
table 1: The Timeline of Creation

Chapter The Origin of . . . Measured  

from the 

Present (2015)*

Measured from 

the Big Bang

Mapped to a 

Single ‘Day of 

Creation’

  1 Space, Time  
and Energy

13.8 Ga ‘0’ Midnight

  2 Mass 13.8 Ga 10−12 s A fraction after 
midnight

  3 Light 13.8 Ga 380 000 Yrs 2 seconds after 
midnight

  4 Stars and 
Galaxies

13.5-13.3 Ga 300–550  
million Yrs

Between 12:30 to 
1:00 am

  5 Molecules 10-12 Ga 1.8–3.8  
billion Yrs

Between 
3:00–6:30 a.m.

  6 Solar System
4.6 Ga 9.2 billion Yrs About 4 p.m.

  7 Earth

  8 Life 3.5 Ga 10.4 billion Yrs Almost 6 p.m.

  9 Complex Cells 
and Multicellular 
Organisms

~2 Ga 11.8 billion Yrs About 8:30 p.m.

10 Species (Animal 
Species  
Diversity)

540 Ma 13.4 billion Yrs A little after 
11:00 p.m.

11 Homo sapiens 200 ka 13.8 billion Yrs About 1 second 
to midnight

12 Human 
Consciousness

50 ka 13.8 billion Yrs About 300 
milliseconds to 
midnight

* Ga  =  billions of years ago, Ma  =  millions of years ago, ka  =  thousands of years ago, 
Yrs = years, s = seconds. Based on an estimate of the age of the universe of 13.82 billion years 
established by recent results (21 March 2013)  from the European Space Agency’s Planck 
satellite.
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we can declare that these things happened at precisely the same time. They may 
happen simultaneously in this frame or they may happen at different times in a 
different frame, and all frames are equally valid. Consequently, there can be no 
‘real’ or absolute time. Something’s got to give. We perceive events differently 
because time is relative.

Einstein developed a similar set of arguments to show that space is relative, 
too. The bizarre consequences of special relativity are reasonably well known. 
Demanding that the laws of physics appear the same for all observers in a uni-
verse in which the speed of light is fixed means that time intervals (durations) 
can dilate and spatial intervals (distances) can contract. This means that dura-
tions and distances will be measurably different for different observers travel-
ling at different speeds.

But all is not lost. Time dilation and distance contraction are like two sides of 
the same coin. They’re linked by the speed of the observer making the measure-
ments relative to the speed of light. If we now combine space and time together 
in a four-dimensional spacetime, then intervals measured in this spacetime are 
unaffected by relativity. In spacetime intervals, time dilations are compensated 
for by distance contractions, and vice versa.

Does this mean that, although space and time are relative, spacetime is 
absolute? Some contemporary physicists think so. Others disagree. What’s 

(b)(a)

Figure 1 The stationary observer in (a) sees the lightning bolts strike simultaneously, as the 
light from both travels so fast as to appear instantaneous. But the observer in (b), who is moving 
at a considerable fraction of the speed of light, sees something different. He’s moving at half the 
speed of light from left to right, so by the time the light from the left-hand bolt catches up with 
him, he’s moved a bit further to the right. The light from the right-hand bolt now has less far to 
travel. Consequently the observer in (b) sees the right-hand bolt strike first.
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THE EXPANDING UNIVERSE

Einstein presented his new general theory of relativity to the Prussian Academy 
of Sciences in Berlin in 1915. Two years later he applied the theory to the whole 
universe.

At first glance, this seems impossibly difficult. How can a single set of equa-
tions describe the whole universe? The answer is: by making a couple of sim-
plifying assumptions. Einstein had to assume that the universe is uniform in 
all directions, containing objects that have the same kind of composition. He 
also had to assume that the universe we observe from our vantage point on 
Earth is no different from the universe as observed from any and all such van-
tage points. In other words, observers on Earth occupy no special or privileged 
position. What we see is a ‘fair sample’ of the universe as a whole.

What Einstein got was singularly appealing, a universe that is finite but never-
theless ‘unbounded’, without edges. We know that the ground on which we walk 

Figure 2 Gravity Probe B was launched in April 2004 and measured two phenomena associ-
ated with the curvature of spacetime around the Earth. The results were announced in May 2011, 
and provided a powerful vindication of general relativity. This picture shows the satellite moving 
in the curved spacetime around the Earth, pointing towards the star IM Pegasi, in the constella-
tion of Pegasus. 
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Notice that there are some subtleties—this isn’t simply a linear expansion 
from some notional ‘time zero’. The universe starts out infinitesimally small, 
then suddenly undergoes a short burst of exponential expansion as a result of 
something called cosmic inflation (more on this later). The universe then set-
tles down, the rate of expansion declining as all the mass-energy in the universe 
applies the brakes. What Figure 3(a) doesn’t show is that, about 9 billion years 
after the big bang, the rate of expansion starts to accelerate again.

As the universe expands, its average temperature falls. Figure 3(b) shows this 
temperature decline from the point at which it is remotely sensible to talk about 
‘temperature’, shortly after the big bang, to the present day.* This straight-line 
diagram looks absurdly simple, but note that both time and temperature scales 
are logarithmic—they increase in powers of ten. Present day is 13.8 billion years 
after the big bang, or a little over 400 000 trillion (4 × 1017) seconds.†

* Figure 3(b) gives temperature measured in units of kelvins. The kelvin scale of temperature can 
be derived from the more familiar celsius (centigrade) scale by adding another 273 degrees. Thus, the 
freezing point of water is 0°C, or 273 kelvin. The boiling point is 100°C, or 373 kelvin. Zero kelvin is 
‘absolute zero’, the temperature of a (hypothetical) body with absolutely no energy.

† If you’re uncertain about the representation of very small or very large numbers as numbers 
multiplied by a power of ten (as in 4 × 1017), then please consult the Appendix.
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Figure 3 (b) As the universe expands, it cools. The average temperature defines and delimits a 
series of ‘epochs’ as the nature of forces and particles changes. Note that both time and tempera-
ture scales in this figure are logarithmic, increasing in orders of magnitude. This places much 
greater emphasis on the earlier moments in the evolution of the universe.
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down the insides of the pan and gather in the bottom. The phase of the water 
molecules changes from gas to liquid, and the symmetry is said to be spontane-
ously broken or reduced.

Likewise, as the early universe approaches the venerable age of 10−43 seconds, 
the primordial force ‘condenses’. What we will later recognize as the force of 
gravity leaches out, alongside a unified ‘electro-nuclear’ force formed from the 
strong and weak nuclear forces and electromagnetism (Figure 4).

The universe is well under way.

THE GRAND UNIFICATION EPOCH: 10−43 TO 10−35 SECONDS

There is as yet no accepted theory that can be used to describe the primordial 
force. Likewise, there is no accepted theory that can describe the force that 
would be created through the unification of the strong and weak nuclear forces 
and electromagnetism. There have been many attempts to derive such theories, 
which are referred to as ‘grand unified theories’, or GUTs, but these have been 
frustrated by a general lack of consistency with experimental observations.

I should quickly point out that these experiments do not re-create the condi-
tions that prevailed during what’s known as the Grand Unification Epoch in the 
early universe, as the energies and temperatures are still way beyond the reach 
of any terrestrial apparatus we could build. However, GUTs tend to leave their 

10–43 s 10–35 s 10–12 s
Time

Strong Force

Electromagnetic Force

Weak Force

Gravitational Force

‘Primordial’
Force

Grand
Uni�ed
Force 

Electro-weak Force
BANG!

Figure 4 At the earliest moments of the big bang, all four forces of nature are thought to be 
unified in a single, highly symmetric primordial force. After 10−43 seconds, the universe under-
goes a phase transition, and the force of gravity separates. 
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But why should our universe exhibit such a balance? Scientists get rather 
uncomfortable when confronted with evidence of such fine-tuning, especially 
when they can’t explain it using physical mechanisms.

This is where inflation comes to the rescue. It really makes no difference 
precisely how much energy the early universe contained, or whether this was 
equal to the critical density required to produce a flat spacetime. It doesn’t mat-
ter what the initial rate of expansion was. It doesn’t even matter if inflation is 
applied to the whole of the early universe or just one small bubble of spacetime 
within this. No matter what the shape of spacetime prior to inflation, when 
inflation was done, flat spacetime was the only possible result.

Think of it this way. The skin of a deflated balloon may be wrinkled like a 
prune, curving this way and that. Pump it up and the wrinkles are quickly flat-
tened out. The visible universe may be flat because it comes from a tiny bit of 
grand-unified universe blown up out of all proportion by inflation.

Inflation theory has many critics, and some have argued that there are ways 
of arriving at a flat spacetime that do not require inflation, or fine-tuning for 
that matter. Nevertheless, for the time being at least, it remains an important 
component of the broadly accepted theory describing the evolution of the 
universe.

REHEATING

Inflation is thought to have ceased around 10−32 seconds after the big bang. 
The temperature is now several orders of magnitude below the transition 
temperature.

(a) (b) (c)

Figure  5 The different model universes that Friedmann identified in solutions to Einstein’s 
gravitational field equations produce differently curved spacetimes. The ‘closed’ universe has a 
positively curved spacetime as shown in (a). The ‘open’ universe has a saddle-shaped negatively 
curved spacetime, (b). A universe with a finely tuned balance between the rate of expansion and 
the amount of mass-energy it contains will exhibit a flat spacetime, (c).

 



b r e a k i n g  t h e  s y m m e t r y

37

(Figure 7). The bright bands are produced by constructive interference and the 
dark bands by destructive interference.

But waves are disturbances in something. Throwing the stone causes a 
disturbance in the surface of the water, and it is waves in the water that rip-
ple across the pond. What, then, are light waves meant to be disturbances in? 
Physicists in the 19th and early 20th centuries had argued that these must be 
waves in a tenuous form of matter called the ether, which was supposed to 
pervade the entire universe. But no experimental evidence for the ether could 
be found.

Just as Einstein didn’t believe in absolute space and time, so he didn’t believe 
in the existence of the ether. He argued that earlier work in 1900 by German 

(a)

+

(b)

(c)

+

+

Figure 6 When aligned, as in (a), two waves will add and mutually reinforce. This is construc-
tive interference. Moving the waves out of alignment reduces the amplitude, as in (b). If the 
waves are completely misaligned, the result is destructive interference, (c).
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physicist Max Planck hinted at an altogether different interpretation for light. 
Planck had concluded that light could be modelled successfully as though it was 
absorbed and emitted by matter in discrete units or ‘bundles’ of energy that he 
had called quanta. Einstein now boldly suggested that this happens because light 
actually consists of quanta.

Einstein hadn’t simply reverted to Newton’s corpuscles. Nobody was deny-
ing all the evidence for wave-like behaviour, such as diffraction and interfer-
ence. In his paper, Einstein retained the central property of frequency in the 
description of what he called ‘light-quanta’, and frequency is a property of 
waves (it is the number of times a wave oscillates from peak-to-trough and back 
again in a given unit of time, typically one second).

So, how could quanta or ‘particles’ of light also be waves? Particles are by 
definition localized bits of stuff—they are ‘here’ or ‘there’. Waves are delo-
calized disturbances in a medium, they are ‘everywhere’, spreading out 
beyond the disturbance. How could these light-quanta be here, there, and 
everywhere?

These were highly speculative ideas, and physicists did not rush to embrace 
them. But Einstein used his light-quantum hypothesis to make some pre-
dictions for a phenomenon known as the photoelectric effect, and these 

Wavefront

Light
Source

Figure 7 When passed through two narrow, closely spaced apertures or slits, light produces 
a pattern of alternating light and dark fringes. These can be readily explained in terms of a 
wave theory of light in which overlapping waves interfere constructively (giving rise to a bright 
fringe) and destructively (dark fringe).
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(a) (b)

(c) (d)

(e)

naivety we would judge it impossible for such particles to produce interference 
effects. And, indeed, when we do the experiment, we find that a single electron 
passing through the slits does produce one—and only one—spot on the pho-
tographic film. There you are. Told you so.

But wait. As we now allow more electrons to pass through the slits—one at a 
time—we accumulate more and more spots. And lo. The interference pattern is 
revealed (Figure 8).

The only way to rationalize these kinds of experimental results is to 
acknowledge that each electron behaves as a wave, passing through both 
slits. When the resulting wave impinges on the photographic film, it ‘col-
lapses’, in a seemingly random manner, to produce a single spot. However, 
the probability that it will produce a spot is much higher where the ampli-
tude of the wave has been reinforced through constructive interference, 

Figure  8 We can observe electrons as they 
pass, one at a time, through a two-slit apparatus,  
by recording where they strike a piece of  
photographic film. Each white dot indicates the 
point where an individual electron is detected. 
Photos (a)–(e) show the resulting images when, 
respectively, 10, 100, 3000, 20 000, and 70 000 
electrons have been detected. The interference 
pattern becomes more and more visible as the 
number of detected electrons increases. 
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everyday Euclidean geometry. Tensor fields crop up in the field equations of 
Einstein’s general theory of relativity.

In quantum field theory, the ‘particle’ is, in essence, a fundamental field 
quantum, an elementary fluctuation, disturbance, or vibration of the field. So, 
for example, the electron is the quantum of the electron field. The photon is the 
quantum of the electromagnetic field.

It began to dawn on physicists working on early versions of quantum field 
theory that they had figured out a very different way to understand how forces 

(b)

N S

Figure  9 (a) Iron filings sprinkled on a sheet of paper held above a bar magnetic reveal the 
‘lines of force’ of the magnetic field stretching between the north and south poles. (b) The pat-
tern of the ‘lines of force’ is shown schematically here. By convention, the lines of force ‘flow’ 
from north to south poles. 
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or what physicists call spin. In classical Newtonian mechanics, we associate 
angular momentum with objects that spin around some central axis. In fact, 
when we watch a figure-skater spinning ever faster in a tight circle at the end 
of their routine, we are actually watching the law of conservation of angular 
momentum in action.

This obviously can’t apply to photons. For one thing, photons are mass-
less: they have no central axis they can spin around. They can’t be made to spin 
faster or slower. The term ‘spin’ is actually quite misleading. It is a hangover 
from the early days of quantum theory when it was thought that this property 
could be traced to an intrinsic ‘self-rotation’, literally quantum particles spin-
ning like tops. This was quickly dismissed as impossible, but the term ‘spin’ 
was retained.

It doesn’t help to look too closely at the property of spin and ask what a pho-
ton is really doing. We do know that the property of spin is manifested as angu-
lar momentum. The interactions between photons and matter are governed by 
the conservation of angular momentum, and many experiments performed 
over many years have demonstrated this. When we create an intense beam of 
photons (such as a laser beam) with the spins of the photons aligned, the angu-
lar momentum of all the individual photons adds up and the beam imparts a 
measurable torque, or turning force. Point the beam at a target and the target 
will be rotated.

Time

Space

Virtual
photon

Electron 1
Electron 2

Figure 10 This simple 
diagram represents the inter-

action between two electrons. 
Their movement through 

spacetime is simplified to one 
dimension of space (shown 

here along the x-axis) and one 
of time (y-axis). The electro-
magnetic force of repulsion 
between the two negatively 
charged electrons involves 

the exchange of a virtual 
photon at the point of closest 
approach. The photon is ‘vir-
tual’ as it is not visible during 

the interaction.
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small masses, so small that these have been hard to measure accurately, and 
only upper limits are quoted.

The second-generation leptons are the muon (μ−) and muon-neutrino 
(νμ). The muon also carries an electrical charge of −1 and has a mass of 
about 0.113 times the proton mass. It is a heavier version of the electron. The 
third-generation tau (τ−) is even heavier, weighing in at 1.89 times the proton 
mass. It is accompanied by the tau-neutrino (ντ).

There’s more. In August 1932, American physicist Carl Anderson discovered 
a particle that to all intents and purposes behaves just like an electron, but with 
a positive electrical charge.* He called it the positron, the first in a long line of dis-
coveries of anti-matter particles, particles with the same properties of mass and 
spin, but with opposite electrical charge. All particles in the standard model 
have anti-matter counterparts.† For simplicity, these are not shown in Figure 11.

Leptons

Generation 1 2 3
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M
at

te
r P

ar
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le
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Fo
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Weak nuclear force

Strong nuclear force

Higgs �eld

e– νe

ur dr
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cr sr
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μ–

γ

W+

H
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Figure 11 The standard 
model of particle physics 

describes the interactions of 
three generations of matter 

particles through three 
kinds of force, mediated by a 
collection of ‘force carriers’. 

