side of the equation must be equal. Similarly, the atomic
numbers on each side of the equation must be equal.

In the early universe, when protons and neutrons existed in a ratio of 7 to 1 under conditions of extreme
temperature and pressure, a reaction that occurred was:

H11 + n10 → H21 + 𝛾

where n is a neutron.

FIGURE 12.24 Neutron capture

The deuterons that formed ( H21 ) have less mass than the individual neutron and proton. The energy of
the deuteron must be lower than the neutron and proton as separate particles because it requires energy to
separate them. This energy is called the binding energy. In this fusion of nucleons, the binding energy is
2.2 MeV (1 electron volt = 1.6 × 10−19 J). That means that in the formation of each deuteron, 2.2 MeV was
released. While 2.2 MeV is a small amount of energy, if large numbers of these fusions could occur in a star,
that could be the source of energy.

However, this neutron and proton fusion requires a good supply of free neutrons and free neutrons do not
last long. There would need to be a source of neutrons. The protons in stars have existed from the early
moments of the universe. The neutrons that survived from that period were those that were already captured
by protons and formed deuterons and then mostly helium-4 nuclei. These are not the raw materials for this
reaction to be the main power source of the Sun.
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12.4 SAMPLE PROBLEM 2

Compare the mass of a free neutron with the total of a proton and electron. Use this to explain why
free neutrons are unstable.
Data

Particle Mass (kg)

proton 1.6726 × 10−27

electron 9.11 × 10−31

neutron 1.6749 × 10−27

SOLUTION:

Mass of proton + mass of neutron = 1.6726 × 10−27 + 9.11 × 10−31 = 1.6735 × 10−27 kg, which is
less than the mass of a neutron. This difference is called the mass defect. A free neutron requires more
energy (equivalent to mass throughE = mc2) to keep it together than to simply fall apart (decay)
into a proton and an electron.

A neutron bound in a deuteron cannot decay to form a proton, electron and neutrino because
conservation of energy will not allow it. If we add the masses of the proton, proton and electron
that would result, the total mass would be equivalent to 1.4 MeV more than the deuteron. It would be
like a golf ball in a cup suddenly leaving the cup. The only way for this to happen is to remove the
energy barrier (tip the cup on its side) or provide energy, perhaps by hitting the cup from underneath.

 

12.4.3 Fusion of protons
So nuclear fusion is a source of energy, but fusing neutrons and protons cannot be the major source of energy
in stars as there are not enough free neutrons. What there is plenty of in the universe including in the centre
of young stars is protons. Can protons fuse?

Protons exert an electrostatic force on one another that keeps them apart. To push them close enough
together for the strong nuclear force to act would require extreme conditions. It turns out that these conditions
are what are found in the Sun. There is another problem, though. The electrostatic force is very strong and
when protons are close enough for the strong nuclear force to operate, this repulsion is stronger than the force
of nuclear attraction. However, protons can emit a positron and neutrino in these high-energy conditions to
become neutrons. It seems impossible for protons to decay into other particles, including one that has greater
mass than the initial proton. However, this reasoning does not take into account E = mc2 and the additional
energy that is available from squeezing two protons so close together. What was impossible for the free proton
is now likely to occur.

This gives the following fusion reaction:

H11 + H11 → H21 + e01
+ + 𝜈

This reaction releases 0.42 MeV of energy. The positron will go on to annihilate an electron, and the
neutrino will escape at near the speed of light. The conditions required for this reaction are present in
the Sun.

12.4 Exercise 2
1 A deuteron has a mass of 3.3436 × 10−27 kg. Show that a deuteron has a smaller mass than the mass of a free

neutron and free proton.
2 Use the difference in the mass of the deuteron and the free neutron and proton to find the binding energy of

the deuteron (the energy required to separate the neutron and the proton).
3 Compare the combined mass of the two protons with the mass of the deuteron plus positron.
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12.5 Analysing light from stars
12.5.1 Spectroscopy
Isaac Newton (1642–1727) published his book Opticks in 1704. In the first volume he demonstrated that
light from the Sun can be dispersed into its constituent colours. Other theories about why rainbows formed,
why prisms of glass produced a spectrum of colours and why soap bubbles appeared coloured involved
the prism, raindrop or bubble altering the light. However, as Newton demonstrated, the prism, raindrop or
bubble simply disperse the light according to its colour (wavelength), revealing information about the Sun.
Newton’s prisms showed the colour spectrum from the Sun to contain red, orange, yellow, green, blue, indigo
and violet.

In 1802 William Wollaston (1766–1828) invented the spectroscope in an effort to explore the spectrum in
more detail. He found the solar spectrum was not continuous but was crossed by a number of black lines. In
1814, Joseph von Fraunhofer (1787–1826) mapped the spectrum in much greater detail, finding 576 black
lines. These have become known as Fraunhofer lines.

John Herschel (1792–1871), and WH Fox Talbot (1800–1877), a pioneer in photography, found that when
chemical substances were heated in a flame and observed through a spectroscope, each chemical had a dis-
tinctive set of bright bands of colour forming its spectrum. This meant that scientists could identify chemicals
simply by observing their spectra. Other scientists found that when sunlight is passed through gas before
entering the spectroscope, it had extra black lines through its spectrum. This suggested that the black lines
in the solar spectrum were due to light passing through gases in the Sun. These scientists had identified a
method for determining the elements in stars.

In 1859 Gustav Kirchhoff (1824–1887) with his friend Robert Bunsen (1811–1899) used Bunsen’s burner
to burn elements and clearly describe the cause of these spectral lines. They found that:

FIGURE 12.25 A continuous spectrum produced by a spectroscope

Prism or
diffraction
grating

Continuous spectrum

Slits

Light
from
source
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FIGURE 12.26 An absorption spectrum produced by shining light with a continuous
spectrum through a cool gas

Absorption spectrum
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certain
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Incandescent
bulb producing
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wavelengths and re-emits

them in all directions.

FIGURE 12.27 The absorption spectrum for hydrogen

Absorption lines

• a continuous colour spectrum is produced by glowing solids or dense gaseous bodies like the Sun, which
behaves very much like black body radiation

• if a gas is between the light source and the spectroscope, light is absorbed from the continuous spectrum
at wavelengths or colours characteristic of the chemical components of the gas

• a glowing gas produces bright lines on a dark background at wavelengths or colours characteristic of the
chemical components of the gas.

One of the first successes with this new tool of astrophysics was the spectroscopic analysis of planetary
nebulae by William Huggins (1824–1910). Working in London in 1864, he found that these nebulae produced
the bright line spectra of glowing gas, showing that they were clouds of gas rather than groups of very distant
stars (see table 14.2). Some of the nebulae documented by Hershel, however, showed that they were collections
of stars, as they emitted continuous spectra interrupted by black lines. Huggins’s investigations also provided
very convincing evidence that the stars in the sky really are distant suns.

