Notes

Where Is Everybody?
1

Pg 1 reading the works of Isaac Asimov The American author Isaac Asimov
(1920–1992) was one of the 20th century’s most prolific authors. He wrote
on a vast number of topics—from the Bible to Shakespeare—but it was his
science books, both fiction and non-fiction, that had the most impact on me.
For a memoir, written towards the end of his life, see Asimov (1994).

2

Pg 1 appeared in successive issues The “pro-Fermi” article, by the American
geologist and science fiction writer Stephen Lee Gillett (1953–), appeared in
the August 1984 issue of Asimov’s. The rebuttal, by the American scientist
and author Robert A. Freitas Jr (1952–), appeared in the September issue. A
few years later, Gillett expanded upon his original article and pointed out a
different interpretation of the “lemming paradox” introduced by Freitas and
discussed here on page 2. If Earth were empty except for lemmings then the
creatures would be everywhere; but Earth teems with other living things, which
out-compete lemmings and limit their spread. The correct conclusion to draw
from the non-observation of lemmings is that Earth has an abundance of living
species competing for resources (which we knew anyway, because we see life all
around us). When we look into space, however, we see nothing that indicates
the presence of life.
3

Pg 5 latest cosmological measurements The WMAP and Planck space missions have tied down the key numbers describing our universe. For details see,
for example, NASA (2012) and ESA (2014).

The Physicist Enrico Fermi
4

Pg 10 precocious ability in mathematics For details of Fermi’s life I
consulted two sources: a biography written by his wife Laura (Fermi 1954); and
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a readable account of Fermi’s life in physics, written by Emilio Segré (1905–
1989), a friend, student and collaborator of Fermi (Segré 1970). Segré himself
won the Nobel Prize for physics in 1959. A symposium held in Chicago in 2001
to commemorate the centenary of Fermi’s birth highlighted the sheer breadth
of his impact on physics; the proceedings were later published (Cronin 2004).
5

Pg 10 quickly outstripped his teachers Luigi Puccianti (1875–1952),
Fermi’s teacher, was the director of the physics laboratory at the Scuola Normale
Superiore in Pisa. According to Laura’s account (Fermi 1954) Puccianti asked
the young Fermi to teach him relativity. “You are a lucid thinker”, Puccianti
said, “and I can always understand what you explain”.

6

Pg 13 pile went critical The man in overall charge of the project that aimed
to achieve the first self-sustaining nuclear reaction was Arthur Holly Compton
(1892–1962), an American physicist who won a Nobel prize for his work in
subatomic physics. When it was clear Fermi had attained the goal, Compton
telephoned James Bryant Conant (1893–1978), the President of Harvard University. The telephone call was cryptic: “Jim, you’ll be interested to know that
the Italian navigator has just landed in the new world”. See Compton (1956)
for details of the project.

Paradox
7

Pg 13 word paradox comes from See Poundstone (1988) for an entertaining
and readable book dealing with a variety of paradoxes. As well as those I discuss
here, you can read about Russell’s barber paradox, Newcomb’s psychic paradox
and many others—but not the Fermi paradox.
8

Pg 14 Rapoport once remarked The Russian-born biomathematician Anatol Rapoport (1911–2007) is known for his work in a variety of fields, including
the analysis of a famous mathematical paradox: the prisoner’s dilemma. For a
short, readable introduction to this paradox, see Rapoport (1967).
9

Pg 15 intentional vagueness Our word “sorites” comes from the Greek
word soros meaning “heap”, since it was first used in the type of reasoning
described in the text. (In other words, one grain of sand doesn’t make a heap;
if one grain of sand doesn’t make a heap, then neither do two grains; and so
on ad infinitum.) See Williamson (1994) for a comprehensive account of the
sorites paradox.
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10

Pg 15 raven paradox The raven paradox was developed by the Germanborn philosopher Carl Gustav Hempel (1905–1997), one of the leaders of the
logical positivist movement. The paradox first appeared in Hempel (1945a, b).
11

Pg 16 generated a huge literature The paradox of the unexpected hanging
was first noticed by the Swedish mathematician Lennart Ekbom when he heard
the following wartime announcement by the Swedish Broadcasting Company:
“A civil defense exercise will be held this week. In order to make sure that
the civil defense units are properly prepared, no-one will know in advance on
what day this exercise will take place.” For more details on this paradox, see
Gardner (1969). Although Martin Gardner (1914–2010) was best known for
his mathematics columns in Scientific American, he trained as a philosopher
and published scholarly articles on paradox.
12

Pg 17 fact of interstellar travel Although the twin paradox involves Einstein’s special theory of relativity, Einstein himself of course understood his
own theory well enough not to present this phenomenon as a paradox. However, although Einstein was also one of the founders of quantum theory, he
was less sure of his ground in this field. He and his co-workers Boris Podolsky
(1896–1966) and Nathan Rosen (1909–1995) constructed a marvelously subtle argument (now called the EPR paradox) intended to prove that quantum
physics is incomplete. Again, a full analysis shows there is no paradox—but
at the expense of introducing a “spooky” (Einstein’s own word) phenomenon
called entanglement. The EPR result tells us that everything we have ever
touched is invisibly tied to us by the weird rules of quantum theory. Clear
accounts of the EPR paradox can be found in Mermin (1990) and Gribbin
(1996). The paradox was originally described in Einstein et al. (1935).
13

Pg 17 first proposed in 2012 The paper that proposed the firewall paradox
was available as a preprint in 2012, and appeared in print the following year.
See Almheiri et al. (2013).

14

15

Pg 18 proposed an idea See for example Webb (2004).

Pg 19 named after Heinrich Olbers The dark-sky paradox was named after the German astronomer Heinrich Wilhelm Matthäus Olbers (1758–1840),
but several other astronomers, including most notably Johann Kepler (1571–
1630) and Edmond Halley (1656–1742), had considered the problem before

342

If the Universe Is Teeming with Aliens . . . WHERE IS EVERYBODY?

Olbers published his analysis in 1826. See Harrison (1987) for a thorough,
elegantly written discussion of Olbers’ paradox, including the early history of
the question of why the sky is dark at night.

The Fermi Paradox
16

Pg 21 whose report I draw heavily upon Eric Jones, an astronomer who
spent most of his career at Los Alamos, contacted Emil John Konopinski
(1911–1990), Edward Teller (1908–2003) and Herbert Frank York (1921–
2009), Fermi’s luncheon companions on the day he asked his famous question,
and requested them to record their recollections of the incident. He published their accounts in Jones (1985). During the early 1950s, the Americans
Konopinski and York were both involved in theoretical work on the development of nuclear weapons, as was the Hungarian-born Teller (who has been
described as “the father of the H-bomb”). All three of them would have enjoyed
Fermi’s input into their discussions on nuclear physics.

17

Pg 24 after the radio astronomer The American astronomer Frank Donald
Drake (1930–) was the first person in history to use a radio telescope to search
for ETCs. A fascinating account of what led him to a life in astronomy, and
of the prospects for finding ETI, can be found in Drake and Sobel (1991).

18

Pg 26 formulate the argument as a paradox See for example Haqq-Misra
and Baum (2009) or Prantzos (2013).

19

Pg 26 a scientific visionary The Russian author and philosopher Konstantin Eduardovich Tsiolkovsky (1857–1935) was born into a poor family
in the eastern city of Izhevsk. From the age of nine he suffered almost total
deafness following a streptococcus infection. Nevertheless, he educated himself and studied chemistry and physics. As early as 1898 he explained the need
for liquid-fueled rockets for spaceflight, and in his 1920 SF novel Beyond the
Earth he described how people would live in orbiting colonies. He promoted
his ideas on extraterrestrial life in two essays entitled “There are also planets around other suns” (dated 1934) and “The planets are occupied by living
beings” (dated 1933). For a description of Tsiolkovsky’s philosophy and his
anticipation of the Fermi paradox, see Lytkin et al. (1995).

20

Pg 27 clearly stated the dilemma See Viewing (1975).
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21

Pg 27 a 1975 paper See Hart (1975). It was this paper more than any other,
I believe, that generated widespread interest in the Fermi paradox.
22

Pg 28 the House of Lords Lord Douglas of Barloch (1889–1980) suggested
(Douglas 1977) that the number of evolutionary steps leading from primitive
life to intelligence was so large that the probability of it happening elsewhere
was infinitesimal.

23

Pg 28 Tipler reasoned The American mathematical physicist Frank Jennings Tipler III (1947–) has published several popular articles on the use of
probes to colonize the Galaxy. See, for example, Tipler (1980).