The masses of the matter 
and force particles are deter-

mined by their interactions 
with the Higgs field.

* When English theorist Paul Dirac developed the first relativistic version of a quantum theory of 
the electron in 1927, he found that it produced twice as many solutions as he thought he needed. In 
addition to two solutions corresponding to the different spin orientations of the electron, he also found 
two ‘negative energy’ solutions. These were quite puzzling, until he finally accepted in 1931 that they 
must correspond to ‘a new kind of particle, unknown to experimental physics, having the same mass 
and opposite charge to the electron’. Paul Dirac, Proceedings of the Royal Society, A133 (1931), pp. 60–72.

† Neutral particles are their own anti-particles.

 

LUP06
Underline
http://www.bing.com/search?q=tau&go=Submit&qs=bs&form=QBRE

Mastering4
Rectangle

Mastering4
Highlight



t h e  l a s t  s c at t e r i n g  s u r fa c e

63

The proton and neutron in the deuterium nucleus are quite happy to cling to 
each other, and the energy of the combination is lower than the energy of a free 
proton and neutron by an amount called the binding energy. This excess energy 
is carried away from the 2H nucleus by a photon (not shown in Figure 13).

This begs a question. What force now binds the proton and neutron together 
in the deuterium nucleus? The answer used to be: the strong force, of course! 
But we now know that the strong (colour) force binds quarks together inside the 
proton and the neutron. So, what’s going on?

1H

7Li

7Be

2H

3H

4He

e–

3He

β-decay

Proton

Neutron

~76%

~24%

Figure  13 Sixteen of the most important nuclear reactions involved in primordial nucleo-
synthesis. These are shown schematically in terms of the reactions of protons (red balls) and 
neutrons (blue balls). For simplicity, not all the products of the reactions are shown.
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Figure 14 A perfect ‘black body’ emits light with a characteristic pattern of intensity, or spec-
tral radiance, over a distribution of wavelengths determined by the temperature of the body. 
(a) shows three distributions at temperatures of 3000, 2500, and 2000 kelvin. Note how the 
spectral radiance sharply declines and the distribution moves to longer wavelengths as the tem-
perature falls. (b) shows the same distribution for a temperature of 3 kelvin, but with the spectral 
radiance magnified by a factor of 1015 compared to (a) and the wavelength axis changed from 
nanometers to centimetres.
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Penzias and Wilson were looking for microwave radiation that was thought 
to be emitted by the glowing cloud of gas surrounding our own Milky Way gal-
axy. They began by pointing the antenna at the sky in a direction at right angles 
to where they expected to find the radiation, intending to establish a ‘baseline’ 
against which they could eventually measure their signal. To their great sur-
prise, they found a substantial signal, a baseline so large it would actually over-
whelm the signal they were hoping to study.

From their measurements at a single wavelength of 7.35 centimetres, they 
estimated a black-body temperature for this signal of 3.5 kelvin, plus or minus  
1 kelvin. Such a measurement was not proof that this was black-body radia-
tion; it was rather an estimate based on the assumption that they were sampling 
from a black-body spectrum.*

Figure 15 The 20-foot microwave horn antenna installed at the Bell Telephone Laboratories’ 
Holmdel research facility. This is now designated as a US National Historical Landmark. 

* A glance at Figure 14(b) reveals that 7.35 centimetres lies far to the long-wavelength end of the  
3 kelvin black-body spectrum.
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acts equally on all of them. The matter in such a universe is frozen in place. Even 
if the spacetime in such a universe is expanding, the balls will spread out but will 
remain equally distant from one another. No structure forms.

Now let’s displace one of the balls just a little, creating a small anisotropy 
(Figure 16(b)). The ball that is displaced now feels a slightly stronger gravita-
tional pull from its nearest neighbour. As these balls are drawn together by the 
force of gravity, they exert a stronger gravitational pull on some of the other 
balls that surround them. The process snowballs and eventually the balls clump 
together, forming a structure.

There was no alternative but to conclude that, despite appearances to the 
contrary, the universe must have been anisotropic and, by implication, the tem-
perature of the cosmic background radiation must be anisotropic, too.

But by how much? It was possible to work backwards from the structure that 
we see in the present-day universe. Assuming the existence of sufficient dark 
matter to provide the gravitational instabilities, it was estimated that an anisot-
ropy as small as a few parts in 100 000 would be enough.

The nature of the questions changed. What could have caused an anisot-
ropy in the distribution of matter in the universe of the order of a few parts in 

(a)

(b)

Figure  16 (a) In a perfectly uniform or isotropic distribution of matter, gravity acts equally 
in all directions and the matter remains frozen in place, even though spacetime itself might be 
expanding. In (b) we introduce a small anisotropy by displacing one of the balls slightly. Now 
the displaced ball feels a slightly stronger gravitational attraction to its nearest neighbour. Over 
time, the matter clumps together, forming a structure.
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100 000? And, if this anisotropy is real, can we see it reflected in small differ-
ences in the temperature of the cosmic background radiation in different direc-
tions across the sky?

HEISENBERG’S UNCERTAINTY PRINCIPLE

To answer the first question, we need to go back once more to our understand-
ing of the quantum nature of elementary particles. What are the consequences 
of dealing with entities that are both particles and waves?

Suppose we were somehow able to localize a quantum wave–particle in a 
specific region of space so that we could precisely measure its position. In 
the wave description, this is in principle possible by combining together a 
large number of waves of different wavelengths in what is known as a super-
position, such that they add up to produce a resultant wave which has a large 
amplitude in one location in space and is small everywhere else. This is called 
a ‘wavepacket’ (Figure 17). Such wavepackets are inherently unstable, but that’s 
not the point. We can see how creating such a superposition would allow us to 
measure an instantaneous position.

Now what about the measurement of a particle-like property, such as 
momentum? That’s a bit of a problem. We localized the wave by combining 

(a) (b)

Figure  17 Although waves are by definition delocalized, we can nevertheless add together 
lots of waves with different frequencies to create a superposition which produces a strong peak 
in one specific location in space, (a). This is called a ‘wavepacket’. As the collection of waves 
moves, the peak moves along with it, giving the impression of a particle-like trajectory through 
space, (b). 
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also the shape of the black-body spectrum. Fortunately, the density of electrons 
in intergalactic space is pretty small and the anisotropy is not pronounced. Its 
characteristic dependence on photon frequency makes it easy to distinguish 
from the primary anisotropy.

In 1977, a group from the University of California at Berkeley detected and 
mapped the dipole variation using instruments on board a Lockheed U-2 
reconnaissance aircraft flying at altitudes of about 70 000 feet.* A more recent 
all-sky map of the dipole variation is shown in Figure 18. From analysis of this 
picture, it is possible to deduce that the Local Group of galaxies, of which the 
Milky Way forms part, is moving roughly in the direction of the Virgo Cluster 
at a speed of about 600 kilometres per second.

The Berkeley group could find no evidence for any of the predicted primary 
anisotropy, however, and it became clear that only satellite-borne instruments 
would offer sufficient sensitivity.

The launch of the COBE satellite was originally planned for 1988 as part of a 
Space Shuttle mission, but the shuttles were grounded following the Challenger 
disaster on 28 January 1986. COBE was eventually placed into Sun-synchronous 
orbit on 18 November 1989.

* Also known as the U-2  ‘spy plane’, this aircraft was operated by the US Central Intelligence 
Agency during the cold war and features in many cold war ‘incidents’. CIA pilot Gary Powers was 
flying a U-2 over Soviet territory when he was shot down in 1960. Major Rudolf Anderson, Jr. was 
flying a U-2 when he was shot down in 1962 during the Cuban missile crisis. It also inspired the name 
of the Irish rock band U2.

Figure  18 The motion of the Milky Way galaxy through the cosmic background radiation 
causes a small shift in measured temperatures, the radiation appearing a little hotter as we move 
towards it, a little cooler as we move away. This ‘dipole variation’ is shown in this false-colour, 
all-sky temperature map. Hotter regions (with a temperature a little over 0.003 kelvin higher 
than average) appear red, cooler regions (0.003 kelvin lower than average) appear blue. In this 
picture, the plane of the Milky Way galaxy lies horizontally along the centre.
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On 13 January 1990, John Mather, a scientist at the NASA Goddard Spaceflight 
Center and member of the COBE team, delivered a short, ten-minute presenta-
tion on COBE’s progress at a meeting of the American Astronomical Society 
in Crystal City, Virginia. He explained that things were going well, but that it 
would take a year or more for the instrument on board the satellite to com-
plete its all-sky map of the cosmic background radiation. However, he did have 
one early result to announce. Based on just nine minutes of measurement 
time, it was now possible to confirm that the spectrum of cosmic infrared and 
microwave radiation was indeed that of a black body, with a temperature of  
2.736 kelvin, revised in subsequent analyses to 2.728 kelvin (Figure 19).

The COBE team completed its work in early 1992. The dipole variation 
(which is shown in Figure 18) was measured and subtracted from the all-sky 
temperature map. The result was announced on 23 April 1992. The residual 
temperature map did indeed reveal the primary anisotropies, dominated by 
quantum fluctuations from the very beginning of the universe (Figure 20). 
The announcement was reported worldwide and ran on the front page of the 
New York Times.
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Figure  19 Measurements of the spectral radiance of the cosmic background radiation as 
a function of wavelength were reported by the COBE team in 1990. The spectrum is that of a 
black body with a temperature of 2.728 kelvin. The points represent the experimental measure-
ments and the continuous line is the prediction based on a black-body spectrum. Adapted from  
D. J. Fixsen, E. S. Cheng, J. M. Gales, J. C. Mather, R. A. Shafer, and E. L. Wright, astro-ph/9605054, 
10 May 1996.



COBE

WMAP

Planck

‘cold spot’

Figure  20 The detailed, all-sky map of temperature variations in the cosmic background 
radiation derived from data obtained from the COBE, WMAP (9-year results), and Planck satel-
lites. The temperature variations are of the order of ±200 millionths of a degree and are shown as 
false-colour differences, with red indicating higher temperatures and blue indicating cooler tem-
peratures. The angular resolution of this map has increased dramatically with successive missions. 
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higher density of matter which will be the seeds for future star and galaxy for-
mation. Cold spots indicate a lower density of matter which will become voids.

THE Λ-CDM MODEL

So, this is how we know. For sure, the cosmic background radiation is not the 
only piece of observational evidence we have for the inflationary big bang 
model of creation, but it is spectacularly conclusive evidence.

Consensus has gathered around a version of inflationary big bang cosmol-
ogy called variously the ‘concordance’ model, the ‘standard model of big bang 
cosmology’, or the Λ-CDM model, where Λ stands for the cosmological con-
stant first introduced in 1917 by Einstein, and CDM stands for ‘cold dark matter’. 
The version of events that I have told in these opening chapters is the version 
broadly described by this model.

The Λ-CDM model is based on six parameters. Three of these are related to 
the density of dark energy, which depends on the size of the cosmological con-
stant, the density of cold dark matter, and the density of baryonic matter, of 
neutral hydrogen and helium atoms.

The agreement between theory and observation is quite remarkable. 
Figure 21 shows the ‘power spectrum’ derived from the squares of the 
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Figure 21 The variation of temperature fluctuations (measured in square microkelvin) with 
angular scale across the sky, derived from measurements of the cosmic background radiation 
by the Planck satellite. The Planck data are illustrated by the points with associated error bars 
and the best-fit Λ-CDM model prediction is shown as the continuous line.
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expansion of spacetime. Dark matter (whatever it is) is essential to explain the 
large-scale structure of the visible universe.

DARK MATTER HALOS

In a region of spacetime with a slightly higher than average density of matter 
(the slightly hotter regions in the cosmic background radiation shown in Figure 
20), the excess dark matter gathers to form a halo. The earliest halos begin to 
form between 10 and 20 million years after the big bang, but they’re not yet 
large enough to exert much gravitational influence over the heavy baryonic 
matter. They break out across the universe like an invisible rash.

These dark matter halos are mobile. They are attracted to one another by 
their gravity. They merge with other halos in their vicinity to form larger halos 
in a ‘merger tree’ (Figure 22). After a further 100 to 150 million years, the halos 
become large enough—exerting sufficient gravitational pull—to begin to trap 
baryonic matter, which starts to gather within the halos. The baryonic matter 
cools, condenses, and becomes concentrated.

The formation of dark matter halos is a relatively slow process. The cos-
mic background radiation has cooled along with the expansion of spacetime 
that has taken place since the moment of recombination, its black-body spec-
trum declining in intensity and shifting towards the invisible infrared region. 
The most ancient light in the universe has gone out. The baryonic matter now 
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Figure 22 As dark matter halos form, 
they are attracted to other halos in their 

vicinity. The halos merge and  
coalesce, their history tracing the  

outlines of a ‘merger tree’ as illustrated 
here. As time passes, a single, large  

halo is formed. Adapted from Cedric 
Lacey and Shaun Cole, Monthly  

Notices of the Royal Astronomical Society, 
262 (1993), p. 636. 
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Where does the H2 come from? There are various mechanisms by which 
molecular hydrogen can be formed from hydrogen atoms. The most important 
involves the reaction of neutral hydrogen atoms with stray electrons, which 
we can write:  1H + e− → 1H− + γ, where γ represents a photon. The negatively 
charged hydrogen ion 1H− then goes on to react with another neutral hydrogen 
atom to form molecular hydrogen: 1H− + 1H → 1H2 + e−.

Anyone who has stood in the open on a cloudless night has experienced radi-
ative cooling, as infrared (heat) radiation from the surface of the skin escapes 
into the cooler air. As hydrogen and helium atoms collide with hydrogen mol-
ecules in the gas cloud they may transfer some of their kinetic energy into the 
energy of molecular vibrations and rotations.

These molecular motions are complicated quantum phenomena, but we 
can picture them quite simply, as two hydrogen atoms rocking back and forth 
as though tethered together by a spring (vibrations), and as motions in which 
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Figure  23 In 1902, British physicist James Jeans worked out the principles that determine 
whether or not a gas cloud will collapse to form a star. What will happen depends on the inter-
play between the cloud’s mass, density, and temperature, as illustrated in these curves calcu-
lated for masses of hydrogen atoms of 100, 500, and 1000 M☉, where M☉ stands for the mass 
of the Sun. For a given mass and density, clouds with temperatures above the curve will not 
collapse, those with temperatures below the curve will collapse. The grey band indicates the 
temperature range of the cosmic background radiation 30–400 million years after the big bang. 
Under the conditions that prevailed in the early universe, the first stars are predicted to have had 
very large masses.
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Now, a 100-watt light bulb burns energy at a rate of about 600 billion bil-
lion electronvolts per second, so 26 million electronvolts might not sound too 
impressive. But wait. This is the energy generated from the fusion of just four 
hydrogen nuclei. It is estimated that in the Sun’s core about 3.7 × 1038 hydrogen 
nuclei are reacting every second, releasing energy equivalent to about 4 million 
billion billion 100-watt light bulbs. Now that’s more like it.

As the dark matter halos continue to merge and grow, the baryonic matter 
caught within them accumulates. Now the hydrogen and helium atoms cool 
quite efficiently without the aid of collisions with molecular hydrogen. The 
pace picks up, as hundreds of billions of nuclear furnaces are lit, and a galaxy is 
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Figure 24 The chain of nuclear reactions involved in the initial stages of stellar nucleosynthe-
sis is known as the proton-proton (p-p) chain.
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As the temperature in the core rises above 108 kelvin, the helium nuclei fuse 
together, releasing radiation once more. The temperature in the core starts to 
run away, increasing the rate of the helium fusion reactions and causing a dra-
matic increase in the luminosity of the star, called the helium flash.

It is at this point that we must confront the challenge posed by the absence of 
stable atomic nuclei containing eight nucleons (Figure 25). This was the gap that 
couldn’t be bridged under the conditions which prevailed during primordial 
nucleosynthesis, a few hundred seconds after the big bang, which is why the 
chain of reactions terminated with lithium and beryllium isotopes. But the con-
ditions in the interior of a Population III star are thought to be rather different.