12.5.2 The discovery of a new element
In 1868, Joseph Norman Lockyer (1836–1920), used the spectroscope to, detect, some Fraunhofer lines in
the solar spectrum that did not correspond with any known element on Earth. He predicted that there must
be an as yet undiscovered element in the Sun and called it helium, after the Greek helios, meaning Sun.
William Ramsay (1852–1916) confirmed this in 1895, when he isolated the gas helium in the laboratory.
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TABLE 12.2 Types of spectra and the celestial bodies that produce them

Type of spectrum Generally produced by: Celestially produced by:

Continuous blackbody Hot Solids, liquids, gases under pressure Galaxies, inner layers of stars

Emission Incandescent low-density gases Emission nebulae, quasars

Absorption Cool gases in front of continuous spectrum The atmospheres of stars

Although the second most common element in the universe, helium is rare on Earth because it has so little
mass that, even at normal temperatures, it has sufficient energy to escape the atmosphere, a property that
makes it useful in blimps and party balloons. Helium is also extremely unreactive with other chemicals so it
forms few compounds, unlike hydrogen which is even less massive but occurs in many compounds on Earth,
including water and organic compounds.

12.5 SAMPLE PROBLEM 1

Describe how astronomers can determine the elements that are present in the Sun.

SOLUTION:

Astronomers observe the Sun’s light through a spectroscope. The solar spectrum contains absorption
lines that are characteristic of the elements found in the Sun’s atmosphere.

12.5 Exercise 1
The Sun is a hot ball of gas. Explain why it does not produce an emission spectrum.

12.5.3 What produces the spectra?
We know that electrons move around the nucleus of an atom. When the atoms are part of a solid, or when
the material is very dense, like the gases in a star, the electrons can exist with a range of energies. When the
material is heated, the electrons gain energy. They then re-emit this energy in the form of packets of light
energy called photons and fall back to a lower energy state. This process results in the emission of light with
a range of energies or frequencies. We see this in the light emitted by hot wires in incandescent globes. The
light produced has a continuous spectrum when passed through a spectroscope. The relative intensities of
the different wavelengths of the spectrum determine the colour of the object. The hotter the object, the more
the highest-intensity wavelengths shift towards the blue end of the spectrum. Topic 14 addresses this process
in more detail.

Absorption spectra
Atoms and molecules in gaseous form allow their electrons to take on only particular energies. When light
with a continuous spectrum passes through a gas, most of the light will pass straight through. This is because
most of the light is not at the specific energies that the electrons in the gas can absorb. The particular energies
that are absorbed are unique to the element. When light with a continuous spectrum passes through a gas, these
energies are absorbed and so are removed from the spectrum. When the light is passed through a spectrometer,
it forms an absorption spectrum. The energies that have been absorbed indicate the elements that the light has
passed though.

This is important for our understanding of stars, because the hot dense plasma at the centre of a star produces
light with a continuous spectrum, behaving like an ideal black body radiator. As the light moves out from
the centre, the gases in the star’s cooler atmosphere absorb specific frequencies and produce light with an
absorption spectrum. Analysis of this spectrum on Earth shows us what elements are present in the atmosphere
of the star without having to go there to take samples.
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Emission spectra
FIGURE 12.28 The spectra of 13 different stars. The stars
increase in temperature from bottom to top. The top star
is bright at the blue end of the spectrum, but emits very
little light at the red end of the spectrum. It is a blue star.
The star at the bottom emits very little light in the blue
wavelengths. It is a cool red star. The absorption lines are
visible in the spectra.

When a gas is heated, the electrons increase
their energies to higher energy states. These
higher energy states are temporary and energy
can be released at any time by an electron drop-
ping back down to one of the lower energy
states allowed by that element. This process
produces light of very specific frequencies —
an emission spectrum.

Sometimes it is difficult to determine what
fuzzy light sources in space are. Are they galax-
ies too distant to distinguish the individual
stars, or are they clouds of gas or nebulae,
glowing because they are being energised by
nearby stars? Passing the light through a spec-
troscope answers this question. If the spectrum
is an absorption spectrum, we know that it is
produced by stars. If it is an emission spectrum,
we know that it is produced by diffuse clouds
of gas. This technique was important in the discovery of galaxies.

Consider the following spectra.

FIGURE 12.29 The spectrum of light from a nebula. Notice that it is
an emission spectrum, distinguishing it from the absorption spectra of
stars.

12.6 Classifying stars by their light
12.6.1 The temperature of stars
In the 1920s, astronomers like Cecilia Payne determined how stellar temperatures related to their spectrum.
The spectrum of a star is not of equal intensity for all colours. They found that hot stars radiate more energy
at short wavelengths than cooler stars. Short wavelengths correspond to the blue end of the visible spectrum,
while longer wavelengths correspond to the red end of the spectrum.

We are all familiar with this relationship between colour and temperature. In the school laboratory you have
probably used a Bunsen burner. These burners have two settings, one a cool, yellow flame and the other a hot,
blue flame. The flames emit more than just the colours we see. If you hold your hand in the air about 30 cm
from the flame you can feel heat, indicating that the flame is emitting infra-red radiation that we can feel but
cannot see.

Astronomers generally like to use the Kelvin temperature scale. Every degree in temperature difference
is the same as the Celsius scale, but 0 K is set at the coldest possible temperature, which corresponds to
−273.15°C. This means that 0°C is 273.15 K.
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On a clear night it is possible to see some variation in the colour of stars, but the rods in the retinas of our
eyes that are responsible for distinguishing colours are not very sensitive to dim light. A photograph will show
the colours much more clearly. We notice that some stars are red and some are white or blue. The Sun is a
yellow star, indicating that it is neither particularly hot nor cool in the range of star temperature. The colour
of a star indicates the area of the spectrum of the star that is most intense. Some stars are so hot that they
emit most of their radiation at very short wavelengths of ultraviolent light, making them invisible from Earth.
They must be observed using UV telescopes in orbital because the atmosphere absorbs most UV radiation,
preventing it from reaching ground-based telescopes.

FIGURE 12.30 Emission at different
wavelengths for objects of different
temperatures
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FIGURE 12.31 A portion of the night sky including the
constellation of Orion. Four of the brightest stars in the sky can be
seen. Notice the different colours: Betelgeuse is a red supergiant
and Rigel is a blue supergiant.

The temperature of a star’s outer layers determines its colour. The core of a star is much hotter than the
outer layers, due to fusion reactions and gravitational energy.

12.6 SAMPLE PROBLEM 1

Describe what happens to the wavelength and intensity of light from a star as its temperature increases.

SOLUTION:

The wavelength of the light emitted becomes shorter and the intensity increases.

 

12.6.2 Spectral type
When the spectra of stars were first observed in detail in the nineteenth century, it seemed that the spectrum
of every star was different. Gradually, some sense was made of the multitude of lines that crossed the spectra
and stars were classified into spectral types. The system developed by Annie Jump Cannon (1863–1941) has
been used since 1910. It classes stars as O, B, A, F, G, K or M according to the relative intensity of various
absorption lines in their spectra. For example, for type A stars the lines of the hydrogen spectrum are very
clear. The spectral classes are arranged in order of temperature from O, the hottest with a spectrum peaking in
the ultraviolet, to M, the coolest with a spectrum peaking in the infra-red. The Sun is a type G star and these
are yellow. A full description of the spectral classes is given in table 12.3.
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TABLE 12.3 Spectral classifications and their corresponding features. Note that in
astronomy the term ‘metal’ refers to any element other than hydrogen or helium.