24

Pg 28 coolest and best summary Glen David Brin (1950–) trained as
an astronomer, but is much better known as an award-winning SF writer. His
article on the “Great Silence” (Brin 1983) remains one of the clearest treatments
of the subject. In a popular article (Brin 1985) he gives a brief treatment of 24
possible solutions to the Fermi paradox.

25

Pg 28 proceedings were published See Zuckerman and Hart (1995). The
updated second edition of this very readable book is easier to obtain than the
first.
26

Pg 28 the probability of extraterrestrial life is 1 See Aczel (1998) for a
breezy account suggesting that the sheer number of stars in the universe means
there must be life elsewhere: give something enough of a chance to happen and
eventually it will. However, many readers may find the arguments leading to
this conclusion unconvincing.

27

Pg 28 Smolin wrote that See Smolin (1997).

28

Pg 28 Gould wrote that See Gould (1985).

29

Pg 28 and the economist Mention of economists reminds me of a proof of
the non-existence of time travelers that employs Fermi paradox-like reasoning
(Reinganum 1986–7): if time travelers existed, then interest rates would not
be positive! In fact, if people could travel back in time, then interest rates
would have to be 0%—otherwise savers could use banks as bottomless ATM
machines. Savers could simply travel back in time a few thousand years, deposit
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a few dollars, then return to the present; compound interest on even a small
sum would guarantee riches.
30

Pg 29 the acid test of experiment A good example of the need for experiment was Tipler’s argument that, in the distant future, we will all be resurrected
in software by a God-like intelligence (Tipler 1994). His argument rested on
the universe possessing certain cosmological properties; modern observations
seem to exclude these properties and thus at least the initial version of Tipler’s
theory. We wouldn’t know this, however, unless astronomers had looked.

They Are Here and They Call Themselves Hungarians
31

Pg 32 The joke originated McPhee (1973) ascribes the “theory” that Hungarians are descended from Martians to Leo Szilard, who would have been one
of the Martians. However, a posthumously published letter (Morrison 2011)
provides a slightly different—and more likely—account of the tale.
32

Pg 32 a formidable array of intellect The five “Martians” mentioned in
the text did indeed constitute an extraordinary grouping of talent. Edward
Teller has already been mentioned in a previous note. Leo Szilard (1898–
1964) made contributions to molecular biology as well as nuclear physics—and
also invented a novel type of home refrigerator; his co-inventor was Einstein!
(See Lanoutte (1994) for a good biography of Szilard.) Eugene Paul Wigner
(1902–1995) was one of the leading experts in quantum theory. John von Neumann (1903–1957) was hugely influential and made immense contributions
in a number of fields. Theodore von Kármán (1881–1963) was one of the
world’s foremost aeronautical engineers. All five were born in Budapest. Another physicist born in Budapest around the same time, although he never
worked at Los Alamos, was Dennis Gabor (1900–1979); he was awarded
the Nobel prize for his invention of holography. The radiochemist George
de Hevesy (1885–1966) was awarded the 1943 Nobel prize in chemistry; he
too was born in Budapest. Such a grouping of talent is rare, but probably not
unique. Other pockets of brilliance have occurred from time to time. For example, the 1979 Nobel prize-winning particle theorists Sheldon Lee Glashow
(1932–) and Steven Weinberg (1933–), who worked independently on electroweak unification, were in the same class at the Bronx High School of Science.
Also in the class was Gerald Feinberg (1933–1992), who developed the idea of
the tachyon. In addition to Glashow and Weinberg, the Bronx High School has
produced three other Nobel prize-winning physicists! A rather more sinister
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constellation of people occurred in 1913 in Vienna, the capital of the AustroHungarian Empire: Adolf Hitler, Joseph Stalin, Joseph Tito, Leon Trotsky and
Sigmund Freud all lived within a couple of miles of each other. Coincidences
happen.

They Are Here and They Call Themselves Politicians
33

Pg 34 According to Icke See, for example, Icke (1999). Icke’s was once a
well known face on English TV so when I learned about his beliefs I found
myself compelled to read one of his books. The book I chose started out badly,
rapidly descended to that curious level where something is so bad it’s good,
but unfortunately continued its descent so that after a few pages I could take
no more.

34

Pg 34 members of President Obama’s administration See Citizen Hearing on Disclosure (2013) for details of Hellyer’s testimony, along with that of
39 other witnesses.

35

Pg 34 local election success At the time of writing, Parkes represents the
Stakesby Ward of Whitby Town Council. For details of the 2012 election
results, see Scarborough Borough Council (2012). An internet search for Parkes
will provide links to several television appearances in which he discusses his
dealings with “Mantid” aliens.
36

Pg 35 take them seriously See Nasar (1994) for a thought-provoking biography of the mathematician John Forbes Nash, Jr (1928–), published at
around the same time as Nash was awarded the Nobel prize for economics.

They Are Throwing Stones at Radivoje Lajic
37

Pg 35 book on materials science See Miodownik (2013). I know of only
one other popular book on materials science that is better than Miodownik’s
Stuff Matters, and that’s the classic New Science of Strong Materials or Why You
Don’t Fall Through the Floor (Gordon 1991).
38

Pg 35 about 100,000 meteorites See Brown et al. (2002) for an estimate
of the rate at which small objects strike Earth. Although any particular square
meter of Earth is unlikely to be struck by a meteorite during any given year,
there’s at least one well documented case of an extraterrestrial object striking
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a human. The Sylacauga meteorite fell in Alabama on 30 November 1954; a
fragment crashed through a roof, bounced off a wooden cabinet radio, and
struck Ann Hodges on the hip while she slept on a couch.
39

Pg 35 lost their ticket See Guardian (2001) for the story of the couple who
failed to claim their winnings in time.
40

Pg 36 student called Martin Andrews For one of the earliest mentions of
Gorman’s fake story see Digital Spy (2013). A quick internet search will be
sufficient to demonstrate how the story mutated.

They Are Watching Us from UFOs
41

Pg 37 strange lights in the sky Ezekiel 1:4–28 contains a description of a
wheel in the sky that some have chosen to interpret as a flying saucer. The interpretation of apocalyptic writings is notoriously difficult, but it’s probably fair
to say that the prophet Ezekiel wasn’t describing a physical event. Depending
upon one’s outlook on these things, he could have been describing a message
from God or he might have eaten some funny mushrooms.
42

Pg 37 flying his private plane Kenneth Arnold (1915–1984) wrote about
his sighting in The Coming of the Saucers (Arnold 1952).
43

Pg 37 As surveys consistently show Many surveys have examined peoples’
attitudes to UFOs over the past few decades. Depending on the precise nature
of the question asked, the percentage of Americans professing to a belief in
the existence of UFOs—which presumably equates to a belief in the existence
of extraterrestrial spacecraft—generally ranges between 30 and 50%. For the
results of a recent survey see, for example, Harris Interactive (2013).
44

Pg 38 coined by Edward Ruppelt The relatively early death of Edward J.
Ruppelt (1922–1959), due to a heart attack, sadly but inevitably sparked more
than a few conspiracy theories. A biography of Ruppelt, and a discussion of
the 1950s UFO phenomenon from the point of view of “ufologists”, is given
in Hall and Connors (2000).

45

Pg 39 noted skeptic Robert Sheaffer Many books have been written in
support of the thesis that UFOs are alien spacecraft; skeptical approaches
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are much less common. One of the clearest skeptical essays on the UFO
phenomenon is in Sheaffer (1995).
46

Pg 41 we should use Occam’s razor The law of parsimony—the principle
which states that entities are not to be multiplied beyond necessity—must have
been invoked by numerous philosophers and scientists before the 14th century.
But William of Occam (1284–1347) applied the principle so frequently and
so sharply that it became known as Occam’s razor.

They Were Here and Left Evidence of Their Presence
47

Pg 42 footprints of alien technology See Davies (2012) for a discussion
of “astroforensics” and the difficulties involved in searching for traces of past
alien activity. In addition to his technical physics writing, Paul Davies is an
outstanding writer of popular science; see for example Davies (2010) for some
beautifully clear explanations of the Great Silence.
48

Pg 42 traces that might yet survive We can try to get a handle on the
present traces of possible past technological activity by asking what elements
of our current civilization might survive into the far future. If every person died
tomorrow, what evidence that our species had once walked the Earth would
survive for a million years? Or ten million years? Or longer? See Weisman
(2007) for a popular-level account of the question; a more scientific account,
written by a geologist, can be found in Zalasiewicz (2009).