What happens now is that two 4He nuclei combine to produce an 8Be 
nucleus, with the emission of an energetic photon. The 8Be nucleus contains 
four protons and four neutrons, and is highly unstable. Under normal circum-
stances, it will very quickly fall apart, back into two helium nuclei (the half-life 
of 8Be is about 7 × 10−17 seconds). But these are not normal circumstances. In the 
core of a helium-burning star, there is now a chance that an 8Be nucleus will 
encounter another 4He nucleus before it can break up, fusing with it to form 12C, 
the nucleus of a carbon atom.*

* These two reactions are collectively referred to as the ‘triple-alpha’ process. The 4He2+ nucleus 
is also an alpha-particle, emitted from unstable nuclei susceptible to alpha radioactivity. The two 
reactions then involve the fusion of three alpha particles into a stable carbon nucleus.
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Figure  25 Adding single protons and neutrons to 1H allows the building of a sequence of  
stable elements (black squares) up to 7Li. But here we hit a bottleneck: there are no stable nuclei 
with eight nucleons. Adding a proton to 7Li produces an unstable 8Be nucleus, which decays 
very rapidly.

 

LUP06
Highlight
4He

LUP06
Highlight
Be

LUP06
Highlight
8Be

LUP06
Highlight
4He

LUP06
Highlight
8Be

LUP06
Highlight
8Be



s e t t i n g  t h e  f i r m a m e n t  a l i g h t

99

THE FATES OF POPULATION III STARS

What happens next depends on the initial mass of the star. In the computer 
simulations I mentioned above, first-generation Population III stars with ini-
tial masses between about 8 M☉ and 25 M☉ undergo a core-collapse supernova. 
The strong nuclear force defends the neutron core against further collapse and 
the core rebounds, sending a shockwave through the in-falling material which 
blows it apart in a spectacular explosion. For a brief moment, the star shines 
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Figure  26 The CNO cycle. Isotopes of carbon, nitrogen, and oxygen form closed catalytic 
loops. Starting from the bottom left, a 12C nucleus picks up a free proton to form 13N, an isotope 
of nitrogen, emitting a high-energy photon (shown in brackets). This undergoes a weak-force 
decay, emitting a W+ particle which transforms into a positron (e+) and an electron neutrino (νe) 
to form 13C. This picks up another proton to form 14N, and another proton to form 15O, an iso-
tope of oxygen, which undergoes a weak force decay to 15N. The CN cycle closes with a reaction 
involving the fusion of another proton and the emission of a 4He nucleus (an alpha particle), 
bringing us back to 12C. In this cycle, four protons have once again been combined to produce a 
helium nucleus. The ON cycle shown on the right does much the same job.
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creates substantial temperature differentials once again, and hydrodynamic 
stability is lost. A star of intermediate mass, between 3 M☉ and 8 M☉, may expe-
rience cataclysmic thermal pulses (sometimes called a superwind) which blow 
off most of the outer hydrogen envelope, reducing the mass of the star to less 
than 1.4 M☉.

The story continues pretty much as we have already seen for the hypothetical 
Population III stars, but the second-generation Population II stars have a distribu-
tion biased towards much smaller masses. A star of mass less than or equal to 
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Figure  27 The Hertzsprung–Russell diagram maps the luminosity of stars (L, measured 
relative to the luminosity of the Sun, L☉) against their effective surface temperature. Most 
of the stars observed fall into a diagonal band called the main sequence. Stars in the main 
sequence are burning through their reserves of hydrogen. As the hydrogen is exhausted, the 
stars leave the main sequence to form red giants. Further evolution may result in the loss of 
mass through thermal pulsing, leaving White Dwarfs that no longer shine but glow through 
radiative cooling.
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Figure  28 Examples of standing wave patterns. These are characterized by having zero 
height or amplitude at each end of the stopped string or length of pipe. The arrows give some 
sense of the direction in which the waves ‘travel’ although, once established, the waves appear 
to stand still.

Actually, this is both conceptually wrong and, in my opinion, a lot less visu-
ally appealing than what we now understand to be true. An electron moving 
in the electrostatic (or so-called Coulomb) field generated by the charge of the 
central proton is expected to radiate energy in the form of light. This is the basis 
for all television and radio broadcasting. Any energy of orbital motion that 
the electron possesses would quickly radiate away, and the electron would be 
sucked down on top of the nucleus. Disaster.

The reason this doesn’t happen is that these particles are not the tiny incom-
pressible billiard balls of naïve imagination. They are quantum wave–particles, 
and they behave altogether differently.

De Broglie wrote up his ideas about the properties of electron wave–particles 
in a series of papers published in 1923. He assembled these into a doctoral dis-
sertation which he submitted to the University of Paris. In this thesis he drew 
analogies with music. Musical notes produced by string or wind instruments 
result from so-called standing waves, vibrational patterns which ‘fit’ between the 
ends of the stopped length of the string or the length of the pipe. Such standing 
wave patterns will persist provided that they have zero height (or amplitude) 
at each of the fixed ends. Examples of some simple standing wave patterns are 
shown in Figure 28.
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2p orbital.* This gives rise to a characteristic emission line, known as the Hα 
(H-alpha) line, in the middle of the red part of the visible spectrum. It is this emis-
sion that lends a reddish hue to many true-colour pictures of nebulae, such as the 
Orion nebula (Figure 30(a)).

The result is an absorption or emission spectrum. Light emitted by the Sun 
spans a broad range of frequencies, or wavelengths. Most of this light reaches 
us unaffected, and if we spread out the different frequencies by passing the light 
through a prism, we see the familiar rainbow spectrum of colours. But as we 
look more closely, we see that the rainbow pattern is crossed by a series of dark 

* The terms s, p, d, . . . derive from terminology introduced during the early years of atomic 
spectroscopy, as a shorthand for ‘sharp’, ‘principal’, ‘diffuse’, etc. They were applied first to help 
characterize the spectral lines and were then used to label the individual atomic orbitals involved.
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Figure 29 A selection of the 
lowest-energy hydrogen atomic 
orbitals. Each orbital represents 

a three-dimensional ‘standing 
wave’ pattern for the electron 

orbiting the nucleus. The low-
est atomic energy levels are also 

shown. An electron in the 3d 
orbital will lose energy, falling 
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light with a wavelength of 656 
nanometres. This produces 

a characteristic emission line 
called the Hα line.

 

LUP06
Highlight
2p



o r i g i n s

108

lines (Figure 30(b)). At certain very discrete frequencies, the light drops sharply 
in intensity. These are frequencies that are absorbed by hydrogen atoms pre-
sent in the Sun’s outer layers. The lines correspond to the differences in energy 
between different energy levels. Figure 30(b) shows a series of hydrogen atomic 
absorption lines that cross the visible spectrum, including the Hα line.

(a)

(b)

Figure  30 (a) Hα emission from hydrogen atoms lends a reddish hue to many true-colour 
photographs of nebulae, such as the Orion nebula. (b) If we pass sunlight through a prism, we 
will get the familiar rainbow pattern of colours in the visible spectrum. However, if we look 
closely, we may notice that this spectrum is crossed by a series of dark lines. These represent 
wavelengths of light that have been absorbed by atoms—including hydrogen atoms—in the 
outer layers of the Sun. This picture shows lines characteristic of hydrogen, including the Hα 
line in the red part of the spectrum. 
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This posed quite a conundrum. If the nebulae were all meant to be contained 
within the Milky Way, why would most of them be moving away from us, at 
such vast speeds? Arguments developed that the nebulae aren’t diffuse objects 
sitting in our own galaxy—they are complete galaxies (or ‘island universes’) in 
their own right. This point was famously debated in April 1920 by American 
astronomers Harlow Shapley (who argued that the nebulae exist within the 
Milky Way) and Heber Curtis (who argued that they are galaxies lying far out-
side our own). Opinion is divided on who won the debate.

The matter was resolved in December 1924. American astronomer Edwin 
Hubble discovered that within some of the nebulae are a few stars with char-
acteristics similar to those of Delta Cephei, in the constellation Cepheus. These 
stars, called Cepheid variables, are yellow supergiants which undergo regular 
pulsations in luminosity, reflecting periodic changes in their opacity. As a 
Cepheid variable star contracts, it heats up, becomes less opaque and expands.* 
Radiation is released and the star emits a bright pulse of light. But then it cools 
and becomes more opaque, and the radiation stops. The star contracts and the 
cycle repeats.

Earlier astronomical studies had established a relationship between pulsa-
tion rate and luminosity in the Cepheids, and Hubble realized that these could 

ABSORPTION LINES FROM THE SUN(a)

ABSORPTION LINES FROM A
SUPERCLUSTER OF GALAXIES BAS11

(b)

Figure  31 Atomic absorption lines crossing the spectrum of light from the Sun, (a),  are 
shifted towards the red in light from a distant object which is moving away from us, (b). From 
the extent of the redshift, it is possible to work out the speed of the object. 

* Remember for our current discussion that a star’s opacity is related inversely to 
temperature—cooler stars are more opaque, hotter stars less opaque.

 



(a)

(b)

Figure 32 Imagine a universe consisting of a uniform distribution of galaxies. The pattern in 
grey represents this universe at some moment in time. The pattern in black is the distribution a 
short time later, after the universe has expanded. Let’s now look at this from two different van-
tage points. From the perspective of the galaxy in row 2, column 2, shown in (a), all the galaxies 
around it have moved away, with more distant galaxies appearing to have moved the furthest. 
In (b), we fix on the galaxy in row 3, column 4. The result is the same—all the galaxies have 
moved away, with more distant galaxies moving the furthest. So the fact that we see most galax-
ies receding from us doesn’t mean we’re at the centre of the universe.



s e t t i n g  t h e  f i r m a m e n t  a l i g h t

115

the Apache Point Observatory in New Mexico in 2000. It has produced a series 
of data releases, the most recent in July 2013.

These surveys have revealed the true nature of the structure in the visible uni-
verse, already mentioned in Chapter 3. For example, Figure 33 shows some of the 
results from the 2dF survey, in which a couple of galaxy superclusters, which 
form some of the largest known structures in the universe, are picked out.

The Shapley concentration in the constellation of Centaurus is named for 
Harlow Shapley and sits about 650 million light-years away with a redshift z 
of 0.046, indicating that it is moving away from us at about 13 800 kilometres 
per second. The Horologium–Reticulum supercluster, in the constellations 
Horologium and Eridanus, measures 550 million light-years in length and con-
tains visible mass of 1017 M☉. It lies about 700 million light-years from us with a 
redshift of 0.063 (18 900 kilometres per second).

The Pisces–Cetus supercluster complex consists of many galaxy superclusters 
stretching across a billion light-years. The nearest of the clusters that form the 
complex is about 540 million light-years away, with a redshift z of 0.039 (11 700 
kilometres per second). The furthest cluster lies about 970 million light-years 

Shapley Horologium–Reticulum

Sloan Great Wall
Pisces–Cetus

Figure 33 Sections of the map of galaxy redshift in the northern and southern hemispheres 
(relative to the plane of the Milky Way) measured in the 2dF Galaxy Redshift Survey. The map 
shows huge structures consisting of galaxy superclusters, among the largest known structures 
in the visible universe. The pattern of filaments, walls, and voids reflects the anisotropy in the 
distribution of matter in the early universe.
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Hubble identified an intermediate classification, between ellipticals and spi-
rals, which are called lenticular or S0. Finally, irregular galaxies (designated Im 
and IBm in Figure 34) fit into none of these categories.

When a galaxy rotates, with its stars orbiting around its centre, Newtonian 
mechanics predicts a perfectly logical and reasonable relationship between 
the mass of the galaxy and the orbital speeds of stars at different distances 
from the centre. This relationship depends on the balance between the cen-
trifugal force carrying the stars around the centre of the galaxy and the pull of 
gravity. Measuring from the centre, we would predict that the orbital speeds 
will rise to a maximum before falling away. Stars right at the edge of the galaxy 
feel the pull of gravity to a much smaller extent, and are expected to trundle 
around more slowly.

My use of words like ‘predict’ and ‘expected’ hint that this is not quite how it 
works out. The Swiss astronomer Fritz Zwicky was the first to sense that there 
was something fishy going on. In 1934, he published the results of observations 
of the Coma cluster, a large galactic cluster located in the constellation Coma 
Berenices, which contains over a thousand identified galaxies.

Although this is a cluster of galaxies, rather than a single galaxy, the princi-
ples are the same. He used the observations of the orbital motions of galaxies 
near the edge, combined with Newtonian mechanics, to estimate the total mass 
of the cluster. He then compared this to another estimate based on the number 
of observable galaxies and the total brightness of the cluster. He was shocked 

Elliptical Galaxies

E0 E3 E6 S0
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SBa SBb SBc IBm

Sb Sc Im

Normal Spiral Galaxies

Barred Spiral Galaxies

Figure  34 Hubble classified galaxies according to their shapes. Spiral galaxies are split into 
barred and normal spirals, with further subcategories of each (labelled a, b, and c) based on the 
density of stars in the central bulge and the tightness of the spiral arms. Elliptical galaxies are 
classified based on the dimensions of the ellipse. Further categories include the intermediate len-
ticular or S0 galaxies and the irregular galaxies. Adapted from R. G. Abraham, astro-ph/9809131 
v1, 10 September 1998.

LUP06
Highlight
IBm

LUP06
Highlight
Im

LUP06
Highlight
http://dictionary.reference.com/browse/berenice?s=t



s e t t i n g  t h e  f i r m a m e n t  a l i g h t

119

matter. This is the evidence I promised you in Chapter 2 (and thanks for being 
so patient).

There is more evidence which we do not have space to consider here in detail. 
The properties and behaviour of the Bullet cluster in the constellation Carina, 
formed from two colliding galaxy clusters, can only be explained through the 
agency of their dark matter halos. A cloud of dark matter may act like a lens, 
distorting and displacing the images of galaxies behind it. This kind of ‘gravita-
tional lensing’ has been used by the Planck mission to produce the first all-sky 
map of the distribution of dark matter in the universe.

Are there alternative explanations? Yes, there are. Modifications to general 
relativity have been proposed which can explain the ‘missing’ mass without 
having to invoke new, unknown forms of matter.12 However, when all the evi-
dence from observational cosmology and astronomy is weighed up, the case 
for dark matter remains pretty compelling. At least for now.

THE COSMIC EVENT HORIZON

All these statistics about superclusters, filaments, walls, voids, distances, and 
speeds beg a couple of obvious questions. Just how big is the universe? And 
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Figure 35 Simple Newtonian mechanics predicts that the stars in the Andromeda galaxy will 
orbit the centre with speeds that rise to a peak, before falling off with distance. However, the 
measured speeds flatten out with increasing distance. The measured behaviour is consistent 
with a dark matter halo that surrounds the galaxy. 
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stars, which are difficult to detect) with a mass of about 6 × 1011 M☉. Older stars 
are found on the outsides of the disk, with younger stars populating an inner 
layer just 300 light-years thick.

Some 3000 light-years above and below this thin disk there is another struc-
ture called the thick disk, which contains about 10% of the baryonic mass found 
in its thin companion. The thick disk may be the remnant of another, smaller, 
galaxy that got mixed up with the proto-Milky Way, or it may have formed 
through an act of gravitational theft, the Milky Way stripping the outer stars 

(a) (d)

(b) (e)

(c) (f)

Figure  36 This computer simulation of the formation of a Milky Way type spiral galaxy 
shows the gradual accumulation of baryonic matter (mostly hydrogen and helium) within a 
large dark matter halo (a), about 500 million years after the big bang. Numerous proto-galaxies 
are formed which spin around, collide, and merge, (b). After about 4 billion years a single galaxy 
emerges with a well-defined centre, (c). A couple of billion years later the galaxy collides with 
another, (d), forming a larger galaxy which continues to accumulate baryonic gas and smaller 
satellite galaxies from its surroundings, (e). As we approach the present day, (f ), the galaxy con-
tinues to evolve. These stills are taken from a movie of the simulation performed on the NASA 
Advanced Supercomputer by Fabio Governato and colleagues at the University of Washington. 
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CHEMICAL ELEMENTS

What we’re going to get inside this giant molecular cloud quite obviously 
depends on what goes into it. The baryonic matter in the cloud has now been 
recycled through two generations of stars. To the background of hydrogen 
and helium atoms produced by primordial nucleosynthesis has been added 
an entire periodic table of elements formed through stellar nucleosynthesis 
and through the explosive release of energy in supernovae. This has produced 

Figure  37 Artist’s sketch of the Milky Way galaxy seen from above the galactic plane, 
based on data obtained at radio, infrared, and visible wavelengths. The Milky Way is believed 
to be a two-armed barred spiral with several secondary arms. The major arms are the 
Scutum-Centaurus Arm and Perseus Arm. The dashed circle has a radius of 27 000 light-years, 
and passes through the Orion Arm, which is where we will eventually find the Sun. Adapted 
from Ed Churchwell, Brian L. Babler, Marilyn R. Meade, Barbara A. Whitney, Robert Benjamin, 
Remy Indebetouw, et al., Publications of the Astronomical Society of the Pacific, 121 (2009), p. 227.
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an extensive palette from which complex molecular structures can now be 
created.