Spectral class Surface temperature (K) Colour Spectral features

O 28000 − 50 000 Blue Ionised helium lines
Strong UV component

B 10 000 − 28 000 Blue Neutral helium lines

A 7 500 − 10 000 Blue-white Strong hydrogen lines
Ionised metal lines

F 6000 − 7500 White Strong metal lines
Weak hydrogen lines

G 5000 − 6000 Yellow Ionised calcium lines
Metal lines present

K 3500 − 5000 Orange Neutral metals dominate
Strong molecular lines

M 2500 − 3500 Red Molecular lines dominate
Strong neutral metals

12.6 SAMPLE PROBLEM 2

You observe a red star. Estimate its surface temperature and spectral class.

SOLUTION:

The surface temperature is in the range from 2500 to 3500 Kelvin. It is an M class star.

The naming of the spectral classes seems strange and confusing today, but the naming came before the
underlying physics was understood. To memorise the sequence OBAFGKM, many have used the cheeky
mnemonic Oh Be A Fine Girl/Guy, Kiss Me.

The spectral classes are each divided into 10 classifications by a number from 0 to 9 following the spectral
class letter. For example, the Sun is classified as a G2 star, which makes it a little hotter than a G1 and a little
cooler than a G3.

12.6 SAMPLE PROBLEM 3

One of the brightest stars in the sky is the closest to us. In fact it is a system of three stars called Alpha
Centauri. These three stars in order of size have the following spectral classes:
Alpha Centauri A, G2
Alpha Centauri B, K1
Proxima Centauri, M5.
1. Which is most like our Sun?
2. Which is the dimmest?
3. What colour is Alpha Centauri B?

SOLUTION:

1. Alpha Centauri A has the same spectral class as the Sun so has very similar temperature. It is very
similar in size and stage of life.

2. Proxima Centauri is the dimmest as it is the coolest and smallest. In fact, it is so dim, you need a
powerful telescope to see it.

3. Orange.
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12.6 Exercise 1
1.Describe how astronomers can determine the surface temperature of a star.
2. List the following stars from coolest to warmest.

Star name Spectral Class
Sirius A1
Canopus A9
Arcturus K1
Vega A0
Rigel B8
Betelgeuse M5
Antares M1

3. Identify the spectral class (OBAFGKM) of the star with a surface temperature
of 6100K.

 

FIGURE 12.32 Comparison of
the 1D intensity spectra for Main
Sequence stars.
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Figure 12.32 shows some examples of graphs of the intensity of
light emitted from different stars in the range of wavelengths 390 nm to
450 nm. Each graph is labelled with the spectral class that astronomers
allocate to it based on this information. Notice that as the spectral class
changes from M to O, the intensity of the light increases — hotter stars
in this selection are brighter. Also notice that the graphs look differ-
ent for each class. When first observed, the astronomers did not know
the temperatures or how far away the stars were for them to know
their absolute intensities, but they could see that different features were
present in different stars and grouped them accordingly, forming the
spectral classes.

The dips in intensity in each of the graphs depict wavelengths of light
that have been partially absorbed as the light passes through the outer
layers of the star. The interior of the star as a dense ball of plasma
closely resembles a blackbody and emits a blackbody continuous spec-
trum. The outer layers, however, are cooler and less dense. They contain
atoms at various stages of ionisation. The hottest stars, the O class,
are hot enough to have helium that has lost one of its two electrons in
the gaseous outer layers of the star. These stars have intensity spectra
with dips in intensity at the wavelengths that are absorbed by ionised
helium.

Cooler stars have different ionised states of atoms, and the coolest
even contain some simple molecules. This provides a large number of
dips in intensity in the spectrum, making them difficult to interpret.
This was the case with the Sun when the many spectral lines confused
astronomers into thinking that the Sun was mainly composed of iron,
rather than being mostly hydrogen and helium.
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12.6 SAMPLE PROBLEM 4

On what basis were stars assigned to different spectral classes?

SOLUTION:

When the spectra of different stars were analysed, astronomers noticed that some stars shared features
in their spectra, while other stars had quite different features. They grouped stars according to the ones
that had similar spectral features.

 

12.7 Hertzsprung–Russell Diagrams
12.7.1 HR diagrams
In 1911 in Denmark, Ejnar Hertzsprung (1873–1967) plotted star luminosities (or equivalently, absolute
magnitudes) versus their spectral types (or equivalently, temperatures). In 1913, Henry Norris- Russell (1877–
1957) did the same thing at Princeton. The result is known as a Hertzsprung–Russell (H–R) diagram. H–R
diagrams provide a wonderful synthesis of the data that we have about stars.

Stars on the left side of the H–R diagram are hot and those on the right are cool. Those towards the top of
the diagram are very luminous, while those towards the bottom are dim. Most stars cluster along a diagonal
line from the bright and hot down to the dim and cold. These are known as main sequence stars. They are
all doing much the same thing, fusing hydrogen in their cores, just like the Sun. The hotter, brighter stars are
more massive than the cooler, dimmer stars. Stars lie on the main sequence for most of their existence.

FIGURE 12.33 An H–R diagram showing various star types
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Many stars do not lie on the
main sequence. Above the main
sequence are stars that are brighter
than their spectral class would pre-
dict for a main sequence star.
These stars are very large and
are known as giants and super-
giants. Many are red because of
their cooler surface temperature,
but are still very bright because
they have such a large radiating
surface. These stars can be quite
unstable and their luminosity var-
ies with time. They are stars that
were once on the main sequence
but are now swollen by heating
that is now occurring in their outer
layers. The Sun will eventually
become a giant.

Below the main sequence is a cluster of hot, dim stars known as white dwarfs. White dwarfs are made
mainly of carbon, and fusion has ceased in their cores. They are simply cooling down.

The stars on the right-hand end of an HR diagram (spectral class O, B and A) are blue in colour due to their
temperatures. Stars classed F are white, and G are white to yellow. Those classified K and M are red. In fact,
main sequence M stars are also known as red dwarfs because of their size and colour.

The HR-diagram shows that while spectral class categorises stars by their temperatures, there are other
groupings of stars. This could be seen in the intensity spectra too. Some stars had the same temperature but
the dips or lines in the spectra had different widths. These widths corresponded to stars that radiated different
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amounts of light — that is, they had different luminosities. Another level of classification was added, as
shown in table 12.4. The Sun is actually a G2 V star: G2 tells us the temperature, with V telling us what type
of G2 star it is.

TABLE 12.4 Luminosity classes

Symbol Class Example

0 Extreme, luminous supergiants

I Luminous supergiants Betelgeuse

II Bright giants Canopus

III Normal giants Aldebaran

IV Subgiants Procyon

V Main Sequence Sun

sd Sub dwarfs

wd White dwarfs

12.7 SAMPLE PROBLEM 1

1. Describe the luminosity and colour of a star located in the upper right-hand portion of the HR
diagram.

2. If you had two stars on the HR diagram that shared spectral class O, what could you say about their
relative surface temperatures?

3. Where would Sun-like stars lie on the HR diagram at the end of their existence?
4. Where are the most massive stars on the HR diagram?