49

Pg 42 the Oklo reactor See Meshik (2005) for a clear, non-technical
discussion of the Oklo reactor.

50

Pg 44 famous for a series of books Erich Anton von Däniken (1935–), a
Swiss author, wrote his most famous book, Chariots of the Gods, when he was
working as a hotel manager. He followed it up with titles such as The Gold of
the Gods and The Return of the Gods (see von Däniken 1969, 1972, 1997). For
an excellent and entertaining discussion of why these books are wrong-headed,
see Story (1976).

51

Pg 45 covered them See Crawford et al. (2008) for a related problem: the
survivability and detectability of terrestrial meteorites on the Moon.
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52

Pg 45 past extraterrestrial visitations See Davies and Wagner (2013) for
a strategy that could be employed to search for alien artefacts on the Moon.
53

Pg 45 a bridge Six decades on it seems strange to us that anyone would
claim to have observed a bridge on the Moon, but the Welsh astronomer Hugh
Percy Wilkins (1896–1960) was a fine observer. He produced some excellent
maps of the near side of the Moon, and was honored in 1961 by having a
57-km diameter lunar crater named after him.
54

Pg 46 where might we find them For a treatment of how we might
search for Earth-observing probes, see Freitas and Valdes (1980) and Freitas (1983a, b).

55

Pg 46 view the entire planet from space The idea that a probe might
observe Earth over a period of millennia is not so outlandish. Even with our
present level of technology, the KEO project plans to put a passive satellite in
orbit 1400 km above Earth’s surface and have it stay in orbit for 50,000 years.
The project was the brainchild of French artist Jean-Marc Phillipe (1939–
2008), who came up with the idea in 1994. Phillipe hoped to send a message
to our descendants, just as the cave artists of Lascaux sent a message to us. The
information was to be encoded on radiation-resistant DVDs, and there would
be symbolic instructions in several formats to show any future finders how to
build a suitable reader. The current planned launch date is 2015, although at
the time of writing it’s far from clear that this will be achieved (the launch
was initially planned for 2003, but has been delayed several times). See KEO
(2014).
56

Pg 46 best known are the Lagrangian points The Italian–French mathematician Joseph-Louis Lagrange (1736–1813) was undoubtedly one of the
greatest mathematicians of the 18th century. Perhaps his most important astronomical investigations concerned calculations of the libration of the Moon
and of the orbits of the planets. For a brief biography of Lagrange, see Rouse
Ball (1908).

57

Pg 48 not provide the stable vantage point Lissauer and Chambers (2008)
ran a series of numerical simulations that showed how the gravitational influence of the planets, when combined with the much larger influence of the Sun,
are enough to destabilize the orbits on a timescale of a few million years.
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58

Pg 48 A more prosaic explanation An explanation of LDEs was given
by Lawton and Newton (1974). Their paper responded to the hypothesis
presented at length by Lunan (1974) that LDEs were evidence of ETC probes
at L4 or L5. See Faizullin (2010) for a different take on the issue.
59

Pg 48 long been thought to be home to life For an excellent account of
observations of Mars, see Sheehan (1996).

60

Pg 49 in a series of observations beginning in 1877 The Italian astronomer Giovanni Virginio Schiaparelli (1835–1910), director of the observatory at the Brera Palace in Milan, made important observations of meteors
and comets before turning his attention to the planets. He wasn’t the first to
record channels on Mars; the first true map of Mars, published in 1830 by
the German astronomers Wilhelm Beer (1797–1850) and Johann Heinrich
von Mädler (1794–1874), contains at least one feature that seems to be a
channel. Nevertheless, Schiaparelli so popularized the idea of canali that they
became the defining theme of Mars. Perhaps the most famous of the stories that
tapped into the public’s subsequent fascination with the red planet was War of
the Worlds (Wells 1898) by English author Herbert George Wells (1866–1946).
61

Pg 49 Lowell also saw Percival Lowell (1855–1916) came from a wealthy
Boston family and only took up astronomy in earnest at the relatively late
age of 40. He achieved a lot in science, despite his late start: he had the
determination to initiate the search for a planet beyond Neptune, and the
Lowell Observatory in Arizona is named after him. However, he’ll always be
associated with his ideas concerning Mars. For an interesting article about
Lowell, see Zahnle (2001).
62

Pg 49 in the early 1960s The Ukrainian astrophysicist Josif Samuelevich
Shklovsky (1916–1985) is best known for his explanation of continuum radiation from the Crab Nebula, but he also made important contributions in
cosmic ray astronomy and on the distance scale for planetary nebulae. His popular book Intelligent Life in the Universe, which Carl Sagan had translated from
the Russian and then expanded upon, is a classic in the field (Shklovsky and
Sagan 1966). The American astronomer Bevan P. Sharpless (1904–1950), on
whose observations Shklovsky based his suggestion regarding Phobos, worked
at the US Naval Observatory; poor health hampered his work throughout his
career and he died early. The fifth largest crater on Phobos is named after him.
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63

Pg 49 Salisbury pointed out The German-born astronomer Heinrich
Louis d’Arrest (1822–1875), who became director of the Copenhagen Observatory, mounted a thorough search for Martian moons in 1862. However,
it was the American astronomer Asaph Hall (1829–1907) who discovered the
moons in 1877 (see Sheehan 1996 for further details). The reason Hall found
them and d’Arrest did not is simple: the Martian satellites are much closer
to the planet than d’Arrest thought possible. Hall looked in the right place;
d’Arrest did not. Thus, the suggestion by American biologist Frank Boyer
Salisbury (1926–) that Phobos and Deimos were artificial satellites launched
between 1862–1877 is unnecessary.

64

Pg 53 but no human face The Cydonian “face” was first pointed out in
1977 by American electrical engineer Vincent DiPietro. The view that the face
is artificial has been championed most strongly by the American writer Richard
C. Hoagland (1945–). See, for example, Hoagland (1987). See Hancock et al.
(1998) for another book in similar vein. For a refreshingly sane article about
the face, see Gardner (1985).
65

Pg 54 Papagiannis argued The Greek–American astronomer Michael
Demetrius Papagiannis (1932–1998) was the first president of the International Astronomical Union’s commission on bioastronomy. See Papagiannis
(1978) for his suggestion regarding hiding places for colonies in the Asteroid
Belt. Kecskes (2002) offers reasons why humanity might end up as “asteroid
dwellers”. Is this another solution to the paradox: ETCs choose to colonize
not space, which is difficult, but their home system’s Asteroid Belt?

66

Pg 54 mine the asteroids for natural resources There has been discussion
about the possibility of mining the asteroids for various minerals; however, it
might turn out that such activity is prohibitively expensive. See Elvis (2014).
67

Pg 54 the result of an astroengineering project See Stephenson (1978).

68

Pg 55 Loeb and Turner showed See Loeb and Turner (2012) for a discussion of how it would be possible to search for artificially illuminated objects
in the outer Solar System.

69

Pg 55 a professor of electrical engineering The first paper to calculate the
minimum distance for the Sun’s gravitational lens was von Eshleman (1979).
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70

Pg 56 Maccone, who perhaps more than anyone For more on the possibility of exploiting the Sun as a gravitational lens, see Maccone (1994, 2000,
2009, 2011, 2013) and Maccone and Piantà (1997).

71

Pg 56 the Belgian astrophysicist Michaël Gillon For details of the argument that SETI could do worse than focusing on the solar focus, see Gillon
(2014).

72

Pg 56 spectacular observatories In Webb (2012) I give an account of the
many observatories that have recently come on line or are in the planning stage.
73

Pg 57 can’t rule out the possibility See Haqq-Misra and Kopparapu
(2012) for an in-depth discussion of why it’s difficult to assert that there are
no small (say, 1–10 m) probes in the Solar System. They argue that searching
the Solar System at the spatial resolution required to detect a 1–10 m probe is
analogous to searching for a needle in a 1000-ton haystack.

74

Pg 57 has yet been uncovered See Freitas (1983, 1985).

75

Pg 58 embed some sort of signal See shCherbak and Makukov (2013) for
the claim that a signal is embedded in the terrestrial genetic code.

76

Pg 58 a few investigations have been performed See Yokoo and Oshima
(1979).