Hydrogen and helium still account for the bulk of the matter that is now 
assembling in the cloud. Their neighbours in the periodic table—lithium, 
boron, and beryllium—have much lower relative abundances (by 9–10 orders 
of magnitude) because they are not produced in significant quantities in 
either primordial or stellar nucleosynthesis. Once the triple-alpha process 
has bridged the carbon chasm, carbon, nitrogen, and oxygen are formed with 
relatively high abundance, as Figure 38 shows (note the logarithmic abun-
dance scale).

Because 4He is such an important building block in stellar nucleosynthesis, 
and because atomic nuclei with even numbers of protons and neutrons are 
especially stable, the element abundances from carbon through to calcium 
show a characteristic saw-tooth pattern. The 12C contains six protons and six 
neutrons (or three 4He nuclei). Add another 4He nucleus to 12C during helium 
burning and we get 16O, which contains eight protons and eight neutrons. Fuse 
two 12C nuclei together in carbon burning and shed a 4He nucleus and we get 
20Ne, which contains 10 protons and 10 neutrons. Add another 4He nucleus to 
20Ne during carbon burning and we get 24Mg, which contains 12 protons and 12 
neutrons.
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Figure  38 Abundances of chemical elements produced through primordial and stellar 
nucleosynthesis, in numbers of atoms per million relative to silicon. These abundances refer to 
our own Sun, and there is evidence to suggest that element abundances in newly formed giant 
molecular clouds may be a little different, but we can presume that by the time the cloud was 
ready to give birth to the Sun it possessed a pattern of abundances not much different from that 
shown here. Note the logarithmic abundance scale. 
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charged electron orbital keeps them bound together. When we bring two 
hydrogen atoms together, what happens is determined by the interaction 
between the electron orbitals. This is the domain of electromagnetism.

Figure 39 shows the lowest-energy 1s orbitals, and the associated energy lev-
els, of two separated hydrogen atoms, one on the far left of the figure and the 
other on the far right. When we bring the two atoms together, the electron 
orbitals combine. As we start with two 1s orbitals, nature determines that we 
will get two new orbitals. We can think of one of these describing the result of 
a constructive overlap of the two 1s orbitals (similar to the constructive interfer-
ence of overlapping waves) and the other a destructive overlap.

The constructive overlap of the electron orbitals produces a lower-energy 
molecular orbital, sometimes called a bonding orbital. The two electrons, one 
from each atom, are now spread over both atoms in a sausage-shaped orbital 
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Figure  39 Overlap of the 1s electron orbitals from two hydrogen atoms produces a 
lower-energy ‘constructive’ bonding orbital (1σ) and a ‘destructive’ anti-bonding orbital (1σ*). 
The two electrons can now both occupy the bonding orbital, provided that their spins are 
paired. The result is a hydrogen molecule in which the two electrons form a single bond.
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HYBRID ORBITALS AND LONE PAIRS

The properties of functional groups are obviously derived from the nature of 
the atoms from which they are composed. But their reactivity is also determined 
in large part by their shapes. At first sight, the geometries of molecules—the 
lengths of chemical bonds and the angles between them—might not seem to 

table 2: Illustrative examples of interstellar molecules

Number of atoms Examples

2 molecular hydrogen (H2), carbon monoxide (CO), molecular 
nitrogen (N2), molecular oxygen (O2), sodium chloride (NaCl), 
iron oxide (FeO), hydrogen chloride (HCl), hydrogen fluoride 
(HF), carborundum (SiC), titanium oxide (TiO)

3 carbon dioxide (CO2), water (H2O), hydrogen sulphide (H2S), 
hydrogen cyanide (HCN), potassium cyanide (KCN), nitrous 
oxide (N2O), sodium hydroxide (NaOH), ozone (O3), sulphur 
dioxide (SO2), titanium dioxide (TiO2)

4 acetylene (C2H2), formaldehyde (H2CO), hydrogen peroxide 
(H2O2), ammonia (NH3), isocyanic acid (HNCO)

5 methane (CH4), ketene (H2C2O), cyanoacetylene (HC3N), formic 
acid (HCO2H), ammonium ion (NH4

+)

6 ethylene (C2H4), acetonitrile (CH3CN), methanol (CH3OH)

7 methylamine (CH3NH2), acrylonitrile (CH2CHCN), ethylene 
oxide (c-C2H4O)*, vinylalcohol (CH2CHOH), acetaldehyde 
(CH3CHO)

8 acetic acid (CH3CO2H), glycoaldehyde (CH2OHCHO), 
methylcyanoacetylene (CH3C3N)

9 dimethylether (CH3OCH3), ethylalcohol (C2H5OH), propylene 
(CH3CHCH2)

10 acetone ((CH3)2CO), glycine (NH2CH2CO2H), ethylene glycol 
((CH2OH)2)

>10 methylacetate (CH3CO2CH3), benzene (C6H6), 
cyanopentaacetylene (HC11N), anthracene (C14H10), pyrene 
(C16H10), buckminsterfullerene (C60), 70-fullerene (C70)

*The prefix c- indicates a cyclic molecule.
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One further subtlety. Molecular geometry is about chemical bonds and 
angles, but it is dependent on the geometry of the underlying molecular orbit-
als, and these may involve orbitals that are not directly involved in bonding. 
The ammonia molecule (NH3) is described as having a pyramidal shape. If we 
remove the topmost hydrogen atom from the methane tetrahedron in Figure 
40(c), then we would be left with a pyramidal geometry for the remaining CH3 
group. In fact, this is exactly the way to think about the structure of NH3.

The nitrogen atom has seven electrons. As with carbon, two of these are 
‘buried’ in the nitrogen 1s orbital, leaving five to participate in bonding, two 
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Figure  40 The central carbon atom in methane has two electrons in a 2s orbital and two 
electrons in each of two 2p orbitals, leaving the third 2p orbital vacant. But if one of the 2s elec-
trons is promoted into the vacant 2p orbital, it is possible to mix all four of these together, (a). 
The result is four identical sp3-hybrid orbitals, (b). The sp3-hybrid orbitals produce a tetrahedral 
shape, (c). 
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a collaboration of 15 European member states which operates ground-based 
observatories in Chile. As this picture shows, the light from background stars is 
rather dramatically obscured by dust particles in the cloud.

That the dimensions of the cloud are so well defined suggests that it is on the 
verge of collapsing to produce one or more stars, in about 100 000 years or so.

‘We are stardust,’ sang Joni Mitchell at the Big Sur Folk Festival in California 
in September 1969, ‘We are golden. And we’ve got to get ourselves back to the 
garden.’4 Mitchell wrote this song as an anthem for the Woodstock festival, 
which had been held a month earlier but which she did not attend. She based 
her lyrics on what her boyfriend Graham Nash had told her. The song later 
became a major hit for the folk-rock group Crosby, Stills, Nash, and Young.

Despite what you might make of late-60s counterculture, these are never-
theless prophetic words. There is much more to humans than just atoms and 

Figure  41 Barnard 68 is a molecular cloud in the constellation Ophiuchus with a mass of 
about 3 M☉ measuring about half a light-year in diameter. This is a composite of visible and 
near-infrared images obtained in 1999 and shows that the light from more distant stars in the 
Milky Way is completely obscured by dust particles in the cloud.
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The value of Ω determines the future evolution of the universe, as illustrated 
in Figure 42 for a number of different Friedmann-type models. In an expanding 
universe with no mass (ΩM = 0), there is nothing to change the expansion from 
its initial big bang rate, and so the average distance between points in space 
(where galaxies would be if they existed) increases linearly with time from the 
big bang. If the matter (including dark matter) is really all there is, then ΩM = 0.3, 
and we see small deviations from straight-line behaviour as the matter applies a 
gentle brake on the rate of expansion over the next 15 billion years. If we assume 
we’ve missed something and there really is much more matter in the universe 
than we’ve so far been able to identify, then we can be bold and set ΩM = 1. The 
brakes are applied a little harder.

In contrast, in a universe with ΩM = 0.3 and ΩΛ = 0.7, we obtain an upward 
curve in later years. Dark energy overcomes the decelerating effects of matter 
and starts to accelerate the expansion once more.

Of course, we can’t see into the future. But notice how these different scenarios 
also predict different histories for the expansion of the universe. Universes with 
ΩM = 0.3 and ΩM = 1 predict that the universe should be younger than its ‘Hubble 
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Figure 42 The future evolution of the universe depends on the density parameter Ω, which 
may be comprised of contributions from the density of matter (ΩM) and the density of dark 
energy (ΩΛ). 
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form stars, but at the same time the cloud is being irradiated by intense ultra-
violet light from large new-born stars. This light is illuminating the gas that is 
evaporating from the cloud, shaping the columns, and giving the picture its 
ethereal quality.

This seems rather more majestic, and perhaps more fitting as a model for the 
Neith Cloud. So, we imagine the cloud aggregating, gathering itself together, 
perhaps swept by stellar winds from neighbouring red giant stars, and stirred 
by the shockwaves from nearby supernovae. Small clouds merge to form larger 
clouds. The clouds billow.

The alignment of electron spins within the atoms, molecules, and charged 
ions that make up the cloud may generate a magnetic field. Filaments of gas 

Figure  43 The ‘Pillars of Creation’, huge columns of molecular hydrogen and dust grains 
in the Eagle Nebula in the constellation Serpens. These columns are several light-years in 
length. This false-colour picture is a composite of 32 images taken using four different cameras 
mounted on the Hubble Space Telescope. The colours correspond to emission from different 
atomic and ionic constituents in the cloud: green for hydrogen atoms, red for singly charged 
sulphur (S+) ions, and blue for oxygen (O2+) ions. 
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and solar system, these would logically have become incorporated in the dust 
grains, and hence in the CAIs of small rocks that were swirling around.

Over time, the 26Al would have decayed to 26Mg, trapping the latter in the 
mineral structure and so producing a higher-than-expected 26Mg/24Mg ratio. 
These small rocks have persisted, relatively unchanged through the subsequent 
evolution of the solar system, orbiting the Sun and occasionally getting caught 
in Earth’s gravitational field. They fall to Earth as meteorites like Allende.

The geologists reasoned that this ratio would be highest for mineral 
grains with high ratios of aluminium to magnesium. In fact, the slope of a 
straight-line plot of the ratio of 26Mg/24Mg vs the ratio of aluminium to magne-
sium (27Al/24Mg) is related to the ratio 26Mg/27Al. Since any excess of 26Mg must 
come from the decay of 26Al, the slope can be used to infer the ratio 26Al/27Al 
(Figure 45), a measure of the excess of 26Al over the stable 27Al isotope.

Put it this way. If there is no excess 26Al, then we would expect this plot to 
produce a horizontal line with a slope of zero and a value corresponding to the 

Figure 44 X-ray picture of a calcium-aluminium-rich inclusion in the Efremovka meteorite 
which, like Allende, is a carbonaceous chondrite. The picture shows different phases in the rock 
corresponding to different mineral structures, such as melilite (mel), pyroxene (px), and anorth-
ite (an). The false colours reflect the elemental composition: calcium is green, aluminium is blue 
and magnesium is red. Adapted from: Ernst Zinner, Science, 300 (2003), pp. 265–7. 
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ratio of naturally occurring 26Al/27Al. A positive slope indicates an excess of the 
26Al isotope and provides a clue to the events unfolding during the formation of 
the solar system.

The results did indeed produce a positive slope, suggesting an overabun-
dance of 26Al, much more than could be reasonably expected from sources that 
do not involve a supernova. Subsequent measurements have served to demon-
strate the importance of isotopes from supernova-derived r-process nucleo-
synthesis (such as 41Ca and 60Fe) in the dust grains of the early solar system.

The overabundance of 60Fe is particularly telling, and has been called a ‘smok-
ing gun’ in favour of a supernova trigger.1 The 60Fe isotope decays to 60Ni with a 
half-life of 2.6 million years. Studies of the ratio 60Ni/58Ni vs 56Fe/58Ni in mineral 
samples from the Semarkona and Chervony Kut meteorites again show a posi-
tive slope, indicating an excess of 60Ni and, by inference, an excess of 60Fe.2

A recent (2011) study suggests that the 26Al isotope would have needed to 
have become thoroughly mixed with the gas and dust present in the Neith 
Cloud within about 20 000 years. Of all the different explanations for how this 
might have been achieved, a supernova is the most promising. Computer sim-
ulations indicate that it would take just 18 000 years to enrich a 10 M☉ cloud 
core with 26Al transported by the shockwave of a supernova explosion just 16 
light-years distant.3

Like the Neith Cloud 4.6 billion years ago, the ‘Pillars of Creation’ in the 
Eagle Nebula are pregnant with potential stars. The clouds are also vulner-
able to the shockwaves from nearby supernova explosions. And, indeed, 

26Mg
24Mg
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27Al/24Mg

Figure  45 A plot of 26Mg/24Mg vs 27Al/24Mg for different minerals within a calcium-  
aluminium-rich inclusion can be used to infer an excess of the short-lived isotope 26Al in 
the early stages of the formation of the Sun and solar system. The slope of this plot is related 
to the ratio 26Mg/27Al. Any excess 26Mg must be derived from the decay of 26Al, so the magnitude 
of the slope also indicates an excess of 26Al vs the stable isotope 27Al.
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(a) (b)

(c) (d)

(e)

Figure 46 In the version of the nebular hypothesis due to Kant and Laplace, the formation of 
the solar system is initiated by the collapse of a near-spherical rotating cloud of gas and dust (a).  
As the cloud collapses it spins faster and starts to flatten (b), eventually forming a lenticular 
shape, like a lens (c). As the core collapses further to form the Sun, material in the flattened 
disk gathers together to form annular rings (d). These rings eventually condense to form the 
planets (e). Adapted from M. M. Woolfson, Quarterly Journal of the Royal Astronomical Society, 34 
(1993), p. 2. 

book Exposition du Systeme du Monde, published in 1796. He went a little further 
than Kant. According to Laplace, the nebula began as a near-spherical slowly 
rotating cloud—Figure 46(a). As the cloud collapsed, its speed of rotation 
increased, just as an ice skater spins faster as they draw their arms in closer 
to their body. The increased rotation caused the nebula to flatten along the 
equator—46(b) and (c).  As the material in the flattened disk slowly gathered 
together (or accreted), it formed annular rings moving in orbit around the Sun, 
much like the rings around Saturn—46(d). Each ring then condensed to form 
a planet—46(e).

The nebular hypothesis dominated thinking about the formation and early 
evolution of the solar system for much of the 19th century. But there were prob-
lems with the model that couldn’t be resolved at the time. The most important 
of these concerned the distribution of angular momentum.

We calculate the angular momentum of a rotating object by multiply-
ing together the object’s moment of inertia—a measure of its resistance to 



s o l

159

radiation that is re-emitted by the gas and dust in the clouds. They are called 
YSOs of Spectral Class 0 (Figure 47).

We know that the ejected gas must be rotating, as it must carry angular 
momentum away from the protostar. This gas can be observed. T Tauri is a 
very young variable star about 460 light years from Earth in the constellation 
Taurus, first identified in 1852. It is only a million years old and has a highly 
erratic and unpredictable luminosity. It serves as a prototype for young stars in 
the mass range 0.2–2.0 M☉ that have not yet triggered nuclear fusion reactions 
in their cores and settled onto the main sequence.

i.
(a) (b)

ii.

iii.

iv.

v.

1 AU

Figure 47 The diagram on the left shows the various stages in proto-stellar evolution, starting 
with a giant molecular cloud (i). The collapse of gas and dust within the cloud forms a rotating core 
(ii). As the core contracts it reduces its angular momentum by emitting jets of gas from its poles, 
called bipolar outflows (iii). The ejected gas forms an elongated nebula, called a Herbig–Haro 
Object, such as HH47 shown on the right in a photograph taken by the Hubble Space Telescope 
(the scale bar to the bottom right indicates 1 astronomical unit (AU), equal to the average distance 
from the Earth to the Sun, about 150 million kilometres). As the protostar matures to the T Tauri 
phase, convection currents produce strong winds which clear away volatile material from the 
protostar’s accretion disk and outer cloud (iv). The protostar becomes visible, and follows the 
Hayashi track on its way to becoming a main sequence star (v). The diagram on the left is adapted 
from William H. Waller, The Milky Way: An Insider’s Guide, Princeton University Press, 2013. 
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the proto-Sun, this temperature is around 4500 kelvin. Lower temperatures 
(which lie to the right on the Hertzsprung–Russell diagram) are essentially 
‘forbidden’.