SOLUTION:

1. It has high luminosity and is red.
2. They have very similar surface temperatures.
3. At the bottom right. They have cooled off and emit little light.
4. At the top on the far left. They generate the most heat and have large surface areas radiating the

light, so are highly luminous.

12.7.2 Population I and population II stars
During World War II Walter Baade discovered that there appeared to be yet another classification of stars.
He called these classes Population I and Population II stars. Population I stars contain a greater variety of
elements, while Population II stars contain little more than hydrogen and helium. Population I stars tend to
be hot and blue, and all fit on the main sequence, whereas Population II stars are much more varied. Many
are red giants and the top left corner of the main sequence in the H–R diagram is nearly empty of Population
II stars. The Sun is a Population I star.

The explanation for these two types of star is that Population I stars are young. They have more heavy
elements in them because they are formed from the remnants of older stars, which produced heavy elements
(helium and heavier) during the processes of fusion. Population I stars are all on the main sequence because
they are still fusing hydrogen in their cores.

The most massive stars are found in the top left corner of the main sequence. This area of the H–R diagram
is nearly empty of Population II stars. Massive stars have a much greater pull of gravity on the gases that
they are made from, so equilibrium between gravitational collapse and the radiation pressure from the core
is reached at much higher temperatures than in the smaller stars. This accelerates the rate at which fusion
occurs and so these stars ‘live fast and die young’. The most massive Population II stars have had time to
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complete the fusion of hydrogen in the core and move on to fusing helium. Few Population I stars, however,
are old enough to have completed this stage of their lives. By identifying the two star populations, Baade had
discovered a way for astrophysicists to view star populations at two points in time. This opens a window of
research as stellar evolution takes billions of years, so it is not possible to just sit and wait to see what happens.

FIGURE 12.34 This H–R diagram shows the ‘path’ of a star of one solar
mass throughout its lifetime.
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12.7.3 Stellar death
When the hydrogen in the core is exhausted, the star moves off the main sequence as it cools and expands
into a red giant. Fusion of helium in the core begins. Once the helium in the core is exhausted, fusion of
helium around the carbon core will cause the star to expand. In larger stars, fusion of nuclei can continue
up to iron-56, but beyond iron it takes more energy to cause fusion than the fusion reaction produces, so the
cycle stops. While fusion is occurring in shells around the core, the star pulses as a variable star. Due to its
size and temperature it remains high above the main sequence on the H–R diagram. When a star about the
size of the Sun throws off most of the remaining hydrogen and helium to form a planetary nebula, it can no
longer sustain fusion and cools as a white dwarf, now below the main sequence as it is dim but still quite hot.
White dwarfs are only about the size of Earth, but are much denser. They slowly cool, moving to the right in
the H–R diagram as they become cold black dwarfs. These processes are summarised in table 12.5.

TABLE 12.5 Fusion in different star types

Star group Energy-producing reactions

Main sequence Nuclear fusion of H to He in core

Red giants Nuclear fusion of He to C in core, with H fusion continuing in shell

Supergiants Multiple nuclear fusions possible in shells, forming elements up to iron in core

White dwarfs No nuclear fusion reactions occurring
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12.7 SAMPLE PROBLEM 2

A star is observed to have a luminosity 1000 times that of the Sun and a surface temperature of about
10 000 K. Use an H–R diagram to predict what stage of evolution this star is in.

SOLUTION:

This star is on the main sequence, so it is fusing hydrogen in its core.

 

12.7 Exercise 1
Two stars have luminosities 10 000 times that of the Sun. One is a main sequence star and the other is a
supergiant. Compare the temperatures, masses and ages of the stars.

 

More massive stars have a violent end. When fusion ends in these stars, they start to collapse very rapidly.
This process leads to enormously high temperatures and more fusion, including the formation of elements
heavier than iron-56. The outer layers come crashing inwards and bounce off the core in a supernova, blasting
a rich soup of elements into space. A supernova can outshine a whole galaxy for a period of time. Stars between
8 and 50 solar masses end in this way and are called Type II supernovae. They are mostly found in the spiral
arms of galaxies, where stars form. These massive stars have lifetimes in the millions of years, rather than the
billions of years of solar mass stars. Their death provides the material for new stars in the galaxy that contain
elements other than hydrogen and helium; the stars that could form planets like those in the solar system.

Type I supernovae are found in all parts of all types of galaxies. They form from old, low mass stars. Stars
with less than 8 solar masses lose a lot of their mass as they form a planetary nebula following the red giant
phase. They are too small to go supernova at this stage, so begin to cool as white dwarfs. Many stars, however,
are in a binary system. If a white dwarf has a partner that is a red giant in a close orbit, the white dwarf will
accrete hydrogen gas from the giant star. As the hydrogen falls onto the white dwarf, it undergoes fusion,
heating the surface of the star rapidly and causing a nova, where the star glows a million times as brightly as
the Sun. If the white dwarf is able to accrete sufficient hydrogen to have a total mass of more than 1.4 solar
masses, it will collapse. Tremendous heat and pressure is generated, causing fusion reactions on a massive

FIGURE 12.35 Stellar evolution
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scale throughout the star and releasing incredible amounts of energy. These Type I supernovae are thousands
of times brighter again than the nova.

FIGURE 12.36 The Crab Nebula, the remnant
of a supernova observed in 1054; at the centre a
neutron star sweeps a beam of radiation past us as
it rotates. These types of neutron stars are called
pulsars.

With this energy source rapidly depleted, the star
collapses. This time the mass is too great for protons
and electrons to remain apart. The electrons and pro-
tons combine to form neutrons. The density of the
resulting neutron star is the same as the density of
atomic nuclei. The whole star has a diameter of little
more than 10 km, but it has a mass greater than that of
the Sun.

It is easy to distinguish Type I and Type II super-
novae by their spectra. Type I supernovae have very
little remaining hydrogen so the lines for hydrogen
are missing from their spectra, while hydrogen lines
are clear in Type II. Supernovae are rare, occurring
at a rate of only about one per century per galaxy,
with the last in the Milky Way recorded by Kepler
in 1604. In 1987, a supernova was observed in the
Large Magellanic Cloud. Photos of the cloud before
the supernova showed the star before the massive
explosion. It offered a wonderful opportunity to study
supernovae and featured in the popular press.

If the core of the star that remains following a
supernova has a mass of more than about 3 solar
masses, gravity is unstoppable. Without the energy supply of fusion to hold the star up, no known force
can support the matter against the intense gravity and the remnant collapses to form a black hole. These
exotic objects have a gravitational pull so great that even light cannot escape.

FIGURE 12.37 Stars of different masses evolve in different ways.
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12.7 Exercise 2
On the following sketch of an HR diagram, draw a horizontal line and a vertical line through it to divide it into four
quadrants. Use the words ‘hot’ and ‘cool’ in each quadrant to describe the stars found there. Use the words
‘bright’ and ‘dim’ to describe the luminosity of the stars in each quadrant.

FIGURE 12.38

Luminosity

Spectral Class

12.8 Where the atoms are made
12.8.1 Atom factories
Early in this topic, we learned how the first atoms in the universe formed, about 380 000 years after the
universe began. The hydrogen, helium and trace of lithium that was produced then still accounts for most of
the atoms in the universe, although a significant proportion of these have been stripped of their electrons again
in the formation of stars. What about the other nearly 90 elements found in nature?