They Exist and They Are Us−We Are All Aliens!
77

Pg 59 dates back to Anaxagoras. Anaxagoras (c. 500–428 BC), one of the
greatest of Greek philosophers and the teacher of Socrates, spoke of the “seeds
of life” from which spring all organisms. See O’Leary (2008).
78

Pg 59 a book by Arrhenius The Swedish chemist Svante August Arrhenius
(1859–1927) is best known as the man who helped lay the foundations of
modern physical chemistry. His book Worlds in the Making popularized the
notion that life on Earth might have arrived from space. See Arrhenius (1908).
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79

Pg 60 mass outbreaks of disease The astronomers Fred Hoyle (1915–
2001) and Nalin Chandra Wickramasinghe (1939–) have made exceptional
contributions to science, but they have also proposed several hypotheses that
go against received wisdom. This is one such hypothesis. Nevertheless Hoyle,
Wickramasinghe and collaborators have published widely on the subject. See
for example Hoyle and Wickramasinghe (2000) and references therein. The
physicist Thomas Gold (1920–2004) was another scientist who liked to propose unorthodox ideas. He jokingly proposed the “garbage” scenario for the
origin of terrestrial life: ETCs landed here, dumped their waste, and the
contamination from the garbage was the seed for life!
80

Pg 60 the ability of some extremophiles Calculations tend to suggest
that life would struggle to survive the radiation environment found in space;
see for example Secker, Wesson and Lepock (1996). Nevertheless, Lage
(2012) demonstrates the remarkable capacities for survival of extremophiles in
conditions that attempt to simulate those found in the space environment.
81

Pg 60 inactivated virus-like organisms See Wesson (2010) for the
interesting notion of necropanspermia.

82

Pg 60 directed panspermia See Crick and Orgel (1973) and Crick (1981).
The English biophysicist Francis Harry Compton Crick (1916–2004) gained
fame for his discovery, along with the American biochemist James Dewey
Watson (1928–), of the double-helix structure of DNA. The English-born
biochemist Leslie Eleazer Orgel (1927–2007) made major contributions to the
study of life’s origins. The Crick–Orgel idea of directed panspermia originated
at the first conference on communication with extraterrestrial intelligence,
organized in 1971 by Sagan and Kardashev, and held at the Byurakan Astrophysical Observatory in Armenia. Many of the luminaries in the field of SETI
attended this conference.

The Zoo Scenario
83

Pg 61 zoo scenario was proposed The American astronomer John Allen
Ball (1935–) has written extensively on the Fermi paradox. For the zoo
hypothesis, see Ball (1973).

84

Pg 61 be in control of the universe Hair (2011) argues that if the oldest
civilization still present in the Galaxy had a hundred million year “head start”
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on the next oldest civilization then they could have established a hegemony
that guides the development of younger civilizations; in that case, he suggests, a
modified zoo scenario is an appealing answer to the Fermi paradox. See Forgan
(2011) for a criticism of the idea that a total hegemony could be established
that would allow the zoo scenario to occur.
85

Pg 62 editorship of John Campbell Asimov’s famous “humans-only”
Galaxy was a reaction against Campbell’s insistence that humans should always win out against aliens. Asimov thought that human civilization would be
less advanced than any extraterrestrial civilizations we might encounter, and
he couldn’t bring himself to write stories in which primitive Earth technology
triumphed over superior alien technology (see Asimov 1979). On the other
hand, he wanted to sell stories to Campbell. He therefore removed the potential source of conflict, and his Foundation trilogy described a Galaxy containing
only humans. If the Fermi paradox implies that we are alone, then perhaps an
empire something like Asimov reluctantly described will come to pass.

86

Pg 62 to slowly prepare us The leaky embargo hypothesis was proposed
by James Warner Deardorff (1928–2014), a retired atmospheric physicist; for
details of the proposal see Deardorff (1986, 1987). Although Deardorff had
a scientific background, his leaky embargo hypothesis is unscientific. For a
nice introduction to scientific method, which uses Deardorff ’s hypothesis as
an example to be critiqued, see Carey (1997).

The Interdict Scenario
87

Pg 63 expanded form of the zoo scenario See Fogg (1987) for the original presentation of the interdict hypothesis; Fogg (1988) is a more popular
account. Martyn J. Fogg (1960–) originally trained as a dentist. He’s now
one of the foremost authors on “speculative” engineering techniques, such as
terraforming.
88

Pg 64 Asimov pointed out See Asimov (1981) for a dated but still readable
introduction to the subject. Asimov was an optimist and argued that half a
million planets in our Galaxy are home to technological civilizations.

89

Pg 64 a Codex Galactica is established The notion of a Codex Galactica is
discussed in Newman and Sagan (1981); note, however, that this is yet another
idea that appeared in the pages of SF magazines before gaining respectability
in the pages of a refereed journal.
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The Planetarium Hypothesis
90

Pg 66 Baxter has proposed The British writer Stephen Baxter (1957–) is
known for his “hard” science fiction. For details of his planetarium hypothesis,
see Baxter (2000a).

91

Pg 67 a fake town Many examples exist of this paranoid trope in SF.
The earliest such story of which I’m aware is “The Earth-Owners” by Edmond
Hamilton (1904–1977), which describes an Earth invaded by aliens in disguise;
the aliens, of course, are busy manipulating us. Hamilton’s story appeared in
the August 1931 issue of Weird Tales. Historians of science fiction could doubtless point to even earlier examples. The Asimov story was “Ideas Die Hard”
(Galaxy, October 1957). Weiner’s “The News from D Street” appeared in the
September 1986 issue of IASFM. The philosophical considerations underpinning the planetarium hypothesis are well discussed in Deutsch (1998); see also
Tipler (1994).
92

Pg 69 Bekenstein showed The Bekenstein bound is named after the
Mexican-born US–Israeli physicist Jacob David Bekenstein (1947–), who
introduced the concept in terms of the thermodynamics of black holes.

93

Pg 70 most readers would wager is the case The idea that our universe
is a simulation is being debated quite seriously by heavyweight philosophers,
so perhaps we shouldn’t be too quick to discount the idea. See for example
Bostrom (2003) and Bostrom and Kulczycki (2011). A physics paper that
takes the proposition seriously (Beane et al. 2012) concludes that in principle
there’ll always be the possibility for the simulated to discover the simulators.

God Exists
94

Pg 70 think of them as gods A haunting short story called the “The Last
Question” (see Asimov 1959) tells how a pair of drunken technicians one
night ask a supercomputer whether there is a way to reverse the increase of
entropy and thereby halt the death of the universe. The computer says there
is insufficient data for a meaningful answer. The same question is asked of
the computer six times over many different epochs. I won’t spoil the story by
telling you the computer’s final answer!
95

Pg 72 evolutionary ideas to cosmology See Smolin (1997) for a discussion
of why we might want to apply Darwinian thinking to the problem of the
universe as a whole.
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96

Pg 74 a specific forecast The Austrian–British philosopher Karl Raimund
Popper (1902–1994) propounded the notion that scientific hypotheses must
be falsifiable. The drive to falsify hypotheses is the essence of science. If an
hypothesis cannot be tested and perhaps found to be false, then it isn’t a valid
part of the process of science. See for example Popper (1963). Although his
views about scientific progress have been attacked, they remain influential.
Smolin’s idea is certainly falsifiable, since it makes specific testable predictions;
the novelty is that it must be tested by calculation rather than experiment.
97

Pg 74 speculation one step further See Harrison (1995). Byl (1996) criticizes Harrison’s speculation as being post hoc, unverifiable and essentially a
more elaborate version of the theistic or anthropic principles. For further reading about the notion of a multiverse see Gribbin (2010) for a popular account
and Carr (2007) for more technical aspects. See Vaidya (2007) for a mention
of the Fermi paradox in the multiverse setting.

They Exist, But We Have Yet to See or Hear from Them
98

Pg 77 the aestivation hypothesis At the time of writing, details are only
available as a preprint (Sandberg et al. 2014).

The Stars Are Far Away
99

Pg 79 Voyager will take For information about Voyagers 1 and 2 see Voyager (2013). For useful material on several of the advanced propulsion concepts
discussed in this section see NASA (2013).
100

Pg 79 the speed of light According to the theory of special relativity,
massless objects such as photons always travel at light speed c, while objects
with non-zero mass inevitably travel more slowly. Of course, it’s possible to
accelerate a slow-moving body to a faster speed by acting upon it with a force.
Unfortunately for the prospects for space travel, special relativity tells us that
the faster things move the more massive they become. At speeds close to c, the
accelerating force tends to make the body more massive rather than make it
move faster. The speed of light is a barrier that can’t be reached by any object
with mass—including space ships. For a good introduction to these concepts,
see French (1968).
101

Pg 79 nearest star to our Sun See Webb (1999) for an in-depth discussion
of astronomical distances.
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102

Pg 79 Bernal proposed the idea John Desmond Bernal (1901–1971), an
Irish physicist, published the idea of a generation ship in a visionary book (see
Bernal 1929). His book contains the following quote, which is relevant to
any discussion of the Fermi paradox. “Once acclimatized to space living, it is
unlikely that man will stop until he has roamed over and colonized most of
the sidereal universe, or that even this will be the end. Man will not ultimately
be content to be parasitic on the stars but will invade them and organize them
for his own purposes.” For “man” read “ETC”. So—where are they?