But the luminosity of a star depends on both its surface temperature and its 
radius,6 and the proto-Sun is still contracting. As it contracts, the core tem-
perature increases and it becomes less and less opaque. Temperature gradients 
become shallower and convection eases. The surface temperature changes very 
little. The end result is that the luminosity of the young star falls simply because 
it is shrinking.

As it evolves further, the proto-Sun fades but maintains an almost constant 
surface temperature. This means that on a Hertzsprung–Russell diagram it 
follows a near-vertical ‘Hayashi track’, heading downwards towards the main 
sequence line (Figure 48).
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luminosity and orbital radius which ensures just the right amount of light and 
heat to maintain a life-affirming temperature.3

More promising candidates were revealed by astronomers in April 2013. 
Kepler-62 is also somewhat older, smaller and cooler than the Sun, lying 
1200 light-years from Earth in the constellation Lyra. It was also found to 
have a system of five exoplanets containing two ‘super-Earths’, with masses 
that could not be determined accurately but which must be less than 36 M⊕ 
and 35 M⊕, and with radii 1.61 R⊕ and 1.41 R⊕, designated Kepler-62e and 
Kepler-62f, respectively. What’s interesting about these exoplanets is that 
they have orbital periods of 122 and 267  days and surface temperatures of 
270 and 208 kelvin. This puts them firmly in the habitable zone of their star 
(Figure 49).

How many such exoplanets might there be in the Milky Way galaxy? Kepler’s 
field of view was limited to a patch of sky in the direction of the constellations 
Cygnus, Lyra and Draco, accounting for about 0.25% of the whole sky. A 2013 
study of 42 000 Sun-like stars observed by Kepler suggests that 22% of these 

Kepler-62 System

62f 62e

Planets and orbits to scale

62d 62c 62b

Habitable Zone

Mercury Venus Earth Mars

Solar System

Figure  49 Artist’s impression of the exoplanetary system of Kepler-62 and a comparison 
with the terrestrial planets of the inner solar system. The exoplanets Kepler-62e and -62f are 
‘super-Earths’, with radii 1.61 and 1.41 times that of Earth, orbiting in the system’s ‘habitable zone’ 
with orbital periods of 122 and 267 days, respectively. Both sets of planets are drawn to scale. 
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THE IRON CATASTROPHE

This is not so difficult to figure out. The physical properties and behaviour of 
a large ball of rock and metal are determined by the properties of the materi-
als from which it is formed—mostly silicate minerals and metal oxides, some 
light, volatile chemicals—such as water—that may have become trapped in the 
rock structures, and trace amounts of other chemical elements formed through 
stellar nucleosynthesis.

The present-day Earth is composed largely of just six elements. These are 
iron (31.9%), oxygen (29.7%), silicon (16.1%), magnesium (15.4%), calcium (1.71%), 
and aluminium (1.59%). The remaining 3.6% is accounted for by all the other 

Figure 50 In this image from the ALMA observatory in Chile, the protoplanetary disk sur-
rounding the young star HL Tauri can be clearly seen in the form of a series of concentric rings 
separated by voids. HL Tau lies about 450 light-years from Earth in the constellation Taurus, in 
the Taurus Molecular Cloud. 
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crust, and which was discovered by Lehmann in 1961. In Figure 51 I have labelled 
the inner–outer core discontinuity simply as the ‘Inner Core Boundary’.

The most obvious discontinuity occurs at the boundary of the outer core and 
mantle, where the density jumps dramatically, from about 6 up to 10 grams per 
cubic centimetre. Not surprisingly, this was discovered a little earlier, in 1912, by 
German-American seismologist Beno Gutenberg, although the precise nature 
of the outer core was not established until 1926. This is an extremely sharp 
boundary, called the Gutenberg discontinuity.

We will take a closer look at the mantle and crust shortly, but before we leave 
the core let’s consider the speed with which it is forming as the proto-Earth 
assembles.

The process of planetary differentiation is happening even as the proto-Earth 
is accumulating mass, and is triggered as soon as it crosses the threshold in 
terms of mass, density, and gravity. How quickly does the core form? To answer 
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Figure 51 The density of material from which the Earth is composed increases with depth. 
The boundaries between each layer are marked by abrupt changes in density which can be 
detected in the patterns and timings of shockwaves from earthquakes recorded by seismom-
eters. The inset shows the distribution of inner and outer core, mantle, and crust. 
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crust. To this we add the ingredients of the more complex silicates. For exam-
ple, the mineral diopside is a magnesium-calcium silicate pyroxene with the 
formula MgCaSiO4, which we can think of as SiO2 plus MgO plus CaO.

Now the consequences of chemical separation become a little easier to vis-
ualize. Figure 52 shows the chemical compositions of peridotite, basalt, and 
granite. The peridotite melts, separates and cools to produce basalt which is 
richer in SiO2 and Al2O3 and considerably poorer in MgO. The average density 
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Figure  52 The upper mantle, oceanic crust, and continental crust are composed largely of 
three rock types, peridotite, basalt, and granite. These rocks have different mineral composi-
tions, with the principal mineral types shown here. But these are complex mixtures of complex 
chemicals, and to get a sense of what happens it helps to look at the changes in chemical compo-
sition. The bar charts show the proportion (in weight per cent) of five oxides for each rock type. 
As these proportions change, the density (ρ) of the rock declines. 



(a) (b)

(c) (d)

(e) (f)

Figure  53 Computer simulations of a moon-forming impact reported in 2004 by planetary 
scientist Robin M.  Canup at the Southwest Research Institute in Boulder, Colorado. These 
‘snapshots’ show the unfolding collision and its effects at different times following the impact. 
(a) 6.5 minutes; (b) 19.4 minutes; (c) 51.8 minutes; (d) 84.1 minutes; (e) 129.4 minutes; and (f) 291.1 
minutes. Note the change of distance scale (in thousands of kilometres) between frames (c) and 
(d) and (e) and (f). Temperatures are colour-coded from 2000 to 7000 kelvin. Adapted with per-
mission from Robin M. Canup, Icarus, 168 (2004), p. 433.
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Such a crust formed on Earth would be thinner, as the mineral anorthite 
becomes unstable at the kinds of pressures generated less than 40 kilometres 
below the surface. This thin crust is then at the mercy of impacts from meteor-
ites and physico-chemical phenomena that the Moon’s surface will never expe-
rience, which we call weather.

But there are puzzles, nevertheless. The pattern of darker maria and lighter 
highlands is utterly familiar to anyone following a few moments of moon-gazing. 
But from Earth we only ever get to see the Moon’s near side. In contrast, the far 
side has virtually no maria, just highlands (Figure 54). How come?

Here’s one possible explanation. In some more recent giant impact sim-
ulations carried out in 2011, the ejected material is presumed to form two 
moons, with the orbit of the much smaller second moon becoming unsta-
ble after a few tens of millions of years and slowly crashing into the Moon’s 
far side. This potentially explains why the far side is so different, dominated 
by highlands with a crust that is about 50 kilometres thicker than the near, 
visible side.

The striking geological similarities between the Earth and Moon imply an 
intimate relationship that is not easily explained by the capture hypothesis. 
Aside from collisions with meteorites, rock recovered from the surface of the 
Moon has remained largely unchanged since the Moon formed, unlike rock 
on Earth. So, if the Earth and Moon had co-condensed then we would expect 

(a) ( b)

Figure 54 The familiar near side of the Moon (a) has lunar maria, or ‘seas’, which appear as 
dark patches of the surface, and lunar highlands which are lighter. In contrast the surface of the 
far side of the Moon (b) features only highlands and has a much thicker crust.
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Figure 55 Computer simulations of 
planetary migration in the outer solar system 

demonstrate a connection with a period of 
intense cometary activity called the Late Heavy 

Bombardment. In (a) the outer planets line 
up in their initial sequence, Jupiter, Saturn, 

Neptune, and Uranus, surrounded by a thick 
band of planetesimals called the Kuiper belt. 

In (b), Jupiter and Saturn enter a 2:1 orbital 
resonance. Neptune is pushed out of its orbit 

by Saturn and is hurled into the Kuiper belt, 
dislodging planetesimals which are caught 

by the Sun’s gravity and dragged in towards 
the inner planets (not shown in this figure). 
Jupiter is pushed closer to the asteroid belt, 

dislodging more planetesimals. The result is 
seen in (c), which shows the outer planets now 
in the ‘right’ order, and a greatly diluted Kuiper 

belt. Adapted from R. Gomes, H. F. Levison, 
K. Tsiganis, and A. Morbidelli, Nature, 435 

(2005), p. 466.

Planetesimals are dislodged and scattered across the solar system. Many are 
hurled out to the distant reaches of the solar system, or are ejected completely. 
Jupiter’s orbit is driven inwards slightly, knocking more planetesimals from the 
asteroid belt. These objects are now comets. Drawn inwards by the Sun’s grav-
ity they rain down on the inner planets in an episode known as the Late Heavy 
Bombardment.

We can see evidence for this bombardment on the cratered and pitted surface of 
the Moon which, the simulations suggest, was struck by something of the order of 
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The relationship between the orbits predicted by this simple numerical law 
and the actual orbits of the planets is shown in Figure 56. The law does a rea-
sonably good job for all the planets except Neptune, predicting orbits that are 
generally within 5% of the actual values. Given what we believe might have 
happened to Neptune, a discrepancy of 22% between prediction and actual 
orbit may not be altogether surprising.
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Figure  56 Following planetary migration and the Late Heavy Bombardment, 700  million 
years after the solar system was first formed, the planets take up the orbits that are familiar to us 
today. These are shown in (a), with the planets drawn to scale (though not consistent with the 
linear distance scale used to show the orbital radii). In (b), the planetary orbits (black circles) are 
compared with the predictions of the Titius–Bode law (dashed line).
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The Late Heavy Bombardment is the solar system’s last hurrah. It marks the 
end of the Hadean and the beginning of the Archean eon, although not all geol-
ogists agree with this demarcation. Aside from the Jack Hills zircons, there is 
no geological evidence from periods earlier than early Archean. We can never-
theless assume that the Hadean ended about 4 billion years ago.

PLATE TECTONICS

If we accept the evidence of the Jack Hills zircons at face value, then 4.4 billion 
years ago planetary differentiation of the giant impact-modified Earth was 
already well advanced. The planet had oceans of liquid water sitting above a 
largely basaltic ocean crust, and minor land masses formed by a continental 
crust composed largely of granite.

Figure 57 The Earth’s uppermost mantle and crust (collectively called the lithosphere) breaks 
up to form a series of tectonic plates which move around the surface. This figure shows the plates 
as they appear today. ‘Divergent’ plate boundaries are illustrated by arrows pulling in opposite 
directions (←→). These appear in the middle of the oceans, the two most prominent being the 
Mid-Atlantic Ridge and the East Pacific Rise. Note that these divergent plate boundaries tend to 
run north to south, suggesting an intimate relationship with the Earth’s rotation. Along these 
boundaries the seafloor spreads, renewing the crust with fresh material. At a ‘convergent’ bound-
ary (→←) the crust of one plate is sucked down into the upper mantle, thrusting the crust of the 
other plate upwards to form a mountain range. 
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So, let’s consider the spatial properties of the amino acid alanine. Figure 59(a) 
shows that we can distribute the various functional groups and the side-chain 
(in this case R is  —CH3) around three of the four apexes of the tetrahedron 
formed by the central carbon atom, leaving a single hydrogen atom to occupy 
the fourth apex. This is quite straightforward.

But now we notice that there are two ways we can do this. For example, 
we could place the hydrogen atom at the far right apex and the amine group 
near-right, as shown. Or we could place the amine group far right and the 
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Figure 58 The core 20 amino acids involved in biochemical systems, organized according to 
the nature of their chemical structures. Most (19 of 20) conform to the general formula given at 
the top, the exception being the cyclic amino acid proline. See endnote 4 for an explanation of 
the cyclic structures which feature in proline, phenylalanine, tyrosine, tryptophan, and histidine.
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hydrogen atom near-right. Does this make a difference? The answer is yes, 
it does. These two possibilities are mirror images of each other, as shown in 
Figure 59(b).

In your mind, pick up the version of alanine on the left-hand side of 
Figure 59(b), rotate it and superimpose it on the version on the right. The amine 
group on the left points out of the plane of the paper and, by the time we have 
rotated it, it is pointing into the plane of the paper. But the amine group on the 
right is also pointing out of the plane. We conclude that we can’t superimpose 
these structures. Although these molecules contain precisely the same func-
tional groups (they are both alanine), they are nevertheless different molecules.

The molecules are said to be chiral, and their different forms are called 
enantiomers.
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Figure 59 The amino acid alanine has four different atoms or functional groups bonded to 
the central carbon atom, each of which takes up a place at the apex of a tetrahedron (a). There 
are two different ways of distributing these groups, which represent mirror image forms (b). 
Such molecules are said to be chiral, and the different forms are called enantiomers.
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D-enantiomers of ribose and deoxyribose that are involved in building nucleo-
tides and thence RNA and DNA. We’ll be coming back to this later.

Figures 58 and 60 begin to convey something of the complexity of the molec-
ular structures that play important roles in biological systems (although, as the 
saying goes, you ain’t seen nothin’ yet). Yes, it’s starting to get complicated, but 
notice how life is founded on a chemistry containing relatively few chemical 
elements. These are complex chemicals consisting of many chains and rings, 
but only a handful of elements are involved—predominantly carbon, nitrogen, 
oxygen, and hydrogen, which between them account for more than 98% of the 
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Figure  60 Nucleotides are the building blocks of RNA and DNA. They consist of a pen-
tagonal ribose (or deoxyribose) sugar unit, a phosphate unit with one, two, or three phosphate 
groups, and a nitrogenous base (a). The bases are purines (adenine, guanine) or pyrimidines 
(cytosine, uracil, and thymine), shown in (b). The nucleotide shown in (a) possesses an adenine 
base unit and a single phosphate group and is called adenosine monophosphate, abbreviated 
as AMP.
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inorganic source—such as carbon dioxide—and its incorporation into more 
elaborate chemical structures, and all life today depends on carbon fixation of 
some kind. We assume that the primitive Earth had plenty of carbon dioxide 
dissolved in its oceans, perhaps augmented by methane. Now, fixing carbon 
from carbon dioxide requires some hydrogen.

In most scenarios, the hydrogen has to be stripped from water or other sim-
ple inorganic substances, such as hydrogen sulphide. This isn’t easy. But alka-
line hydrothermal vents are among the very few places on Earth where molecular 
hydrogen is abundant, a side-product of serpentinization. Getting molecular 
hydrogen to react with carbon dioxide is not straightforward but it is a heck of 
a lot easier.

There’s more. The chimneys themselves are porous. They contain a complex 
of interconnecting micropores with sizes of the order of a tenth of a millime-
tre, a kind of miniature Cretan Labyrinth more elaborate than Daedalus him-
self could ever have imagined. The pores are about 100 times the size of single 
living cells.

Figure  61 The Lost City alkaline hydrothermal vent field features a collection of about 30 
carbonate chimneys each between 30–60 metres tall. This picture shows a five-foot-wide ledge 
on the side of a chimney which is topped with dendritic carbonate growths. 
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THE IRRESISTIBLE RISE OF RNA

There’s a line of argument, backed up by computer simulations, that suggests 
that temperature gradients established between the warm vent fluid and cold 
ocean water will cause an accumulation of any nucleotides produced in the 
chimney pores. Now, when it takes place in living cells what happens next typi-
cally requires an enzyme. But there are good grounds for believing that it will 
happen spontaneously on its own, albeit less efficiently.

The nucleotides polymerize. They string together like beads on a thread, the 
phosphate unit of one nucleotide latching on to a hydroxyl group on the ribose 
unit of its nearest neighbour.