Cecilia Payne’s discovery that the Sun was mostly hydrogen, and Einstein’s E = mc2 formula, led Arthur
Eddington in the 1920s to propose that the fusion of hydrogen to form helium was the missing energy source
of the Sun. By 1932, Australian physicist Mark Oliphant observed heavier nuclei being formed from protons
in a particle accelerator. Finally, in 1939, Hans Bethe published his calculations of how energy could be
produced in the Sun by the fusion of protons. This work won him the Nobel Prize in Physics.

Elements up to iron can be formed in the cores of stars through fusion, if the star is big enough.

12.8.2 Nuclear fusion: the enduring energy source of stars
An understanding of how the Sun generates its energy did not come until well into the twentieth century. What
could be the source of energy that seems to last for millions and even billions of years without any signs of
running out?

All particles exert a force of gravity on other particles, and it is the force of gravity that dominates on
the large scale of the universe. Clouds of hydrogen and helium gas that were present in the early universe
eventually collapsed under the force of gravity. The larger and more massive the cloud, the stronger the
gravitational force that pulled the gas particles in the cloud together.

Temperature is directly linked to the average kinetic energy of atoms. The cloud of gas shrinks because
the force of gravity accelerates the atoms inward, the average speed of the atoms increases, therefore the
temperature rises. The high temperatures in the centre of these collapsing gas clouds ensure that the cloud
remains in a gaseous state and does not condense into liquid or solid. The more the cloud collapses, the more
the gas particles will collide, which eventually provides enough resistance to prevent further collapse.

Consider the Sun’s composition. Hydrogen makes up about 92% of the nuclei in the Sun. The rest is mostly
helium, about 7.8%. Carbon, nitrogen and oxygen are the next most common elements, in total making up
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less than 0.1% of the atomic nuclei in the Sun. The Sun is so hot in its centre that the electrons are not attached
to atoms; the nuclei and electrons swarm around separately, forming what is known as plasma. When talking
of hydrogen in stars we usually mean individual protons. Some of these protons will be attached to one or two
neutrons, forming the different isotopes of hydrogen — deuterium and tritium. In the same way, helium-3 and
helium−4 isotopes are formed.

FIGURE 12.39 (a) The proportion of atomic nuclei in the Sun (b) The most common isotopes
present
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Arthur Eddington (1882–1944) was famous for his measurement of the bending of starlight around the Sun,
which helped verify Einstein’s General Theory of Relativity. Around 1926, Eddington proposed fusion to be
the energy source of the Sun.

The nuclei of atoms are held together by a force known as the strong nuclear force, which acts over only
very short distances within atoms. In the centre of the Sun, the pressure is so great and the temperature so high
that protons are pushed together with enormous force. However, the electrostatic repulsive force that exists
between all positive charges resists this coming together. Eddington calculated that the centre of the Sun would
reach temperatures of about 15 million degrees Celsius simply by contraction due to gravity. Physicists at the
time thought this was not high enough for the protons to get sufficiently close for the strong nuclear force
to overcome the electrostatic force, allowing the protons to fuse. But quantum mechanics developed in the
1920s showed that what the protons would do was not clear cut; some would be able to fuse and others would
not. It was a matter of chance.

This probability is high only when the protons have a lot of kinetic energy (which they do when the
temperature is very high) and becomes significant at about 15 million degrees Celsius! Some of the pro-
tons come close enough to fuse into a single nucleus, releasing energy in the process. This fusion of protons
does not happen easily, otherwise we would have a wonderful source of energy to replace fossil fuels and
nuclear fission.

Maybe one day a practical fusion reactor will be produced, but so far attempts to achieve controlled fusion
have produced energy for a very brief time. The thermonuclear (hydrogen) bomb is the exception, but it
requires a rather large ‘match’ to light the fuse. These bombs use a fission (atom) bomb to achieve the
necessary temperatures. In the Sun, the gases are pulled closer together by gravity until the temperature is high
enough for fusion to occur. The energy released by the fusion reactions prevents the Sun from contracting
any further.

In 1938, Hans Bethe (1906–2005) at Cornell University was trying to understand what happens to protons
when they are forced close together in the Sun. One of the reaction chains that Bethe found is known as the
PP1, or proton–proton chain, in which two protons are forced together. A nucleus of two protons represents
helium, but a nucleus of two protons alone is very unstable. One of the protons undergoes positive beta decay.
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That is, it releases a positive beta particle (called a positron or positively charged electron), another particle
called a neutrino and about 1.44 MeV of energy. This can be summarised in the following nuclear equation:

H1
1 + H1

1 → H2
1 + 𝛽+ + 𝜐 + 1.44MeV

where 𝜐 is the symbol for the neutrino.
The isotope of hydrogen formed is called deuterium. Deuterium has a chance of undergoing fusion with

another proton in the following reaction:

H2
1 + H1

1 → H3
2 e + 𝛾 + 5.49 MeV

where γ is a gamma ray.
Two of these helium nuclei can fuse to form the much more stable helium-4 isotope:

H3
2 e + H3

2 e → H4
2 e + 2 H1

1 + 12.9 MeV

This is the most common of several chains of nuclear reactions that occur in the Sun; all of them start with
protons and end up with helium nuclei.

FIGURE 12.40 The proton–proton chain PP1

e+

e+

γ

γ

γ

ν

ν

H
1

1

H
1

1

H
1

1

H
1

1

H
1

1

He
3

2

He
3

2

He4

2

H
1

1
H

2

1

H
2

1

The mass of the products of each
of the chains of fusion reactions is
less than the total mass of the pro-
tons that undergo fusion in the chain.
Einstein’s statement about the equival-
ence of mass and energy, described by
E = mc2, explains what happens to the
‘missing’ mass. Each reaction results
in a loss of mass as energy is released.

How can we be sure that this theor-
etical model of the Sun describes how
it actually works? Experiments with
particle accelerators and the hydro-
gen bomb have shown that fusion of
hydrogen does occur and that a lot of
energy is produced in the process. The
neutrinos and gamma rays produced in
the reactions interact very weakly with
matter and therefore travel out of the
Sun into space. Their presence can be
detected in laboratories on Earth and
in orbit, but because neutrinos interact
so weakly with matter their detection
is difficult. Photons of light take mil-
lions of years to make their way from
the centre to the surface of the Sun because of their continual absorption and re-emission. Neutrinos, on the
other hand, leave the Sun’s surface in seconds. If we could see neutrinos during the day we would see them
radiating from the Sun. At night we would see them coming through from the other side of the Earth, as
most of them travel straight through it uninterrupted! Recently, the levels of neutrinos predicted by the fusion
models were shown to agree with those detected in experiment, further validating the already well established
theory of fusion in the Sun.
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12.8 SAMPLE PROBLEM 1

When two hydrogen nuclei in the centre of a star fuse, 1.44 MeV of energy is released. How much
mass is lost by the Sun in this reaction?

SOLUTION:

1.44 MeV = 1.44 × 106 eV × 1.6 × 10−19

= 2.3 × 10−13 J

m =
E

c2

= 2.3 × 10−13 J
(3.0 × 108 ms−1)2

= 2.56 × 10−30 kg

So the Sun loses 2.56 × 10−30 kg in this reaction.
Both the mass and energy involved in each fusion reaction may seem tiny. However, the Sun contains

in the order of 1057 protons that can fuse in its lifetime to form helium.