103

Pg 79 Heinlein’s story Universe The short novel Universe, written by
the American author Robert Anson Heinlein (1907–1988), appeared in the
May 1941 issue of Astounding Science Fiction. (It can be found more easily in
Bova (1973).) The story is one of many SF classics penned by Heinlein.

104

Pg 80 things that we can learn Crawford (2009) makes the science case
for interstellar spaceflight. There’s only so much one can learn by telescopic observation. In order to make progress in astronomy, astrobiology and planetary
science, there’s a strong argument that we must develop interstellar spaceflight.
105

Pg 80 possible within a human lifetime This possibility was dramatized
by the American writer Poul William Anderson (1926–2001) in his novel Tau
Zero (Anderson 2000). The novel tells the story of a ramjet that accelerates to
speeds so close to c that circumnavigation of the universe becomes possible.

106

Pg 82 might be able to detect them For a possible addition to the SETI
search strategy, see Garcia-Escartin and Chamorro-Posada (2013). The authors suggest that we should look for reflected light from objects traveling at
relativistic speeds.
107

Pg 82 a navigation problem For an interesting discussion of the problems
inherent in navigating to a particular star, see Hemry (2000).
108

Pg 82 by Eugen Sänger In addition to as conceiving the idea of an antimatter rocket, the Austrian scientist Eugen Sänger (1905–1964) pioneered
several practical ideas in rocketry. For superb introductions to many different
proposals for interstellar travel, see Mallove and Matloff (1989) and Crawford
(1995).
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109

Pg 83 a fusion ramjet Bussard’s idea for the ramjet appeared over half a
century ago (Bussard 1960). Since then, various authors have made proposals
and suggestions for the improvement of the initial ramjet design.

110

Pg 83 Forward began to consider Robert Lull Forward (1932–2002), as
with many of the scientists mentioned in this book, was also a successful SF
writer. For a technical discussion of the laser sail, and how it might be used in
a round-trip interstellar mission, see Forward (1984).

111

Pg 83 have designed schemes See Dyson (1982) for a discussion of how
laser sails could be used in colonization methods; see Wright (1992) for a
general discussion of space sailing.

112

Pg 83 sail would be expensive For a discussion of the costs and required
technologies associated with different types of sail, see Andrews (2004).
113

Pg 84 a gigantic, massive mirror Shkadov (1987) introduced the thruster
idea. See Forgan (2013) for how we might detect the use of a Shkadov thruster
by an ETC. Benford and Niven (2012) give a fictional account of a star thruster.

114

Pg 84 near light speed Stanislaw Marcin Ulam (1909–1984), a Polishborn mathematician, contributed to several fields. His autobiography (Ulam
1976) is fascinating. (Ulam appears in fig. 4.9 on page 116.) The Englishborn physicist Freeman John Dyson (1923–) is one of the most imaginative
physicists of his generation, and has contributed to many topics mentioned in
this book. For the papers on gravitational propulsion, see Ulam (1958a) and
Dyson (1963).
115

Pg 85 negative mass For a discussion of negative mass, see Forward (1990).

116

Pg 85 no evidence such particles exist In September 2011, the OPERA
experiment shocked physicists by announcing they had observed muon neutrinos traveling faster than c (OPERA Collaboration 2011). A few months
later they retracted their claim, stating the original results were affected by
equipment failures.

117

Pg 87 novel Contact Carl Edward Sagan (1934–1996) based the science
in his novel Contact (Sagan 1985) on work by the American theoretician Kip
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Stephen Thorne (1940–) who has been prominent in investigating the properties of wormholes. (For a popular account of this work, see Thorne (1994).)
In 1997, Sagan’s novel was made into a movie of the same name, starring Jodie
Foster.
118

Pg 87 a certain class of wormhole For details of the Krasnikov tube, see
Krasnikov (1998).

119

Pg 88 surfs a spacetime wave Miguel Alcubierre Moya (1964–), a Mexican
theoretical physicist, is now Director of the Nuclear Sciences Institute at the
National Autonomous University of Mexico. See Alcubierre (1994) for his
paper describing the warp drive.

120

Pg 88 unrealistic features For details on the possibility of using wormholes
for transport, see Krasnikov (2000). For details on Van Den Broeck’s warp
drive, see Van Den Broeck (1999). These matters have been covered in detail,
and at a non-mathematical level, in John Cramer’s “Alternate View” columns
in Analog.

121

Pg 89 The Casimir effect In 1948, the Dutch physicist Hendrik Brugt
Gerhard Casimir (1909–2000) predicted that quantum fluctuations of the
EM field would cause a small attractive force to act between two close parallel uncharged conducting plates. The first measurement of the Casimir force
between parallel plates took place in 2002 (see Bressi et al. 2002). The experiment confirmed Casimir’s predictions. For articles propounding the idea that
mankind might one day mine the zero-point energy see, for example, Haisch
et al. (1994) and Puthoff (1996).
122

Pg 89 safely to Saturn and back It might be that the future of human
exploration of the Solar System over the next few decades lies in a combination of human and robotic elements. For example, having humans land on
Enceladus, a moon of Saturn that provokes interest for a variety of reasons,
would be risky and costly. Perhaps a better bet would be to have astronauts
orbit Enceladus while they used teleoperation to control rovers and robots on
the surface. See Schmidt et al. (2012).
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They Have Not Had Time to Reach Us
123

Pg 90 temporal explanation of the paradox One of the first responses to
Hart’s paper was by Cox (1976). Cox argued that a temporal explanation of
the paradox is indeed valid.
124

Pg 91 Several authors have developed See for example Jones (1975,
1981). In Jones (1995) the author has written a particularly entertaining discussion of various colonization processes, from past human expansions through
to possible human settlement of the Solar System and nearby stars. See also
Finney and Jones (1985).
125

Pg 91 demands of population growth See Newman and Sagan (1981).

126

Pg 92 detailed model of galactic exploration See Bjørk (2007) for details
of his exploration algorithm.

127

Pg 92 expanded on Bjørk’s model See Cotta and Morales (2009).

128

Pg 93 models have been analyzed See Crawford (2000) for a well-written
account of galactic colonization models and their relation to the Fermi paradox.
See Fogg (1987) for details of one particular model of galactic colonization.
129

Pg 93 Prantzos reinforced this conclusion See Prantzos (2013) for an
interesting framework in which to think about the Fermi paradox.

A Percolation Theory Approach
130

Pg 93 bases his model Geoffrey Alan Landis (1955–), an American physicist who works at NASA, is yet another scientist who is perhaps better known
as an SF writer. For details of his approach, see Landis (1998).
131

Pg 94 key task in a percolation problem Percolation theory was developed in 1957 by the British mathematician John Michael Hammersley
(1920–2004) and his colleagues. See Stauffer (1985) for the best introduction
to the ideas of percolation theory; however, although this excellent book is
entertaining reading, readers should be aware that it inevitably contains an
element of mathematics.
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132

Pg 97 conclusion is similar See Kinouch (2001) for details of the
“persistence solution” to the Fermi paradox.
133

Pg 97 an economist’s point of view See Hanson (1998) for an interesting
model of colonization. To fully appreciate the argument requires some mathematics, but the conclusions are clearly expressed in layman’s terms. See also
Bainbridge (1984).

134

Pg 98 simple extensions of the model See Wiley (2011) for a detailed
critique of the percolation model, as well as various other colonization models.

Wait a Moment
135

Pg 99 Martin Gardner popularized The Game of Life was devised by the
British mathematician John Horton Conway (1937–) as an offshoot of his
thinking on von Neumann’s attempt to construct a mathematical model of
a self-replicating machine. The game became an immediate hit amongst the
public when Martin Gardner (1914–2010) discussed it in his “Mathematical
Games” column in Scientific American (Gardner 1970).
136

Pg 100 Fermi was the first to dabble See Metropolis (1987) for the early
history of the Monte Carlo method, including Fermi’s early experimentation
and Ulam’s.
137

Pg 101 to the study of the Fermi paradox See for example Forgan (2009).

138

Pg 101 sophisticated cellular automata See Vukotić and Ćirković (2012).