These molecules are already complicated, so we need a simplified way to pic-
ture them. In Figure 62(a), I have turned AMP on its side so that the base unit is 
pointing straight up. The various sub-units that make up AMP are represented 
schematically on the right. We represent the ribose unit as a simple pentagon. 
The phosphate unit, represented as a circle, hangs off one apex of the pentagon. 
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Figure  62 To simplify the depiction of the complex molecular structures involved in the 
chemistry of life we substitute simple geometric shapes to represent the different chemical 
sub-units. For example, in (a) the ribose unit of adenosine monophosphate is represented as a 
pentagon, and the phosphate unit as a circle. The adenine base is given a specific shape to dis-
tinguish it from guanine, uracil, and cytosine. When formed in sufficient quantities, the nucleo-
tides polymerize to form RNA (b).
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structures closely, you will see that they are very similar. The only difference is 
that the amine group in guanine and the carbonyl group in cytosine provide 
a third hydrogen bond.* Now we see the reason for the different shapes that 
I adopted to depict the base units in Figure 62. These shapes make clear the dif-
ferent pair combinations, A with U, G with C.

Now it starts to get really interesting.
Once assembled, a strand of RNA can catalyse its own replication. It pulls in 

free nucleotides, lining up A with U, U with A, G with C, and C with G. Drawn 
together in such close proximity, the nucleotides polymerize (Figure 64), form-
ing another RNA strand which we can think of as a kind of photographic 
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* This reminds me of a moment from one of my all-time favourite television science dramas. 
Life Story, produced by the BBC in 1988, dramatizes the discovery of the structure of DNA. One 
memorable scene shows James D. Watson (played by Jeff Goldblum), playing around with molecular 
models of the base units. He chews gum mechanically as he does so (he’s an American, and this is 
1953). He pairs adenine with thymine (chemically identical to uracil but for a –CH3 group). Then he 
pairs guanine with cytosine. He places one pair on top of the other, and realizes that the patterns 
are almost equivalent. He stops chewing. If you’ve ever wondered what it might feel like to make a 
scientific discovery, track down the drama on DVD and watch this scene.

Figure 63 The electrons sitting in the 
molecular orbitals of the amine groups 
(—NH2 and N—H) in both purines and 
pyrimidines are shared unequally, leav-

ing the hydrogen atoms with a slight 
positive charge. These link up with lone 

pair electrons on the oxygen atoms of 
the carbonyl groups and the ring nitro-

gen atoms to form hydrogen bonds. 
Although these are much weaker than 
ordinary chemical bonds, they are suf-
ficient to hold the structures together.
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negative of the original. The sequence of base units in the original strand (e.g. 
AUCAGUCCGAUC . . . , of which the first seven are depicted in Figure 64) pro-
duces a negative (UAGUCAGGCUAG . . .). The hydrogen bonds holding these 
two strands together are relatively weak and easily broken. Once the strands 
separate, the negative can assemble another strand which replicates the 
original.

The production of RNA has now become autocatalytic. One strand produces 
two. Two produce four. Four produce eight. Eight produce sixteen. Such dou-
bling is extraordinarily powerful. You can get some sense of this power by con-
sidering the following. Place a coin on the top left square of a chessboard. Place 
two coins on the adjacent square. Four on the next, and so on until you have 
covered the whole board. How tall is the pile of coins on the 64th square? Well, 
it has roughly 264 coins, or about 18 billion billion (so, the chances are you ran 
out of money fairly early on in this exercise). Let’s say the coins are each two 
millimetres thick. The pile on the 64th square is therefore about 37 thousand 
billion kilometres tall.

What this means is that even if the production of RNA is initially slow and 
inefficient, once it is formed there’s no going back. Rather intriguingly, if—by 
accident or some quirk of thermodynamics and kinetics—the RNA is formed 
from D-enantiomers of the nucleotides (so that the helix winds around in only 

AU CU
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A
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G

Figure  64 Hydrogen bonding between the complementary base pairs allows a strand of 
RNA to assemble a kind of photographic negative of itself in which A is replaced by U, C with 
G, etc. When these strands separate, the negative can go on to assemble another positive. In this 
way, a strand of RNA can catalyse its own replication.
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The short answer is that the code is actually formed from three base units. In 
principle, a three-letter code would yield 64 possible combinations, but there’s 
a lot of built-in redundancy in the third letter. For example, the combinations 
GCU, GCC, GCA, and GCG all code for alanine. Such combinations are called 
codons, and form the basis of the genetic information at the heart of all life 
forms. This genetic code is summarized in Figure 65.

It’s not at all clear why the code was expanded to a third letter when most 
of the useful chemical information is carried in the first two. We surmise that 
selection pressures will likely have favoured a system capable of producing 
a broader range of amino acids. Thermodynamics, kinetics, and molecular 
geometry may also have been important factors.

In present-day biological systems, an amino acid connects with an RNA 
codon through an adaptor molecule. This is another, much shorter length of 
RNA, called transfer RNA (or tRNA), typically consisting of 73–94 base units. 
To avoid confusion, we call the longer RNA strand which carries the sequence 
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Figure 65 The genetic code. Sequences of three base units in RNA, called codons, specify the 
sequence of amino acids that will be assembled to make proteins. There is considerable redun-
dancy in the code, with many different three-letter codons specifying the same amino acids.
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of codons messenger RNA (or mRNA). The reason for this particular choice of 
name will become apparent shortly.

Transfer RNA has a couple of loops, an acceptor stem, which binds to the 
amino acid, and an anti-codon arm, which contains a sequence of three base 
units that matches the mRNA codon. For example, the anti-codon for GCU is 
CGA. The tRNA with this anti-codon will selectively bind with alanine.

What happens now is that the sequence of three-letter codons in the mRNA 
strand draws together a sequence of amino acids that sit on the acceptor 
stems of the tRNA adaptors (Figure 66). The amino acids may now polymer-
ize, forming so-called peptide bonds (—CO-NH—) between them. When first 
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Figure  66 Each codon in the messenger RNA bonds with a corresponding anti-codon on 
the anti-codon arm of the transfer RNA (not drawn to scale in this figure). For example, the 
codon AUC bonds with the anti-codon UAG. From the genetic code in Figure 65 we know that 
AUC codes for the amino acid isoleucine, which bonds to the acceptor stem of the tRNA. The 
next codon AGU codes for serine. As the amino acids line up, they polymerize, forming peptide 
bonds between them. The sequence of amino acids then determines the properties and molecu-
lar geometry of the resulting protein.
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thymine replaces uracil as a pyrimidine base, structurally identical but for an 
extra —CH3 group (look back at Figure 60).

Although this step is unusual, there is a modern precedent. Retroviruses 
such as human immunodeficiency virus (HIV) use an enzyme called reverse 
transcriptase to assemble DNA from RNA. Once the optimum sequence of 
base units has been translated into one of the helical strands of DNA, it pairs 
with its base unit counterpart to form the famous double helix structure 
(Figure 67). The sequence of codons previously held in the RNA is now much 
better protected.

The DNA replicates quite happily on its own (with the aid of suitable  
enzymes). The two strands of the double helix separate, forming a complemen-
tary ‘positive’ and a ‘negative’. The positive assembles a matching negative and 
the negative assembles a matching positive. From one DNA molecule we now 
have two. Then four. Then eight. And so on.

Making proteins is now a little more involved. The DNA transcribes its base 
unit sequence into a strand of mRNA through a series of biochemical steps. The 

Deoxyribose-phosphate
‘backbone’

Base pairs

Figure 67 The iconic double helix structure 
of DNA was first elucidated in 1953 by James 
D. Watson, Francis Crick, Maurice Wilkins, 

and Rosalind Franklin. It consists of two 
spirals formed by two deoxyribose-phosphate 

‘backbones’ tied together by hydrogen bonds 
between the base pairs adenine-thymine and 

guanine-cytosine. 
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external environment. If this is right, then it would appear to be a relatively 
small step to harness the two photosystems in series.

This is another game-changer.
The resulting mechanism runs something like this (Figure 68). A  couple of 

water molecules bond to an enzyme consisting of a core of four manganese atoms 
and a calcium oxide unit surrounded by proteins which, according to Russell, 
was likely ‘borrowed’ from useful bits of minerals such as ranciéite (CaMn4O9). 
For reasons that will become clear quite soon, this is called the ‘oxygen-evolving 
complex’. It sits at the exposed edge of a larger protein structure that contains the 
more familiar form of chlorophyll, which absorbs predominantly blue and red 
light (reflecting green), with a peak absorption around 680 nanometres.

The photo-active centre in chlorophyll absorbs a photon of light, promot-
ing an electron from a lower to a higher-energy molecular orbital. The excited 
electron doesn’t come back. Instead, it goes on to trigger a series of chemical 
reactions that we can think of as ‘transporting’ the electron along a chain, pro-
ducing a molecule of ATP through chemiosmosis. This is Photosystem II.

The electron is then passed on to the active centre of a second chlorophyll 
system, Photosystem I, with a peak absorption around 700 nanometres. 

2H2O

4H++ O2

Oxygen-evolving
complex
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P700
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Photosystem II

Electron transport

Photosystem I
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4NADP++ 4H+

4NADPH
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Energy
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Figure 68 The ‘Z-scheme’ of photosynthesis, which uses light to fix carbon from CO2 using 
water (H2O) as the source of hydrogen. Molecular oxygen (O2) is released as a waste by-product.
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sea, flourishing under shifting environmental conditions’.7 This was followed 
a couple of years later by a detailed analysis of microstructures from the 
Strelley Pool Formation which concluded that these are microfossils of early 
sulphur-based organisms. Brasier was one of the co-authors.8 Similar evi-
dence for 3.48 billion-year-old microbially induced sedimentary structures 

(a) (b)

(d)
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10 µm

10 µm
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(f) (g) (h)

(e)
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Figure 69 Schopf declared these structures, found in the Warrawoona chert, to be examples 
of microfossils, the fossilized remains of some of the earliest microscopic organisms. The drawing 
to the right of image (a) provides a scale, in which μm means micrometres, 10−6 metres. Schopf 
referred to these structures as ‘cyanobacteria-like’, but later accepted that there is insufficient 
evidence for this assertion. Today, there appears to be no consensus that these are genuine 
microfossils (some of the angles in the drawings appear more characteristic of crystal growth), 
although other evidence for early Archean organisms is still sound. Reproduced, with permis-
sion, from J. William Schopf, Science, 260 (1993), p. 643.
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quite common. The methanogens that live in your gut (and aid digestion while 
producing a sometimes socially unfortunate waste product—methane) are 
archaea, not bacteria.

It’s not clear when and how these two forms parted company. It may be that 
they evolved separately from LUCA, ‘branching’ off in different genetic direc-
tions. Some biologists have argued that this is much too unlikely, and that one 
form must have evolved from the other. However it happened, we can be con-
fident that these different forms of life evolved on Earth over a one-billion-year 
period, between 3.5 and 2.5 billion years ago (Figure 70).13

Within each of these domains, the processes of natural selection have 
resulted in the evolution of a variety of different phyla. Each phylum is genet-
ically distinct and identifiable, but shares characteristics common to the 
domain. In 1990, Woese and his colleagues mapped a selection of bacteria and 
archaea to a phylogenetic ‘tree of life’, in which the order of branching and 
the length of each branch is derived from the ‘relatedness’ of the phyla based 
on rRNA sequencing (Figure 71). Few scientists today believe that sequenc-
ing the genes in such a small sub-unit accurately reflects the ‘true’ nature of 
the genetic relationships between phyla, and more recent versions of this tree 
include more phyla and different branch structures. But the basic principle is 
unchanged.

Billions of years ago

Billions of years ago

2.52.83.23.64.0
Eoarchean Paleoarchean Mesoarchean Neoarchean

Bacteria/ArchaeaLHB

00.542.54.04.6

Hadean Archean Proterozoic

Phanerozoic

Figure  70 The Earth’s geological timescale is split into a series of four eons—the Hadean, 
Archean, Proterozoic, and Phanerozoic. The Archean eon spans the time period from 4.0 to 
2.5 billion years ago, and is further divided into a series of four ‘eras’. These are the Eoarchean, 
Paleoarchean, Mesoarchean, and Neoarchean. The Late Heavy Bombardment (LHB) occurred 
in the Eoarchean era, about 3.8 billion years ago. The evidence from microbially induced 
sedimentary structures suggests that bacteria and archaea were already thriving by the early 
Paleoarchean era.
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Likewise the notion of a branching tree of evolution is evocative but it can be 
potentially misleading, particularly for prokaryotes. We tend to think of evolu-
tion operating through genetic inheritance, with genes passed vertically from 
parent to offspring. But prokaryotes can pass genes horizontally, and genes 
can be transferred between bacteria and archaea. A  tree based on the genes 
in rRNA is not necessarily replicated in other gene sequences. Consequently, 
some molecular biologists prefer to picture prokaryote evolution in terms of a 
‘circle’ or ‘ring’ of life.

Now, we know from the simple fact of our own existence that there’s much 
more to evolution on Earth than bacteria and archaea. But it’s a mistake to 
think that evolution irresistibly drives life to greater and greater complexity. 
Bacteria and archaea are highly successful life forms, and have persisted largely 
unchanged in evolutionary terms for something like three and a half billion 
years. If we were to bet on the possibility of discovering extra-terrestrial life, my 
money would be on some form of prokaryote.

And, before you start getting delusions of grandeur, just remember that there 
are ten times more bacterial cells in your body than there are human cells . . .

(LUCA)

Thermotoga

Bacteroides

Cyanobacteria

Purple bacteria
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Green non-sulphur bacteriaBacteria

Pyrodictium

Thermoproteus

Methanococcales

Methanobacteriale
Methanomicrobiales

Thermococcales

Halophiles
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Figure 71 The first phylogenetic ‘tree of life’ was published by Carl Woese and his colleagues 
in 1990. The order of branching and the lengths of the branches reflect the ‘relatedness’ of dif-
ferent life forms based on rRNA sequence comparisons. Note that only two domains are shown 
here (see Chapter 10 for the full story). Adapted from Carl R. Woese, Otto Kandler, and Mark 
R. Wheelis, Proceedings of the National Academy of Sciences, 87 (1990), p. 4578. 
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Today we are rightly concerned that burning fossil fuels is impacting 
Earth’s climate, producing rising average surface temperatures and unpredict-
able extreme weather. Burning (actually, oxidizing) fossil fuels simply returns 
organic material that was once buried in sedimentary rock back to where it 
came from—carbon dioxide, a ‘greenhouse gas’ which traps heat and raises the 
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Figure 72 (a) Banded iron formations (BIFs) are produced by iron oxide (rust) formed in the 
reaction of dissolved iron and molecular oxygen. Studies of BIFs suggest that these occurred 
fairly regularly throughout the early history of the Earth, but stopped suddenly about 2.4 billion 
years ago. This is believed to have been due to the accelerated oxygenation of the atmosphere 
and oceans in the Great Oxidation Event. A number of explanations have been suggested for 
the deposition that occurred 1.8 billion years ago, and this likely reflects tectonic movements as 
much as anything. The mass-independent fraction (MIF) of 33S varies through geological time 
until 2.4 million years ago, when it falls to zero (b). This is believed to signal the formation of a 
protective ozone layer in the stratosphere, shielding the Earth from the Sun’s ultraviolet light.
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from its endosymbionts (and its accumulation of jumping genes and introns), 
now forms a series of long linear strands embedded in a matrix of protein struc-
tures.* It also contains the nucleolus, where ribosomes are manufactured.

Now the spliceosome can quite happily go to work on the ‘precursor’ mRNA 
in the nucleus, taking as long as it likes to splice out all the introns before the 
‘mature’ mRNA is carried out through the pores to the ribosomes. Order 
is restored, but only by dealing with the symptoms, not the cause. The host 
DNA remains infested with introns, and these get passed on to succeeding 
generations.

The evolution of a cell nucleus signals the origin of eukaryotic cells. The name 
is derived from the Greek eu and karyon, meaning ‘true nucleus’. Now at last I can 
admit that the name prokaryote indicates cells that do not have a true nucleus. In 
other words prokaryotic cells are named for what they’re not (see Figure 73 for 
a comparison).

The endosymbiosis theory of the origin of eukaryotic cells has a long his-
tory. It was first proposed in 1905, by Konstantin Merezhkovsky, a botanist at 

* To put this in perspective, note that every human cell contains roughly two metres of DNA.