12.8 Exercise 1
Given that the Sun radiates 3.828 × 1026 joules per second, determine the number of proton-proton fusions
occurring each second if this was the only source of its power.

12.8.3 What happens next?
After about 10 billion years most of the hydrogen in the core of the Sun will have fused to form helium. Once
the hydrogen in the Sun’s core is exhausted, it will cool and contract a little. The temperature at the core’s
edge will rise, due to the extra contraction, causing the hydrogen that remains at the edge to undergo fusion.
This fusion closer to the surface of the star will heat its outer layers, causing them to expand and then cool.
At this point the Sun will become a red giant.

The Sun as a red giant will be about 1000 times as bright as it is now and have a radius about 100 times
its current size. Its core will be small and extremely dense and hot, while the outer layers will have very low
density and will be quite cool. After a time, the collapsing core will reach a temperature where helium begins
to fuse. This will produce enormous amounts of energy throughout the whole core. The rapid heating that
occurs in this time is known as a helium flash. The core will reach an enormous 350 million degrees Celsius,
causing the star to expand and cool. Then the Sun will continue burning helium in the core and hydrogen on
the edge of the core. The helium fusion will involve the following reactions:

He4
2 + He4

2 ↔ Be8
4 + 𝛾 then Be8

4 + He4
2 → C12

6 + 𝛾

This is known as the triple alpha process because each helium nucleus is an alpha particle and three
are required to make the carbon-12 nucleus. The double-headed arrow in the first equation, which indicates
that the reaction occurs in both directions, is included because beryllium-8 is not very stable and tends to
disintegrate into two helium-4 nuclei if it does not fuse quickly with another helium-4 nucleus.

In contrast, carbon-12 is a very stable nucleus and eventually it will replace the hydrogen and helium that
currently form the Sun’s core. Helium will continue to fuse on the edges of the carbon core, again causing
the outer layers to expand. The Sun will become a bit unstable at this time, its size pulsing in and out every
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10 000 years or so due to the sensitivity of the rate of helium fusion to temperature. As the outer layers
expand, the temperature of the Sun drops, causing fusion to stop. The outer layers then cool and contract until
the temperature again reaches the point where helium fusion can occur. Eventually this pulsing will throw off
the outer layers of the Sun, which will form a ring called a planetary nebula.

FIGURE 12.41 The development of a star from the hydrogen fusion stage
through to the helium fusion stage
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FIGURE 12.42 The Ring
Nebula, a planetary nebula 

The Sun is not large enough to cause carbon to undergo fusion. The
mainly carbon remnant is known as a white dwarf and this gradually cools
over a few billion years to form a black dwarf.

All of this happens over billions of years and so has not been observed.
Astrophysicists have given us reason to be confident this is the process our
Sun will go through, but red giants, planetary nebulae and white dwarfs are
all present in our galaxy.

12.8.4 The CNO (carbon, nitrogen, oxygen) cycle
While the proton-proton chain is the dominant fusion process at work in
the Sun, there is an alternative, known as the CNO (Carbon, Nitrogen,
Oxygen) cycle. The CNO cycle features especially in stars larger than the
Sun where the temperature is hotter in the core. It occurs in the Sun but it
accounts for less than 2% of the Sun’s fusion reactions. Like the proton-
proton chain, the CNO cycle fuses protons to form helium nuclei. The
difference is that it makes use of the small amount of carbon, nitrogen and oxygen in the star to enable a
different chain of reactions. Stars such as the Sun contain many elements because they were formed relatively
late in the universe’s existence when there had been generations of earlier stars.
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Many of the earliest stars were very large so were very productive in creating new elements through fusion
and other processes. Large stars move through their life cycle much faster than stars like the Sun, so there
was time in the eight or nine billion years prior to the Sun’s formation for several cycles of star birth and
death. Importantly as well, large stars end violently with supernova that are very effective both at generating
different nuclei and dispersing them through a large region of space.

The CNO cycle:
1. A proton is captured by a carbon-12 nucleus to produce nitrogen-13 and a gamma ray.

C12
6 + H11 → N13

7 + 𝛾

2. The unstable nitrogen-13 decays to produce carbon-13 a positron (antimatter version of electron) and a
neutrino.

N13
7 → C13

6 + e+ + 𝜈

3. The carbon-13 captures a proton to produce nitrogen-14 and a gamma ray.

C13
6 + H11 → N14

7 + 𝛾

4. The nitrogen-14 captures a proton to produce oxygen-15 and a gamma ray.

N14
6 + H11 → O15

7 + 𝛾

5. The unstable oxygen-15 decays to produce nitrogen-15, a positron and a neutrino.

O15
8 → N15

7 + e+ + 𝜈

6. The nitrogen-15 captures a proton to produce carbon-12 and a helium nucleus.

N15
7 + H11 → C12

6 + H42 e

The carbon-12 was present at the start of the process so, overall, we have four protons combining to form
a helium-4 nucleus.

4 H11 → H42 e + 2e+ + 2𝜈 + 3𝛾 + 24.7MeV

FIGURE 12.43 The CNO cycle.
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The two positrons almost immediately annihilate in interaction with electrons, producing a further 2 MeV.
The carbon that was present at the start of the cycle is present at the end so there is no net change in its

amount. The nitrogen and oxygen isotopes are formed temporarily as part of the cycle. As the carbon, nitrogen
and oxygen are not products or reactants in the cycle, they are referred to as catalysts.

12.8 SAMPLE PROBLEM 2

1. In which types of stars is the CNO cycle more likely than the proton-proton chain?
2. What is the difference in products of the proton-proton chain and the CNO cycle?

SOLUTION:

1. Stars on the main sequence with significantly more mass than the Sun have higher core
temperatures. These are the conditions where the CNO cycle dominates. Sun-sized stars and
smaller are powered predominately by the proton-proton chain of reactions. They also need to be
stars that contain carbon-12.

2. There is no difference. They both produce a helium-4 nucleus, 2 positrons, 2 neutrinos and
3 gamma photons.

12.8 Exercise 2
1 Would the proton-proton chain or the CNO cycle have been more likely in the earliest stars?
2 What is the role of carbon, nitrogen and oxygen in the CNO cycle?

12.8.5 And all the other elements?
So far, we have only accounted for a few elements. Hydrogen, helium and a trace of lithium nuclei formed
in the first few minutes of the universe. Some more helium is produced in stars like the Sun, and carbon is
formed through fusion of helium later on. There are still a lot of gaps in our periodic table!

More massive stars than the Sun can undergo fusion to produce many nuclei all the way to iron-56. Some
lighter elements, including the stable isotopes of lithium, beryllium and boron, are formed by high energy
cosmic rays interacting with matter between stars, not inside stars. Some reactions in large stars produce
free neutrons that can be captured by other nuclei. These captures either lead to a new stable isotope of the
nucleus that captures the neutron, or an unstable nucleus that undergoes beta decay to form a new element.
This is known as the s-process, or slow neutron capture process. It is one of the most important processes for
forming heavier nuclei. Another process for forming nuclei heavier than iron is known as the r-process, or
rapid neutron capture process. It occurs in the presence of heavy nuclei and an abundance of free neutrons,
conditions found during a supernova explosion at the end of the life of a massive star.