The Light Cage Limit
139

Pg 102 a model of migration See McInnes (2002) for a discussion of how
ETCs could be hindered by the light cage limit. The basic idea was briefly
mentioned much earlier by von Hoerner (1975).
140

Pg 103 Baxter calls this radius See Baxter (2000b) for an interesting
fictional take on one possible solution to the Fermi paradox.
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They Change Their Mind
141

Pg 104 planets must be re-engineered Fogg (1995) is perhaps the most
comprehensive resource on terraforming, and how it might be possible to
engineer a planet so that it becomes suitable for life.
142

Pg 104 some simple equations See Gros (2005) for details of rate equations that govern the population dynamics of civilizations that are assumed to
be able to change character and priorities.

We Are Solar Chauvinists
143

Pg 105 simply inapplicable This resolution to the Fermi paradox was
discussed in Rood and Trefil (1981), a book that is now sadly out of print.

144

Pg 105 encloses the star The concept of the Dyson sphere first appeared
in Dyson (1960). (A Dyson sphere is a loose collection of bodies moving on
independent orbits around a star; a rigid sphere would be unstable.) The idea
inspired two great SF novels: Ringworld (Niven 1970) and Orbitsville (Shaw
1975). Scientists have suggested numerous other mega-engineering projects
that technologically advanced ETCs might embark upon. For example, Roy
et al. (2013) discuss the possibility of “shell worlds”. A shell world is formed
by enclosing an airless, sterile body by a shell of material to create a cozy home
for life.
145

Pg 106 a better analogy for colonization Kecskes (1998, 2002) outlines
a possible “trajectory” for the development of technical civilizations: they move
from being planet dwellers to asteroid dwellers to interstellar travelers to interstellar space dwellers. In this picture we don’t meet extraterrestrials because
our habitats are different.

Aliens Are Green
146

Pg 108 Haqq-Misra and Baum propose See Haqq-Misra and Baum
(2009) for a discussion of the “sustainability solution” to the Fermi paradox.
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They Stay at Home . . .
147

Pg 110 happened on 20 July 1969 The American astronauts Neil Alden
Armstrong (1930–2012) and Edwin Eugene Aldrin Jr. (1930–) landed at the
edge of Mare Tranquillitatis on 20 July 1969; Armstrong walked on the Moon
at 22:56 (Eastern Daylight Time). The last man to walk on the Moon was
Eugene Andrew Cernan (1934–), and unfortunately he seems set to hold this
honor for quite some time to come. Cernan recounts his experiences of the
Apollo program in Cernan and Davis (1999). Smith (2005) is an evocative
account of the Apollo era.
148

Pg 111 China expanded her empire The two emperors mentioned in
the text were Hongwu (1328–1398) and Yongle (1359–1424). The incredible
voyages of the admiral Zheng He (c. 1371–c. 1435), a court eunuch and
diplomat, have only relatively recently come to light. For a readable account
of the seven epic voyages made by Zheng He, see Levathes (1997).

149

Pg 111 cause us serious problems “Inconstant Moon”, one of the finest
stories by the American author Laurance (Larry) van Cott Niven (1938–),
describes the events of a single night when the full moon shines brighter than
ever before. It’s a gem of a tale, and deservedly won the 1972 Hugo award for
best short story; it’s available in Niven (1973).

150

Pg 111 Zuckerman has shown See Zuckerman (1985).

. . . and Surf the Net
151

Pg 113 plausible future for humankind Set a billion years in the future,
The City and the Stars (Clarke 1956) imparts a sense of wonder and magnificent
scope few novels can match. In the novel Arthur Clarke presents at least two
explanations of the Fermi paradox, including the notion that beings might
prefer to stay in the “City”—safe from facing the realities of a harsh universe.

Against the Empire
152

Pg 114 Ćirković points out See Ćirković (2008) and references therein.
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153

Pg 115 already being debated See for example Rummel (2001) for
thoughts about the problems of contamination when we engage in planetary
exploration.

154

Pg 115 Bostrom’s term For a definition of the term “singleton”, see
Bostrom (2005). See also Caplan (2008) for a discussion of the problems
with singletons.

Bracewell---von Neumann Probes
155

Pg 117 As long ago as 1980 For an early discussion of interstellar exploration by probe, see Freitas (1980). As mentioned in chapter 2, the relevance
of self-reproducing probe technology to the Fermi paradox was considered by
Tipler (1980). One could argue that the starting point for the discussion is
even earlier, with Crick’s motto for directed panspermia (see page 60): “bacteria go further”. Crick and Orgel argued that a small probe filled with a payload
of bacteria would be easy to construct, cheap to propel, and would enable an
ETC to seed the Galaxy. However, a bacteria-filled probe is of little use to an
ETC wanting to explore and learn about the Galaxy. To be successful in that
endeavor, a Bracewell–von Neumann probe would be better.
156

Pg 118 The first person to suggest The Australian-born electrical engineer Ronald Newbold Bracewell (1921–2007) was for many years a leading
light in SETI. See Bracewell (1960).

157

Pg 118 more recent investigations See for example Forgan et al. (2013)
and Nicholson and Forgan (2013) for discussions of how the judicious use of
the slingshot effect could reduce the time for galactic exploration by probe;
in particular, if self-reproducing probes make use of the slingshot effect then
colonization times can be similar to that calculated by Tipler. See Barlow
(2013) for yet another analysis of galactic colonization in the context of
Bracewell–von Neumann probes. Cartin (2013) discusses a different approach
to colonization, which doesn’t involve self-reproducing probes.
158

Pg 119 probes for interplanetary exploration and exploitation Mathews (2011) argues that probes are a natural extension of our planetary explorer
craft. We’ll send out robots, not humans, to explore the Solar System. Perhaps the development of this technology will lead us on a path to the sort of
self-reproducing probes discussed in the text.
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159

Pg 119 not exactly a risk-free technology For a criticism of galactic exploration via Bracewell-von Neumann probes, and why it might not work, see
Chyba and Hand (2005). Wiley (2011), however, concludes that criticisms
of the self-reproducing probe approach to galactic colonization possess little
merit.
160

Pg 120 significantly sharpened the paradox See Armstrong and Sandberg
(2013).

Information Panspermia
161

Pg 121 an interesting hypothesis For details of the argument that the
universe might be full of low-complexity bit strings, see Gurzadyan (2005).
See Scheffer (1993) for an earlier and thorough defense of the notion that
“information transfer” is a much cheaper option for interstellar travel than
physical travel. Scheffer resolves the Fermi paradox by arguing that the first
civilization to colonize its galaxy will have done all the hard work; for any
emerging society it will be overwhelmingly attractive to join the existing civilization rather than try to physically colonize the galaxy. There will be a single,
unified civilization. If that first civilization in our Galaxy didn’t bother to contact Earth, for whatever reason, then subsequent societies won’t have bothered
either.
162

Pg 121 Kolmogorov complexity The idea that a measure of the complexity
of a system can be the length of an algorithm that produces that system is
due to Andreii Nikolaevich Kolmogorov (1903–1987), who was one of the
outstanding mathematicians of the twentieth century. For an appreciation of
just some of Kolmogorov’s output, see for example Parthasarathy (1988).
163

Pg 122 our extinct cousins, the Neanderthal In December 2013, scientists published a high-quality genome sequence from a Neanderthal woman
who lived 130,000 years ago in what is now Siberia. The DNA came from one
of her toe bones. See Prüfer et al. (2013).

Berserkers
164

Pg 123 famous berserker stories The American author Fred Thomas
Saberhagen (1930–2007) wrote many stories about berserkers, with the first
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collection appearing in Berserker (Saberhagen 1967). The concept of a Doomsday weapon was brilliantly satirized by Stanley Kubrick in Dr. Strangelove, and
the original Star Trek television series aired an episode called The Doomsday
Machine, which dramatized the notion of an indestructible world-killing machine (though Kirk & Co. managed to destroy it, of course). The machine in
Star Trek was a single, large, slow-moving object. My mental picture of berserkers is somewhat different: I imagine swarms of small, fast-moving machines.
A novel entitled The Unreasoning Mask, by the American author Philip José
Farmer (1918–2009), is another that treats the notion of world-killers (Farmer
1981). But perhaps the idea of malignant killing machines has been treated
most thoroughly by the American astrophysicist Gregory Benford (1941–),
who is also one of the finest modern SF writers; see, for example, Benford
(1977).