Cytoplasm Prokaryote cell
drawn to scale

Organelles − e.g.
mitochondria,

chloroplasts

Nucleoid − short DNA in
circular chromosome

Nucleus containing
long-strand DNA

Prokaryote Cell Eukaryote Cell

Ribosomes
Ribosomes

Figure 73 Comparison of prokaryote and eukaryote cells. Prokaryotes are typically 0.2–1.0 
microns in length and possess a simple cell structure consisting of a short length of DNA, typi-
cally formed into a circular chromosome and ribosomes—small protein manufacturing com-
plexes in a cytoplasm which consists of about 80% water. Eukaryotes are much larger, being 
1–10 microns in length with a much more complex internal structure consisting of a nucleus, 
organelles (such as mitochondria and chloroplasts), ribosomes, cytoplasm, and more. 
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Oxidation Event.* It really doesn’t matter all that much. We know that within a 
few hundred million years of the end of the Huronian and Makganyene glacia-
tions, eukaryotes had evolved rather dramatically. The oldest known eukaryote 
fossils are those of Grypania spiralis, a spiral, tube-shaped photosynthetic alga, 
found in the Negaunee Iron Formation, a banded iron formation which out-
crops in Michigan’s Upper Peninsula. These fossils were initially dated at 2.1 bil-
lion years old, subsequently revised to 1.9 billion years.

Consider this. Thiomargarita namibiensis, a sulphur bacterium found in ocean 
sediments of Namibia’s continental shelf, is one of the largest bacteria ever dis-
covered. It can achieve sizes approaching 0.75 millimetres, big enough to be vis-
ible to the naked eye. In contrast, the fossils of Grypania spiralis measure several 
centimetres in length with widths of the order of 0.5–0.6 millimetres (Figure 74). 

* We should note that William Martin doesn’t share this obsession with oxygen. Together with 
Miklós Müller, he has argued that the seemingly vast variety of mitochondrial structures seen in 
modern eukaryotes can only be explained if eukaryotes emerged under predominantly anaerobic 
conditions.

Figure 74 Fossil evidence for Grypania spiralis, thought to be a 1.9 billion year old multicellular 
alga, from the Negaunee Iron Formation in Michigan’s Upper Peninsula. These ribbon-like fos-
sils measure a few millimetres in width and up to 10 centimentres in length. 
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inventions I’ve chosen not to consider here) were assembled in life’s armoury 
during the Proterozoic eon (Figure 75).

It might seem that there was a lot going on, but there was an awful long time 
for all this to be happening in. The Proterozoic spans nearly two billion years, 
from 2.5 billion years ago to 540 million years ago. Palaeontologists sometimes 
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Figure  75 An attempt to map evolutionary inventions, selected fossil organisms, and geo-
logical events against the geological timescale of the Proterozoic eon. Evolution accelerates the 
development of diversity, leading eventually to the first animals, as a result of changes in the 
assembly of Earth’s continents, the rise of oxygen in the atmosphere and oceans, and ‘Snowball 
Earth’ episodes. 



Figure 76 Fractofusus misrai is named for the Indian geologist Shiva Balak (SB) Misra who was 
a graduate student when he discovered a rich assemblage of Ediacaran fossils at Mistaken Point 
in Newfoundland, Canada, in June 1967. The area where this picture was taken is now carefully 
protected, and forms part of the Mistaken Point Ecological Reserve. This fossil is about 10 centi-
metres in length, and 565 million years old. 
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early Cambrian period, which follows the Ediacaran, and it was only on the dis-
covery of Charnia that attention returned to Dickinsonia.

Other Dickinsonia examples have been found, measuring anything from a 
few millimetres up to a metre and a half in length, each a few millimetres thick. 
What were they? Some palaeobiologists have argued that they were annelid 
(ringed) worms, with a bilateral, segmented body and a central gut. Others have 
contested this, and the evidence—such as it is—suggests that the creatures 
sat motionless on the sediment surface, which is not very worm-like behav-
iour. Knoll suspects that they were primitive cnidarians, with an outer layer of 
cell tissue (epithelia) lying above and below relatively inert jelly like material. 
Possible modern equivalents are the placozoa, simple multicellular animals 
that creep along the seafloor.

As these organisms start to prey on one another, various defence strategies 
evolve. Worm-like creatures burrow their way to safety, revealed through a 
dramatic rise in bioturbation, a churning of sediment which changes its texture 

Figure  77 Dickinsonia costata was discovered in the Ediacara Hills in Southern Australia in 
1947. It is thought that these were primitive cnidarians, a phylum that includes jellyfish, corals, 
and sea anemones that lived in colonies. Whatever they were, they didn’t survive much beyond 
the end of the Ediacaran period. 
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THE CAMBRIAN EXPLOSION

It goes without saying that the journey from LUCA to the Ediacaran biota is 
simply marvellous, a testament to the elegant interplay between Earth’s geol-
ogy, geochemistry, and biological organisms striving to survive long enough 
to pass their genes to successive generations. And yet, if we’re in a bad mood 
and want to be picky, the truth is that all we have to show for 3.5 billion years 
of evolution are some jellyfish and few small shelled creatures, or ‘small 
shellies’.5

Hindsight is a wonderful thing. You know by virtue of the fact that you’re 
sitting here reading this book that at some stage animal life must have evolved 
a diversity and complexity that can hardly be compared with the rather simple 
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Figure  78 The full phylogenetic ‘tree of life’ published by Carl Woese and his colleagues in 
1990 includes the Eukarya, shown here on the right. Animalia (animals), Plantae (plants), and 
Fungi are kingdoms in the domain of Eukarya and are reasonably self-explanatory. However, 
you may be unfamiliar with Ciliates, a group of single-celled eukaryotes that possess hair-like 
organelles called cilia. Flagellates are eukaryote cells possessing a whip-like structure called a fla-
gellum which the organism uses to move around (think of male sperm cells). The Microsporidia 
are single-celled fungal parasites. Recall from Figure  71 that the order of branching and the 
lengths of the branches reflect the genetic ‘relatedness’ of different lifeforms based on rRNA 
sequence comparisons. This diagram was the first of its kind but has now been superseded by 
studies based on many more organisms and more gene sequences, and the details of eukaryote 
evolution are now accepted to be rather different. However, the late appearance of plants and 
animals holds firm. Adapted from Carl R. Woese, Otto Kandler, and Mark R. Wheelis, Proceedings 
of the National Academy of Sciences, 87 (1990), p. 4578.
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millimetre up to more than 70 centimetres in length, with typical sizes of 3–10 
centimetres.

However it has happened, and by whatever means, it is clear that in just 
20 million years we have come an awfully long way from jellyfish and small 
shellies.

Figure 79(c) provides a hint as to why the evolution of such designs has accel-
erated. Despite its protective carapace, this trilobite has nevertheless suffered 

Right
Pleural
Lobe

Left
Pleural
Lobe

(b)(a)

Axial
Lobe

(c)

Figure  79 (a) A  fossil trilobite from the mid-Cambrian. (b)  Schematic showing the main  
exterior parts. (c) This trilobite carries a prominent bite mark. 



(a)i (a)ii

(b)i (b)ii

(c)i (c)ii

(d)i (d)ii

Figure  80 Examples of Cambrian marine animals discovered in the fossils of the Burgess 
Shale. (a)  Hallucigenia sparsa, showing an example fossil specimen on the left and an artist’s 
reconstruction on the right. (b) Wiwaxia corrugata. (c) Opabinia regalis. (d) Anomalocaris canadensis. 
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there’s no mistaking the dramatic and very rapid decline in numbers at five 
key moments in time (marked by arrows in the figure). These mass extinctions 
come at the end of the Ordovician, towards the end of the Devonian, and the 
ends of the Permian, Triassic and Cretaceous periods.

The mass extinction at the end of the Permian is particularly stark. It seems 
that about 252 million years ago 90–95% of all marine animal life was wiped 
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Figure 81 The evolution of marine animal genera from the beginning of the Cambrian period 
to the present, deduced from the fossil record. While marine life has become more diverse over 
time (the number of genera has increased) the pattern is punctuated by a series of dramatic and 
rapid declines, corresponding to mass extinctions. The ‘big five’ mass extinctions are marked 
with arrows. Adapted from Sepkoski’s Online Genus Database: http://strata.geology.wisc.edu/
jack/ 
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Figure 82 The transition from lobe-finned fish to tetrapod was likely complex, involving the 
evolution of fins into limbs with digits, and the development of anatomical structures adapted 
to walking. The fossil record reveals a range of creatures, called tetrapodomorphs, with mor-
phologies in a spectrum ranging from tetrapod-like fish to fish-like tetrapods. Casineria was 
a fully fledged land-living tetrapod, dated to 340 million years ago. This figure has been put 
together from Figures 1, 5, and 12 in Jennifer A. Clack, Evolution: Education & Outreach, 2 (2009), 
pp. 213–223. 
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an amalgam of Laurentia (North America) and Baltica (Europe). As north-west 
Africa grinds into south-eastern Euramerica, the southern Appalachians are 
formed. Siberia collides first with the microcontinent of Khazakstania, forming 
the Altai Mountains, before drifting into Baltica and forming the Urals.

The formation of Pangaea completes about 300 million years ago, towards 
the end of the Carboniferous. It straddles the equator and extends to the poles 
(Figure 83). It was famously hypothesized by German geophysicist Alfred 
Wegener, part of his (at the time, outrageous) theory of continental drift, which 
he first advanced in 1912. He referred to it initially as the ‘Urkontinent’, meaning 
‘primal continent’. The Greek Pangaea means ‘all-lands’.

As always, there are consequences. The formation of a supercontinent causes 
sea levels to decline. The single large land mass shapes Earth’s climate, propel-
ling it towards glaciation. The Karoo ice age begins, which lowers sea levels still 
further. Atmospheric oxygen levels fall back.

Eurasia

North America

Africa

South America

India

Antarctica

Australia

Figure 83 The supercontinent of Pangaea was formed about 300 million years ago, towards 
the end of the Carboniferous. It was assembled from Gondwana (South America, Africa, India, 
Australia, and Antarctica), Euramerica—consisting of Laurentia (North America) and Baltica 
(Europe), and Siberia. It stretched from pole to pole, with much of the landmass in the southern 
hemisphere. 
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Figure 84 An approximate description of the evolution of dinosaurs, from their lowest com-
mon ancestor at the beginning of the Triassic to the end of the Cretaceous. Dinosaurs are cate-
gorized by their hip bones into saurischians (‘lizard-hipped’) and ornithischians (‘bird-hipped’). 
Although many of the various orders of dinosaur may be unfamiliar, each is illustrated with a 
more familiar genus. One exception is Pterodactylus, which is not considered to be a dinosaur 
(and is thus marked by a grey circle) but is included here to illustrate the evolution of flight.



a  s o n g  o f  i c e  a n d  f i r e

305

and other creatures that we might compare with rats, armadillos, and flying 
squirrels and Repenomamus, a badger-sized mammal that might have preyed on 
dinosaur young.

There can be little doubt that dinosaurs held all the cards and there is no rea-
son to suspect that they would not have continued to dominate the world.

Most readers will know how this chapter of the story ends. The evidence for 
an asteroid impact 66 million years ago is now largely unquestioned. It coin-
cides with the disappearance of the dinosaurs at the end of the Cretaceous and 
the beginning of the rise of mammals in the following Paleogene period.

The meek shall indeed inherit the Earth.
The notion that an asteroid impact was responsible for the mass extinction 

event at the Cretaceous-Paleogene (sometimes abbreviated as K-Pg) boundary* 
was famously advanced in 1980 by Luis Alvarez, an American physicist who 
had worked on the Manhattan Project, and his son Walter, a geologist. The K-Pg 
boundary is marked by a thin layer of clay which separates lower Cretaceous 
rock from upper Paleogene rock. In searching for radioactive isotopes suitable 

* At the time, this geological boundary was between the Cretaceous and Tertiary periods and 
referred to as the K-T boundary. The Tertiary is no longer recognized by the International Commission 
on Stratigraphy.
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Figure  85 The Chicxulub impact site, as it would appear on the late-Cretaceous Earth. 
Laurentia has now rifted from Eurasia, opening up the North Atlantic Ocean. Gondwana has 
broken up, with South America rifting from Africa to form the South Atlantic Ocean. India 
is making its way northwards to collide with southern Asia. Australia is still connected with 
Antarctica but will soon break free and head northwards.
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The warming continues, culminating in the Paleocene-Eocene Thermal 
Maximum, marked by another major excursion in the 13C/12C ratio in marine 
and terrestrial carbonate rock. Temperatures continue to rise in the early 
Eocene, before eventually falling back.

The disaster taxa have moved to occupy the newly permissive ecology of the 
Paleocene, and both birds and mammals now experience substantial adaptive 
radiations.
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Figure 86 As we get closer to the time frame of human evolution, the geological timescale 
becomes more compressed. The Phanerozoic eon begins 542  million years ago and contin-
ues to the present day. This, in turn, is divided into eras, including the Paleozoic, Mesozoic, 
and Cenozoic. We have been following events thus far in relation to the successions of periods 
within these eras, from the Cambrian to the Paleogene, Neogene, and Quaternary. We now split 
each of these latter periods of the Cenozoic into epochs—the Paleogene into Paleocene, Eocene, 
and Oligocene; the Neogene into Miocene and Pliocene, and the Quaternary into Pleistocene 
and Holocene.
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(he was born in February 1809), and the fossil primate was named Darwinius 
masillae.

That many disagreed with this conclusion wasn’t the principal cause of the 
controversy. Hurum is also widely known in Norway as a science popularizer. 
He has published several popular books on evolution and appears regularly on 
Norwegian radio and television. What angered the community most was the 
carefully orchestrated media blitz that accompanied the announcement. This 
was broadcast live by the BBC and was covered by another 40 international tel-
evision channels. Google changed its logo for the day.

It was less a scientific announcement, more a product launch. It was accom-
panied by a website,* a television documentary (called The Link), and a popu-
lar book (also called The Link, written by Colin Tudge). The documentary was 
narrated by David Attenborough and was broadcast in Britain by the BBC a 
week later.

(a) (b)

Figure 87 Hurum and his colleagues argued that fossil Ida (Darwinius masillae), image, (a) is a 
strepsirrhine primate with some of the characteristics of early haplorrhines, making it a kind of 
‘missing link’ between the two primate sub-orders. The scientific consensus is that Ida is a strep-
sirrhine related to modern lemurs with nothing to tell us about the evolution of haplorrhines 
(and monkeys and apes). 

* http://www.revealingthelink.com 

http://www.revealingthelink.com
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carbon dioxide levels are declining, perhaps exacerbated by blooms of freshwa-
ter ferns in the Arctic Ocean becoming buried in sediment. Glaciers reappear 
at both poles and the Antarctic ice sheet rapidly grows. The shifting continents 
open up the Drake Passage, as South America becomes fully detached from 
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Figure 88 The evolution of haplorrhine primates from the beginning of the Paleocene to the 
present day. As there is little fossil evidence from the Paleocene, this section of the trunk of the 
evolutionary tree is labelled with a question mark (one estimate dates the divergence of hap-
lorrhines and strepsirrhines to about 63 million years ago). The nature, location, and timing of 
these evolutionary divergences is strongly dependent on the global climate and, as temperatures 
decline from the end of the Paleocene (represented here in terms of deep ocean temperatures 
based on studies of oxygen isotope ratios), the tropical forests (and their primate inhabitants) 
retreat to Africa and parts of Asia.
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(a) (b) Height (mm)

Height (mm)

Height (mm)

5 cm

5 cm

5 cm

Extended Limb Gait

Bent Knee, Bent Hip

Laetoli Footprint

Figure  89 The Laetoli footprints (a) are approximately 3.6 million years old, caught in wet 
volcanic ash that hardened before being covered and preserved by fresh layers of ash. They are 
believed to have been made by three hominins of the species Australopithecus afarensis. (b) shows 
three-dimensional scans of experimental footprints made by a modern human walking with 
a regular, extended limb gait and with a more ape-like bent knee, bent hip gait (think chim-
panzee). Note how the ape-like gait makes much deeper depressions particularly around the 
toes. These are compared with a similar three-dimensional scan of a Laetoli footprint. The gait 
appears to be much more human-like than ape-like. Adapted from David A. Raichlen, Adam 
D. Gordon, William E. H. Harcourt-Smith, Adam D. Foster, and Wm. Randall Haas, Jr., PLoS 
ONE, 5 (2010) e9769. 

years old. Although she is formally known as AL 288-1, Johanson named her 
‘Lucy’ because at the time of her discovery the Beatles’ song Lucy in the Sky with 
Diamonds was being replayed constantly on a tape machine in their camp.