12.9 Review
12.9.1 Summary

• The earliest moments of the universe were too hot for matter to form. As it expanded and cooled, different
particles were able to form, first the Higgs boson, then quarks, electrons and neutrinos, then protons and
neutrons, then some light nuclei including deuterons, helium-4 and a tiny amount of lithium-7.

• About 20 minutes after it began, the universe consisted of hydrogen and helium nuclei with 25% of the
mass in helium and 75% in hydrogen; this proportion has only slightly changed in the nearly 14 billion
years since.

38 Jacaranda Physics 12

UNCORRECTED P
AGE P

ROOFS



i
i

“c12ElementalOrigins” — 2018/4/6 — 5:25 — page 39 — #39 i
i

i
i

i
i

• Atoms first appeared 380 000 years into the universe’s existence 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
detected as the cosmic microwave background radiation.

• Techniques for measuring the distance to distant stars and distinguishing nebulae from distant clusters of
stars led to the discovery that our galaxy, the Milky Way, is only one of billions of galaxies.

• Cepheid variables, whose period of varying luminosity is related to their average luminosity, enable us to
measure distances to distant stars.

• Spectra can be continuous for dense materials, including the interiors of stars. These closely resemble the
blackbody spectrum of an ideal radiator.

• Light passing through a gas causes the atoms in the gas to change energy states, removing particular
frequencies from the light. This creates an absorption spectrum.

• A glowing gas emits light at characteristic frequencies, called an emission spectrum.
• Stars emit absorption spectra and nebulae (gas clouds) emit emission spectra.
• Analysis of the spectra from galaxies revealed to Edwin Hubble that all distant galaxies are moving away

from us, and the further away they are, the greater their red shift.
• The spectra of more distant galaxies are all red shifted by an amount that increases with distance, so red

shift is a very useful technique for measuring how far away distant galaxies are.
• The expansion of space provided the first evidence that the universe had a beginning, now determined to

have occurred 13.8 billion years ago.
• 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.
• 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.
• The source of energy for the Sun and other stars needs to supply an enormous energy production for very

long periods of time. Chemical reactions and gravitational energy would have been exhausted long ago.
• Einstein’s equivalence of mass and energy through the equation E = mc2 can be used to determine

how much mass the Sun is losing per second as a result of the energy it is radiating.
• E = mc2 can be used to determine which nuclear reactions can occur in a star. To produce energy, the

mass of the products of the reaction must be less than the mass of the total mass of the individual
particles prior to the reaction.

• Proton-proton fusion to form deuterium via emission of a positron is energetically feasible in the Sun,
as are other fusions leading to the production of helium-4.

• From electromagnetic radiation, astrophysicists are able to determine the temperatures of stars and the
elements they contain.

• The spectra of stars appear different depending on the temperature of the star. This is due to
the ionisation states of different atoms in the atmosphere of the stars at the different temperatures. These
differences have been used to classify stars by spectral type in order from hottest to coldest: OBAFGKM.

• More massive stars shine more brightly and are hotter than low-mass stars and also pass through
their life cycle more quickly.

• The Hertzsprung–Russell (H–R) diagram is a graph of the luminosity of stars against their temperature
or colour.

• In an H–R diagram, most stars are found on a diagonal line called the main sequence, from hot
and luminous down to cool and dim.

• H–R diagrams reveal the characteristics of the star, such as its colour, surface temperature, size and
stage of its life cycle.

• Main sequence stars fuse hydrogen into helium in their cores.
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• Stars above the main sequence in an H–R diagram have consumed all the hydrogen in their
cores and have expanded in size to form red giants due to fusion heating the outer layers of the star.

• Stars below the main sequence in an H–R diagram are ending their life cycle; fusion has finished and
most of their material has been shed, forming a planetary nebula. They are remnants of stars cooling
down as white dwarfs.

• Stars are powered largely by fusion. Main sequence stars, which include all stars for most of their
lives, fuse protons through the proton-proton chain or the CNO cycle to produce helium 4.

• The proton-proton chain does not rely on the presence of any other nuclei, but the CNO cycle relies
on carbon-12 being present. Carbon, nitrogen and oxygen act as catalysts in this process but any that
is produced is also consumed in the process, so the only gain in nuclei at the end of the cycle is helium-4.

• Once the proton supply in the star’s core is exhausted, the core contracts, causing the temperature
to rise, allowing fusion on the edge of the core. This causes the outer layers of the star to expand
into a giant or a supergiant, and the star leaves the main sequence.

• When the temperature of the core is sufficiently hot, helium-4 can begin to fuse through the triple
alpha process to form carbon. Larger stars can continue fusion to produce elements up to iron.

• Heavier elements are produced by neutron capture, mostly in supernovae — explosions that occur
at the end of the lives of very large stars. Collisions between cosmic rays and nuclei in interstellar
space are also important in producing some of the elements in the universe.

12.9.2 Questions
1. What atoms were present in the first 100 000 years of the universe’s existence? Explain.
2. Why were heavier nuclei, such as carbon and oxygen, not created during the intense temperatures and

pressures in the early universe?
3. Order the following events in time from first to last: inflation, nuclear fusion, particle–antiparticle

annihilation, the formation of atoms, and ignition of the first stars.
4. Describe the hypothesis of inflation and one problem that it solves.
5. Telescopes are not able to see anything prior to recombination, even in theory. What tools do physicists

use to improve their understanding of what happens to matter in the conditions in the early universe?
6. What prevented nuclear fusion prior to its commencement some seconds after the beginning of the

universe?
7. Draw a time line

×
of the first 20 minutes after the big bang. Use a scale where each centimetre represents

an increase by 102 seconds as in the following example:

10�36 10�32 10�28 10�24 10�20 10�16 10�12 10�8 10�4 10�0 104 108 1012 

      

 
8. The ratio of hydrogen and helium in the universe was determined in the first 20 minutes. Explain why

the ratio ended up approximately 25% helium and 75% hydrogen.
9. What did Hubble discover in 1929 that led to the formulation of the big bang theory?

10. How did the red shift of the most distant galaxies compare with the red shift of galaxies closer to us?
11. What is the major cause of the red shift of the light that has travelled from the most distant galaxies?
12. The light from the Andromeda galaxy is blue shifted. Explain why it is not red shifted like the light

from most galaxies.
13. State Hubble’s Law.
14. Sketch a graph of red shift versus distance that summarises Hubble’s observations of galaxy red shifts.
15. How is the big bang different from normal explosions?
16. List the key evidence in favour of the big bang theory.
17. How does the big bang theory explain the predominance of hydrogen and helium in the universe?
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18. Why was the cosmic microwave background discovery so important in establishing the big bang theory?
19. How is the expansion of the universe related to the early formation of matter?
20. The Sun radiates 3.86 × 1026 W.

(a) How much energy does it produce per hour?
(b) What is the mass equivalent of this energy?

21. How many electron volts of energy does the Sun produce per second?
22. Astronomers often talk about the luminosity of stars using the unit of solar luminosity (L⊙).