They Are Signaling but We Don’t Know How to Listen
165

Pg 126 no plausible signatures See Jugaku and Nishimura (1991). They
continued their search of the solar neighborhood, but failed to find any
candidates; see Jugaku and Nishimura (1997, 2000)
166

Pg 126 found nothing unusual See Mauersberger et al. (1996)

167

Pg 126 Carrigan carried out See Carrigan (2009). For an entertaining
essay on whether interstellar archaeology is possible, see Carrigan (2010, 2012).

168

Pg 126 Wright and his colleagues For a discussion of the G-HAT search
for Kardashev civilizations see for example Battersby (2013).
169

Pg 127 Minsky pointed out It was at the seminal Byurakan conference
on communication with extraterrestrial intelligence that the American computer scientist Marvin Lee Minsky (1927–) pointed out that a truly advanced
energy-conscious ETC might radiate at a temperature just above the cosmic
background. See Minsky (1973).
170

Pg 127 beacons can be transmitted Whitmire and Wright (1980) was
not the first paper to suggest the stars themselves could be used to send signals.
Philip Morrison (1915–2005) suggested the “eclipse” method 20 years earlier,
and Drake had made similar suggestions before. But their paper is perhaps
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the first to give detailed calculations of how to modify stellar spectra to send a
signal.
171

Pg 127 rule out a natural phenomenon See page 245 of Sullivan (1964).
See also Arnold (2013).

172

Pg 128 brainchild of Ray Davis The American chemist Raymond
Davis Jr. (1914–2006) ran his solar neutrino experiment for more than three
decades, and was awarded the 2002 Nobel prize for his research. See Bahcall
and Davis (2000) for the early history of neutrino astronomy.

173

Pg 129 neutrino beams to communicate For discussions of neutrinobased searches for extraterrestrial intelligence, see for example Learned et al.
(1994), Silagadze (2008) and Learned et al. (2009).
174

Pg 130 problem of detecting gravitational waves Einstein’s theory of
general relativity predicted the existence of gravitational waves—ripples in
spacetime. Such waves were demonstrated indirectly by the American physicists Joseph Hooten Taylor Jr. (1941–) and Russell Alan Hulse (1950–) through
exquisitely accurate observations of PSR 1913+16. This pulsar is part of a binary system, its partner being another neutron star. As the two stars orbit each
other, they lose energy in precisely the manner predicted by general relativity:
the binary system is radiating gravitational energy in the form of waves. See
Weisberg and Taylor (2005) for more information. The current generation of
detectors is typified by LIGO (Laser Interferometer Gravitational-wave Observatory). If LIGO doesn’t observe gravitational waves then astronomers will
pin their hopes on the next generation of detectors, of which the Einstein
Observatory is perhaps most advanced.

They Are Signaling but We Don’t Know at Which Frequency
to Listen
175

Pg 133 first to consider this question The Italian physicist Giuseppe
Cocconi (1914–2008) worked at Cornell University with Morrison before
returning to Europe to work at CERN, where he eventually became Director.
Their paper (Cocconi and Morrison 1959) is one of the classics in SETI.
176

Pg 134 it will send a narrowband signal Although there are good reasons
for concentrating on narrowband signals, increasing attention is being paid to
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the possibility of wideband signals. The search for wideband signals is much
more challenging than the search for narrowband signals; on the other hand,
a wideband beacon can carry vastly more information than a narrowband
beacon. For more information on wideband SETI see, for example, papers by
Benford, Benford and Benford (2010a, b); Harp et al. (2011); Messerschmitt
(2012); Morrison (2012).
177

Pg 137 study other frequencies For suggestions of some other likely SETI
frequencies see Kardashev (1979), Mauersberger et al. (1996) and Kuiper and
Morris (1977).
178

Pg 138 a new search strategy Hair (2013) considers some of the difficulties
in applying statistical techniques to any “long stare” strategy that hopes to
construct an archive of provocative radio transients.

179

Pg 138 from some unknown terrestrial source See Gray (2011) for an
entertaining and in-depth discussion of the “Wow!” signal, and one man’s
attempt to understand it better.

180

Pg 139 increased in sophistication over time See Tartar (2001) and
Bowyer (2011) for more background on SETI projects.

181

Pg 139 developed in 1985 by Paul Horowitz Paul Horowitz (1942–),
a Harvard astronomer, has been at the forefront of SETI research for several
years. Much of the funding for META came from Steven Spielberg (1947–),
the director of the film E.T. the Extra-Terrestrial. See Lazio, Tarter and Backus
(2002) for a discussion of Project META
182

Pg 139 piggybacks on radio telescopes The idea for SERENDIP originated with the American astronomers C. Stuart Bowyer (1934–) and Jill Tarter
(1944–) in 1978. Tarter, who in 2012 announced her retirement from the position as director of research at the SETI Institute, is an icon in the field. She is
widely believed to have been the inspiration for Sagan’s heroine in Contact. See
for example Korpela et al. (2011) for further information about SERENDIP
and other SETI-related projects.
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183

Pg 139 has great potential For background on and papers about the Allen
Telescope Array see, for example, Welch et al. (2009), Siemion et al. (2010)
and Tarter et al. (2011).
184

Pg 139 also play a role For contrasting viewpoints on how the SKA might
be relevant to SETI see, for example, Penny (2004), Loeb and Zaldarriaga
(2007), Forgan and Nichol (2011), Rampadarath et al. (2012).
185

Pg 139 Optical SETI is not as advanced The slow uptake of OSETI is
perhaps due to the relative novelty of the technology. Credit for the invention
of the laser is a matter of some dispute (see, for example, Hecht (2010).
The American physicists Arthur Leonard Schawlow (1921–1999) and Charles
Hard Townes (1915–2015) were both awarded the Nobel prize for laser-related
work (Townes in 1964 and Schawlow in 1981). Townes was far-seeing in regard
to the potential of lasers. The suggestion that SETI should consider optical
searches is almost as old as the Cocconi–Morrison paper: see Schwartz and
Townes (1961).
186

Pg 140 starting to develop large-scale projects For two early examples of
optical searches, see Eichler and Beskin (2001) and Reines and Marcy (2002).
See Korpela et al. (2011) for further details of Project SEVENDIP.
187

Pg 140 Ball once hypothesized See Ball (1995).

188

Pg 140 play the role of “synchronizers” See Corbet (1999) for a discussion of the role that gamma-ray bursts might play in synchronizing signals;
essentially, they would act as universal timing markers.

189

Pg 141 Local Group of galaxies See LePage (2000).

They Are Signaling but We Don’t Know Where to Look
190

Pg 142 taken this approach See Turnbull and Tarter (2003a, b) for details
of the Hipparcos habstars.

191

Pg 142 judged to be most amenable Siemion et al. (2013) discuss a
targeted search of 86 Kepler objects of interest; they looked for radio emission
from ETCs, but found none.
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192

Pg 142 more readily discovered See Nussinov (2009) for an interesting
suggestion about preferred directions for SETI.
193

Pg 142 straight-line alignments For details of this suggestion, and for one
way in which pulsars might be used as beacons, see Edmondson and Stevens
(2003) and Edmondson (2010).
194

Pg 143 as many stars as possible See Hohlfeld and Cohen (2000) and
Cohen and Hohlfeld (2001).

195

Pg 144 a universal frequency The “universal” frequency standard was first
discussed by Drake and Sagan (1973). See also Gott (1995).

The Signal is Already There in the Data
196

Pg 145 logged several pulses From a total of about 60 trillion events,
META researchers found only 11 good candidate signals. If these signals were
really attempts at communication, however, why could astronomers not observe them again? One suggestion was that interstellar plasmas or gravitational
microlenses, passing between the sources and Earth, caused what were steady
beacon-like signals to “twinkle”—and temporarily become strong enough for
us to detect. A detailed analysis of the data ruled out this possibility, however,
and the result seemed to indicate that the Galaxy contains at most one other
civilization with a comparable level of technology to ours that is deliberately
trying to contact us. See Lazio, Tarter and Backus (2002).

We Haven’t Listened Long Enough
197

Pg 146 profoundly change the world Drake wrote this in the Preface to
Is Anyone Out There? (Drake and Sobel 1991).

198

Pg 146 have to be patient At the turn of the millennium, 39% of almost
75,000 respondents to an online poll stated they believed that the discovery
of an ET signal would happen within 10 years (SETI@home 2000). Fourteen
years later, we’re still waiting.
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They Are Signaling but We Aren’t Receiving
199

Pg 147 an amateur scientist Although Smith is an “amateur” scientist,
he has published in a variety of reputable and peer-reviewed journals across a
range of fields. Regarding his contribution to the Fermi paradox debate, see
Smith (2009).