Analysis of the movements likely to have created the Laetoli footprints 
combined with the evidence from Lucy’s skeletal structure suggest that bones 
and muscles had by this time adapted to a way of walking that is distinctly 
human-like rather than ape-like.6 A  similarly aged foot discovered in South 
Africa appears to show that the big toe remains divergent, though much less so 
than in Ardipithecus. But if the feet, legs, and hips are human-like, the arms have 
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produce hand axes (called ‘Acheulian tools’, named for Saint-Acheul, a sub-
urb of Amiens in northern France, where they were first discovered in 1859). If 
the ranges of these early humans do overlap, then there can be little doubting 
which species is best adapted.

Millions of years ago

5.333 2.588 Holocene

PleistocenePliocene

5 4 3

Australopithecus amanensis

Australopithecus afarensis

Australopithecus africanus

Australopithecus sediba

Homo habilis

Homo rudolfensis

Homo erectus

Homo antecessor

Homo heidelbergensis

Homo neanderthalensis

Homo sapiens

2 1 0

Figure 90 Approximate date ranges of fossil specimens for the principal species involved in 
the story of human evolution through the Pliocene and Pleistocene.
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prominent nose and a double-arched brow ridge. I doubt that a Neanderthal 
would pass the ‘passer-by’ test.

With volumes typically 1400  cm3, their brains are on average larger than 
those of living humans, but according to some analyses they have a smaller 
frontal lobe and a larger occipital lobe (for processing visual inputs) at the back, 
perhaps adaptations that aid the kind of visual acuity needed for hunting or 
for moving around in low light levels. Brain volume alone is now no longer the 
best indicator of ‘intelligence’ and, though still very crude, we should instead 
compare the ratio of brain volume to body mass, known as the encephaliza-
tion quotient (EQ). Homo heidelbergensis has an EQ of the order of 3.4–3.8, the 
Neanderthals 4.3–4.8 and early Homo sapiens 5.3–5.4 (Figure 91).

The Neanderthals are short and stocky, with thickened bones and a power-
ful, muscular physique, well suited to the European Ice Age climate. Some are 
fair-skinned. They make a variation on stone tools called ‘Mousterian’, named 

Homo
erectus

Homo
heidelbergensis

Homo
neanderthalensis

Homo
sapiens

Figure 91 The bones never lie. Comparison of fossil skulls of Asian Homo erectus (specimen 
Sangiran 17 from Java, determined to be about 700 000 years old), African Homo heidelbergensis 
(Broken Hill 1, Zambia, about 300 000 years old), European Homo neanderthalensis (La Ferrassie 
1, France, perhaps 70 000  years old), and Asian Homo sapiens (a modern human skull from 
Polynesia).
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traced to the Neanderthals.* A small proportion of Neanderthal DNA is found 
in Denisovans and 4–6% of Denisovan DNA can be found in the DNA of mod-
ern Melanesians (natives of Vanuatu, Solomon Islands, Fiji, and Papua New 
Guinea) and Australian aborigines. It seems that Tibetans inherited genes spe-
cifically adapted for life at high altitude from Denisovan ancestors.

This rather striking evidence of interbreeding suggests that Homo sapiens does 
not simply emerge from Africa and ‘take over’, driving all other human spe-
cies to extinction. A recent re-evaluation of the fossil evidence suggests that the 
Neanderthals and Homo sapiens co-existed in Europe for 5000 years, so the dis-
placement of the Neanderthals certainly did not happen overnight.

A likely scenario is that, although the Neanderthals and Denisovans are 
well suited to cope with a climate that can be cold, harsh, and brutal at times, 
the appearance of a more innovative and adaptable species simply pushes 
them over the edge. Europe and Asia are still in the grip of a glacial period that 
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Figure  92 A  tree diagram describing the history of recent human evolution over the past 
2 million years based on both fossil evidence and DNA research, and the distribution of humans 
across Africa and Eurasia. The origin of Homo floresiensis is uncertain, but the species may have 
descended from Homo erectus or an earlier hominin species. 

* Genome studies suggest that contemporary East Asians possess 1.7–2.1% Neanderthal DNA, and 
Europeans 1.6–1.8%. See Fu et al., Nature 514 (2014), p. 448.

 



(a) (b)

(c)

Figure  93 The Kanizsa triangle, first described by Italian psychologist Gaetano Kanizsa in 
1955 (a) and the square neon colour spread (b) are examples of cognitive fiction illusions—our 
P-consciousness is tricked into perceiving geometrical objects that aren’t there. Descartes 
argued that his senses cannot be trusted to deliver a faithful representation of the external phys-
ical world. He went on to argue that mind and body are distinct and separate substances, capa-
ble of independent existence. He identified the pineal gland at the centre of the brain as the ‘seat’ 
of consciousness, the place where the unphysical mind interacts with the physical brain (c). 
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The brain is obliged to work in a distributed manner. For a time it was 
thought that we would find memories stored in a specific location, as ‘engrams’ 
in the brain’s equivalent of random access memory, or RAM. But we now know 
that this is not how memories work. The sight and smell of a red rose are stored 
in those parts of the brain that handle vision and smell and which were involved 
in the original P-consciousness experience. Recalling its memory involves 
triggering the same parts of the brain and so ‘re-experiencing’ it. Penfield and 
his colleagues would not have been aware that other parts of the brain were 
involved as they stimulated patients’ memories by applying their electrodes on 
selected surface areas.

In fact, memories seem not much different from thoughts. British psycholo-
gist Alan Baddeley has proposed a model of short-term ‘working memory’ 
involving separate, distributed subsystems which hold visuo-spatial and verbal 
information and a kind of ‘central executive’ which coordinates and integrates 
this information and retrieves memories.

It works well enough, but it’s hardly optimal. It’s more Heath Robinson (or 
Rube Goldberg for American readers) than Frank Lloyd Wright, with function 
following form rather than the other way around. I doubt that the brain would 
win any design or systems architecture awards.

(a) (b)
Motor
cortex Parietal

lobe

Occipital
lobe

Temporal lobe

Orbitofrontal complex

Frontol
lobe

Spatial awarenessTouch and movement

Smell

Hearing Co-ordination

Vision

Taste

Figure 94 I had cause to have an MRI scan in August 2013, (a). This image shows the bilateral 
symmetry of my brain, with near-equal left and right hemispheres, and some hints of structure 
(called the limbic system) in the centre. Neuroscientists have mapped those parts of the brain 
cortex that are involved in sensory perception of the kind involved in P-consciousness (b). Much 
of the cortex is deployed in the tasks of sensing the external physical world, with the frontal lobe 
involved in higher-level processing of the kind required by A-consciousness. 



(a)

(b)

Figure  95 Phineas Gage, pictured here (a) in a daguerreotype, suffered a terrible injury in 
1848 while working for the Rutland and Burlington Railroad. An iron rod was blasted up 
through his left cheek, through his brain’s frontal lobe and out the top of his head. Computer 
simulations performed some 120 years later (b) allowed Antonio Damasio and his colleagues to 
determine which parts of his brain had been damaged. Gage survived the accident, but damage 
to his frontal lobe changed his personality. 
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For a long time the Great Leap Forward appeared to be a specifically European 
development, reflecting what some paleoanthropologists perceived as a rather 
Euro-centric bias in the reading of the archaeological record. American anthro-
pologists Sally McBrearty and Alison Brooks, at the University of Cincinnati 
and George Washington University, respectively, published an influential paper 
in 2000 which attempted to set the record straight.7 But the simple truth is that 
for a long time the prime examples of a flourishing human creativity were all 
European.

That changed in October 2014 with the publication in Nature of evidence of 
paintings discovered in a cave system on the Indonesian island of Sulawesi.8 

(a) (c)

(b) (d)

Figure  96 (a) Markings in red ochre (an iron-rich mineral) are thought to be the earliest 
examples of abstract expression by humans. Examples were discovered in Blombos Cave in 
South Africa and are between 70 000 and 100 000 years old. After the Great Leap Forward, 
thought to have occurred between 40 000 and 50 000 years ago, such expression reaches new 
heights, for example in paintings found in Chauvet Cave in southern France (b), determined to 
be 35 000 years old. Although most of the examples of this flowering of human creativity are 
found in Europe, examples have recently been discovered in Asia, such as these hand stencils 
found in a cave system in Sulawesi, Indonesia (c). Ritual burials at Sungir in Russia, dated at 
28 000 to 30 000 years old, show rapidly developing craftwork (d). This adult male was bur-
ied in clothing decorated with 3000 beads. 
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APPENDIX 

Powers of Ten

The scientific story of creation inevitably involves some mind-boggling numbers, 
large and small. To avoid a wearisome repetition of numbers in the millions of bil-
lions of trillions or thousandths of millionths of billionths, scientists express these 
numbers as powers of ten. If this way of expressing large and small numbers is unfa-
miliar, this appendix provides a handy reference.

table 3: Positive powers of ten

Number Name Power of Ten Prefix Symbol

1 One 100

10 Ten 101 deca da

100 Hundred 102 hecto h

1000 Thousand 103 kilo k

1 000 000 Million 106 mega M

1 000 000 000 Billion 109 giga G

1 000 000 000 000 Trillion 1012 terra T

The speed of light, c, is measured to be 299 792 458 metres per second, which we can write as 

299.792458 million metres per second or 2.99792458 × 108 metres per second.
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table 4: Negative powers of ten

Number Name Power of Ten Prefix Symbol

0.1 Tenth 10−1 deci d

0.01 Hundredth 10−2 centi c

0.001 Thousandth 10−3 milli m

0.000001 Millionth 10−6 micro μ

0.000000001 Billionth 10−9 nano n

0.000000000001 Trillionth 10−12 pico p

Excited hydrogen atoms emit red light with a wavelength of 656.28 nanometres (this is the 

so-called Hα line). We can re-express this number as 656.28 billionths of a metre, 656.28 × 10−9 

metres or 6.5628 x 10−11 metres.
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allows you to input the latest values of the cosmological parameters and calculate a 
variety of things, including the age for any specific value of z.

 6 The cosmic scale factor, usually given the symbol a(t), is a measure of the relative size 
of the universe at time t compared to the present, for which a(now) = 1. It can be deter-
mined from the redshift z according to the equation a(t) = 1/(1 + z). So, a Type Ia super-
nova with a redshift z = 1 corresponds to a scale factor of 0.5, or 50% of the current size 
of the universe.

 7 Adam G.  Reiss, Alexei V.  Filippenko, Peter Challis, Alejandro Clocchiatti, Alan 
Diercks, Peter M.  Garnavich, et  al., The Astronomical Journal, 116, September 1998, 
p. 1009. The italics are mine.

 8 Brian Schmidt, quoted in Panek, p. 240.

CHAPTER 6: SOL

 1 Ernst Zinner, Science, 300 (2003), pp. 265–7.
 2 S. Mostefaoui, G. W. Lugmair, P. Hoppe, and A. El Goresy, Lunar and Planetary Science, 

XXXIV (2003), Abstract 1585. Note that since this work, a new measurement of the 
half-life of 60Fe has been reported, see: G. Rugel, T. Faestermann, K. Knie, G. Korschinek, 
M. Poutivtsev, D. Schumann, et al., Physical Review Letters, 103 (2009), 072502.

 3 M. Gritschneder, D. N. C. Lin, S. D. Murray, Q.-Z. Yin, and M.-N. Gong, astro-phSR /  
1111.0012v1, 31 October 2011.

 4 Emanuel Swedenborg, The Principia, Volume II, translated by J. R. Rendell and I. 
Tansley, The Swedenborg Society, London, 1912, p. 183, quoted in Gregory L. Baker, The 
Physics Teacher, October 1983, p. 444.

 5 The angular momentum of a rotating object (usually given the symbol L) can be cal-
culated by multiplying the moment of inertia (I) with the angular speed of rotation 
(ω), or L = Iω. We can obtain ω from the period of rotation (T, the time taken for one 
complete rotation), since ω = 2π/T, in units of radians per second. The formula for I dif-
fers for different physical systems, but these can be looked up in a textbook or online 
(e.g. see http://en.wikipedia.org/wiki/List_of_moments_of_inertia). For a point mass 
rotating about a central point, I is equal to the mass of the object, m, multiplied by the 
square of the distance between the object and the centre of rotation, r, or I = mr2. So, 
for the orbital motions of the planets around the Sun we have L = Iω = 2πmr2/T. We can 
now look up values of the masses, orbital radii, and orbital periods of the planets and 
use these to calculate L. We get the following:

Mass Orbital Radius Orbital Period L % of Total L

1024kg 106km Days 1043kgm2/s

Mercury 0.33 57.91 87.97 0.0001 0.00%

Venus 4.87 108.21 224.70 0.0018 0.06%

Earth 5.97 149.51 365.26 0.0027 0.08%

Mars 0.64 227.94 686.97 0.0004 0.01%

(continued)

 

http://en.wikipedia.org/wiki/List_of_moments_of_inertia
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Note that in performing these calculations, we need to turn kilometres into metres 

and days into seconds. For a uniform solid sphere, I mr=
2
5

2





 and so for the spin 

motion of the Sun around its axis we have L=
4
5

/ T2π



 mr . If we look up the values of 

the mass, radius, and sidereal rotation period of the Sun we get:

The total angular momentum of the solar system is the sum of these values of L and 
is equal to 3.25 × 1043 kgm2/s. These calculations show that although the Sun accounts 
for 99.9% of the total mass of the solar system, it has only 3.4 per cent of the total angu-
lar momentum.

We can ask what the rotation period of the Sun would need to be in order for it 
to account for 99.9% of the total angular momentum. In this case, the total angu-
lar momentum of the eight planets (3.14 × 1043 kgm2/s) accounts for just 0.1% of the 
total, requiring the Sun to have L = 3.15 × 1046 kgm2/s. Rearranging the equation for 

L gives T=
4
5

/ L2π



 mr , from which we deduce that T would need to be 77 seconds.

 6 The relationship between luminosity and surface temperature is given by 
L R Teff= 4 2 4π σ , where L is the luminosity of the star, R is the radius, Teff is the effective 

surface temperature and σ is the Stefan–Boltzmann constant, a constant of propor-
tionality between the energy radiated by a black body per unit surface area and its 
temperature, with a value of about 5.67 × 108 Wm−2T−4.

CHAPTER 7: TERRA FIRMA

 1 See, for example, Anne M. Hofmeister, and Robert E. Criss, Planetary and Space Science, 
62 (2012), p. 111.

Mass Radius Rotation Period L % of Total L

1024kg 106km Days 1043kgm2/s

Sun 1.99 × 106 0.70 25.05 0.1120 3.44%

Mass Orbital Radius Orbital Period L % of Total L

1024kg 106km Days 1043kgm2/s

Jupiter 1868.60 778.57 4332.59 1.9012 58.44%

Saturn 586.46 1,433.45 10,579.22 0.8145 25.04%

Uranus 86.81 2876.68 30,799.10 0.1696 5.21%

Neptune 102.43 4503.44 60,193.03 0.2510 7.71%

 (continued)
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 4 The system and conventions that biologists use to classify all the different forms of 
life that we know of is called biological taxonomy. It has its origins in the taxonomy 
developed in 1735 by the great Swedish botanist Carolus Linnaeus and its modern 
form is presented in a simplified representation shown in Figure 97, which shows a 
sequence of taxonomic ranks starting with domain (of which, as we know, there are 
three—Bacteria, Archaea, and Eukarya) and ending with species. The simple fact that 
we need six ranks between top and bottom tells you everything you need to know 
about the diversity and complexity of life on Earth.

Lying beneath domain is the second taxonomic rank of kingdom. Within the 
domain of Eukarya (the domain of all life based on complex eukaryote cells) there are 
four kingdoms—Protists (a very diverse group of eukaryote microorganisms), Fungi, 
Animalia (animals), and Plantae (plants).

Each of these has one or more phyla. Biologists would classify life forms to differ-
ent phyla based on the notion of a ‘body plan’. We can think of this as the large-scale 
structure of the organisms in terms of the nature and placement of their body parts, 
their morphology (size, shape, pattern, colour) and their physiology (for example, did 
they crawl on four legs or walk on two?). Today, genetic sequencing provides a much 
more reliable measure of the ‘relatedness’ of different phyla, sometimes throwing up 
distinct genetic differences between seemingly similar forms while tying together 
seemingly very different forms.

EukaryaDomain

Kingdom

Phylum

Class

Order

Family

Genus

Species

Chordata PoriferaMolluscArthropoda Cnidaria

MammaliaReptilia AvesAmphibia

Primates Carninvora

Lemuridae

PongoGorillaPan

TarsiidaeAotidae

RodentiaMacroscelidea

Hominidae

Homo

Homo sapiens

AnimaliaProtista Fungi Plantae

Figure 97 The system of biological taxonomy from Domain to Species.