1L⊙ = 3.86 × 1026W. The luminosity of Proxima Centauri, the closest star to Earth
other than the Sun, is 0.00005L⊙.

(a) What is its luminosity in watts?
(b) How much mass is Proxima Centauri losing per year to produce this luminosity?

23. The fusion of two protons to form a deuteron releases 0.42 MeV. The mass of free protons
is 1.6726 × 10−27 kg. When 1 kg of coal is burned in a chemical reaction, it releases about 30 MJ of
energy. Compare the proportion of mass lost in the process of the 2 protons with the proportion of
mass lost from the burning of 1 kg of coal.

24. How did scientists know that chemical energy and gravitational energy were not enough to fuel the Sun?
25. Describe the difference in appearance of an emission spectrum and an absorption spectrum.
26. Describe the situations that would produce an absorption spectrum.
27. Clouds of gas in space are called nebulae. Explain why a nebula usually produces an emission

spectrum whereas gas around a star produces an absorption spectrum.
28. Describe the role of spectroscopy in the discovery of galaxies.
29. Describe the role of spectroscopy in the development of the big bang theory.
30. What can spectroscopy tell us about stars?
31. Which of the following most closely approximates a blackbody?

the interior of a star(a) the atmosphere of a star(b)
a dark nebula(c) a planet(d)
a bright nebula.(e)

32. Place these colour stars in order of surface temperature from hottest to coldest: white, blue,
red, orange, yellow.

33. In what three ways is the surface temperature of stars represented in the stellar spectrum,
assuming that the distance to the stars is taken into account (controlled for)?

34. The different spectral classes are represented by the letters O, B, A, F, G, K and M. What is the
reason for the spectra of different classes being different?

35. A star called Koo She has a spectral class of A0V. Describe the star in terms of temperature,
colour, the fusion reactions occurring in its core.

36. Look up a table of the 30 brightest stars in the night sky and complete the following table to
show how common each class is among these bright stars:

Spectral Class Frequency

O

B

A

F

G

K

M

Do you think that this sample represents the distribution of spectral classes of all stars? Why?
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37. By comparing the absorption lines in this graph with those of the different
spectral types in figure 12.33, determine the likely spectral class of this star. What colour would it be?

FIGURE 12.44
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38. What is the cause of the absorption lines? Why would they be different for stars in different classes?
39. What are some key differences you would expect to see in the spectrum of an M class star with

the one in the graph in question 37?
40.(a) Sketch an H–R diagram. Include the spectral classes on the horizontal axis.

(b) Circle and label the main sequence.
(c) Is it normal for stars to move along the main sequence during their life spans? Explain.
(d) What event will cause the Sun to leave the main sequence?
(e) Circle and label the stars that have mainly fusion of helium and heavier elements in their cores.
(f) In what circumstances is it possible to have a very massive star positioned at the right-hand side

of the diagram?
(g) What section of the diagram contains remnants of stars that no longer have fusion reactions

as a source of energy?
(h) Andre measures the composition and temperatures of two stars to be the same. He expects

to place them in the same region of the H–R diagram. One of the stars is brighter than the other.
What does this tell him about the two stars?

(i) A star lies on the main sequence. What does this tell you about the star?
(j) What colour are stars on the left-hand side of the diagram?

41. What are the key sources of energy in a star?
42. What two elements make up the vast majority of the nuclei in the universe?
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43. The Sun radiates energy at 3.86 × 1026 J s−1. Assume that this is all the result of the fusion
of hydrogen to helium following the proton-proton chain. We can summarise the fusion of these
reactions by the equation: H14 → He4

2 + 2e+ + 2v + 3𝛾 + 26.76MeV
(a) How many of these fusion reactions would occur in the Sun per second?
(b) Given that the Sun has about 1057 hydrogen nuclei but that only about 10% of those will

fuse in the core, how long do you predict the Sun will continue to fuse hydrogen? (Give your
answer to one significant figure.)

44. One of the reactions that occurs in the Sun is the fusion of helium-3 and helium-4.
(a) Complete the equation: He3

2 + He4
2 → + 𝛾 + 1.59MeV

(b) Use the energy released by the reaction to determine the mass difference between the nuclei
on the left and right-hand sides of the equation.

(c) Where could the helium isotopes for this reaction have come from?
(d) This is an intermediate reaction in a chain of reactions that will occur in the Sun.

What is the final product of this chain of reactions?
45. Explain why, if hydrogen and helium make up the vast majority of the nuclei in the universe,

they are relatively rare on Earth.
46. The CNO cycle is another process that occurs in the core of the Sun resulting in the fusion of protons

to form helium-4. Identify two features of a star that are essential for substantial fusion via the CNO cycle
that do not need to be present for the proton-proton chain.

47.(a) When the Sun’s hydrogen in the core is exhausted, fusion in the core will continue but
the Sun will move off the main sequence and begin fusing helium-4 through a triple alpha
process (a helium-4 nucleus is also known as an alpha particle). Why doesn’t this process also
result in beryllium-8 accumulating in the core? (Hint, look up the half-life of beryllium-8.)

(b) Why does the star expand greatly during this phase?

Complete this digital doc: Investigation: Expansion of the universe
Searchlight ID: doc-16173

Complete this digital doc: Investigation: Hertzsprung–Russell diagrams (eBook only)
Searchlight ID: doc-17064

 

PRACTICAL INVESTIGATIONS
Expansion of the universe

Aim
To model the expansion of the universe in two dimensions, using the surface of a balloon.

Apparatus
• balloon
• fine permanent marker
• string (about 30 cm long)
• ruler.

Method
1. Blow a small amount of air into the balloon so that its diameter is about 10 cm. Hold the opening of the

balloon so that none of the air escapes.
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2. Using the marker, place a dot on the end of the balloon, opposite its opening, to represent the Earth. Put five
other dots around that end of the balloon and number them. Make sure they are at a variety of distances
from ‘Earth’. These dots represent galaxies.

3. Measure the distance from the Earth to each of the galaxies — the string makes measuring distances on the
curved surface of the balloon easier. Record your measurements in a table like table 12.6.

4. Measure the distance from one of the other galaxies to Earth and each of the other galaxies. Record your
measurements in a table like table 12.7.

5. Puff a few more breaths into the balloon and close the opening. Measure the distance from Earth to each of
the galaxies again. Also, re-measure the distance from your chosen galaxy to each of the other galaxies.
Record your measurements in the Distance 2 column of the appropriate table.

TABLE 12.6 Distance from Earth

Galaxy Distance 1(cm) Distance 2 (cm) D2 − D1 (cm)

1

2

3

4

5

TABLE 12.7 Distance from galaxy 1

Galaxy Distance 1 (cm) Distance 2 (cm) D2 − D1(cm)

2

3

4

5

Milky Way (Earth’s galaxy)

Analysis
For both sets of measurements:
1. Compare Distance 2 with Distance 1. Relate this to Hubble’s observation of the universe.
2. What is the relevance of the results from the galaxy 1 measurements?
3. Explain why the difference between Distance 2 and Distance 1 (D2−D1) gives an indication of apparent

velocities of galaxies.
4. Graph D2−D1 versus Distance 1. What does this show you about the recession of galaxies?
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