Everyone is Listening, No One is Transmitting
200

Pg 149 no one is transmitting This idea, that we might live in a universe
where there are lots of searchers but no senders, has been dubbed the “SETI”
paradox by Zaitsev (2006).
201

Pg 149 detect our inadvertent If ETCs could detect our television transmissions, then they could deduce a great deal about our planet even without
decoding the programs. Astronomers have shown how an ETC could deduce
the rotational speed of Earth, estimate its size, the length of our year, the distance of Earth from the Sun, and the Earth’s surface temperature! See Sullivan,
Brown and Wetherill (1978).

202

Pg 149 been some deliberate transmissions Denning (2010) gives a partial list of deliberate broadcasts to the sky, but this reference is of more interest
for its treatment of the debate about whether we should transmit to the sky.

203

Pg 150 more cost-effective to listen Billingham and Benford (2011)
discuss the costs of traditional SETI compared to active SETI.

204

Pg 151 Hipparcos mission For more information on the ESA Hipparcos
mission, see Webb (1999).

205

Pg 151 thinkers are opposed Not everyone is convinced that active SETI
is a good idea. Billingham and Benford (2011) call for a moratorium on
active SETI and Haqq-Misra et al. (2013) urge caution. Denning (2010) and
Musso (2012) give good overviews of the “to transmit or not to transmit”
debate. Vakoch (2011) is more upbeat about active SETI. He argues that if we
transmit then the burden of decoding and interpreting the message is placed
on them; since they are likely to be older, and presumably more advanced,
the task will be easier for them and thus communication will be facilitated.
Penny (2012) makes the point that transmitting might be dangerous but then
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so might listening (as dramatized in “A for Andromeda” by Hoyle and Eliot
(1963)); indeed, it’s even possible that in some cases even not listening could
be dangerous. We just don’t know.
206

Pg 151 ways of signaling The idea that we could send a signal to
extraterrestrial civilizations is almost 200 years old. In 1820 the German mathematician Johann Karl Friedrich Gauss (1777–1855), one of the greatest of
all mathematicians, suggested planting forests of pine trees in such a way that
they illustrated the Pythagorean theorem. The idea was expanded upon by
Joseph Johann von Littrow (1781–1840), director of the Vienna Observatory,
who suggested digging large ditches with geometrical shapes, filling them with
kerosene, and setting them ablaze. He believed that light from these plainly
artificial fires would be visible throughout the Solar System. In 1869, the
French physicist Charles Cros (1842–1888) suggested that reflecting sunlight
toward Mars using suitably arranged mirrors would be the best way to signal
our presence to Martian astronomers. See Cerceau and Bilodeau (2012) for a
comparison of old and new attempts at communication.

207

Pg 152 other communications See Zaitsev (2012) for a list of all cosmic
messages sent up to that date.
208

Pg 152 content of the signal See Atri et al. (2011) for a proposed protocol
for active SETI.

209

Pg 152 ethical difficulties For a discussion of this suggestion, as well as
for general SETI questions, see SetiLeague (2013).

210

Pg 152 game-theory analysis For a game-theory approach to the problem
of passive and active SETI, see de Vladar (2013).

They Have No Desire to Communicate
211

Pg 153 caution is a general trait Drake tells the story of how the English
astronomer Martin Ryle (1918–1984), an Astronomer Royal who was awarded
the Nobel prize for physics, was distraught upon learning of the 1974 Arecibo
transmission toward M13. Ryle was worried that advanced ETCs might prey
upon us. More recently, Stephen Hawking has warned against humanity trying
to initiate contact with alien intelligences; see Hawking (2010). Korhonen
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(2013) analyses the risk of ETCs initiating an attack by drawing inferences
from the Cold War and mutually assured destruction scenarios. My favorite
fictional description of a species whose defining trait is extreme caution —
taken to the point of cowardice—is that of “Puppeteers”. They occur in Larry
Niven’s “Known Space” stories, including the award-winning Ringworld (Niven
1970).
212

Pg 154 taking place in the Galactic Club Kuiper and Morris (1977)
argue that “Complete contact with a superior civilization (in which their store
of knowledge is made available to us) would abort [our] further development”.

213

Pg 154 different for societies See page 210 of Drake and Sobel (1991).

They Develop a Different Mathematics
214

Pg 155 as Wigner put it See Wigner (1960) for the source of this
quotation.
215

Pg 155 an anti-Platonic stance For a critique of the Platonic view of
mathematics, see for example Chaitin (1997), Dehaene (1997), Hersh (1997),
Davies (2007) and Abbott (2013).

216

Pg 156 rudimentary numerical judgments For a critique of what animals might be doing when we say they are counting, see Budiansky (1998).
Budiansky gives a superb introductory account of animal cognitive processes.

217

Pg 157 Why should they? For a powerful argument as to why we should
be able to converse with aliens using our system of mathematics, and perhaps
a language such as LINCOS, see Minsky (1985).
218

Pg 157 different systems can’t exist One author who might have been able
to imagine alien mathematics was Jorge Luis Borges (1899–1986), perhaps the
greatest Spanish-language writer of the last century. Borges (1998) contains
several mathematical-based stories; Bloch (2008) examines the mathematical
ideas in one of Borges most famous stories.
219

Pg 157 if mathematics itself is universal Lemarchand (2008) suggests
that the golden section φ, which arises in the problem a/b = b/(a + b), might
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be a cognitive universal and possess the potential to be used for interstellar
communication codes, semantics and interstellar artistic works. However, a
great deal of nonsense has been written about the golden section. It isn’t the
universal it’s claimed to be in the human sphere, let alone the extraterrestrial
one; see for example Devlin (2007).

They Are Calling but We Don’t Recognize the Signal
220

Pg 158 one can imagine various options One could imagine trying to
communicate with extraterrestrials using icons, for example. As mentioned in
Solution 31, Gauss suggested this approach: for example, giant geometrical figures, drawn on the Siberian tundra and constructed from pine forest and crops
such as wheat, would signal our intelligence to observers on Mars. Perhaps
something more sophisticated could be attempted for interstellar communication. Musso (2011) suggests something more interesting: a cosmic language
based on analogy.

221

Pg 158 Hogben’s Astraglossa In Astraglossa, which was developed by the
British mathematician Lancelot Hogben (1895–1975), the counting numbers
are represented by radio pulses. For example, three pulses would represent the
number three. A mathematical concept such as “equals” would be represented
by a radioglyph—a pattern of longer pulses. The scheme was outlined in Hogben (1963). Philip Morrison expanded upon the radioglyph idea; see Morrison
(1962).

222

Pg 158 or Freudenthal’s The LINCOS language was developed by the
German mathematician Hans Freudenthal (1905–1990). There are a few
websites devoted to LINCOS, but if you really want to learn the language I
believe there is only one source: the original, but out of print, book (Freudenthal 1960). Freudenthal’s book dealt only with mathematics. Although he
planned a second part that would consider the problem of communicating
non-mathematical concepts, he lost interest in the topic. His colleague Alexander Ollongren (1928–) took up the challenge and has developed LINCOS in
a number of ways; see for example Ollongren (2011, 2013).
223

Pg 158 the Voynich Manuscript The best print resource for the mysterious
Voynich Manuscript is a small-press book (D’Imperio 1978), which is difficult
to find. However, many websites describe the various tantalizing aspects of the
Voynich Manuscript puzzle.
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Pg 159 the early 15th century. See Hodgins (2012).

225

Pg 159 a medieval hoax There have been many suggestions about who
might have created a hoax manuscript and why they might have done it.
And the hoax theory explains why we haven’t found meaning in the Voynich
Manuscript: there is no meaning to be found. On the other hand, a variety of
scientists believe they have found patterns in the Voynich Manuscript that suggest the words aren’t random, that there’s meaning contained in the sentences.
See, for example, Amancio et al. (2013).
226

Pg 160 would be frustration Elliott (2011) discusses a protocol for how,
after a signal has been detected but not yet deciphered, scientists might disseminate of timely and accurate information to an expectant world. See also
Elliott and Baxter (2012) and Elliott (2012).
227

Pg 160 indistinguishable from blackbody radiation If EM radiation is
used to transmit information, the most efficient format for a given message
is indistinguishable from blackbody radiation (to a receiver who is unfamiliar
with the format). This was first shown by Caves and Drummond (1994). The
same result, using different arguments, was derived by Lachman et al. (2004).

Message in a Bottle
228

Pg 161 clear but counter-intuitive Their work (Rose and Wright 2004)
appeared as a letter in Nature and caused quite a stir in the SETI community.
For a theoretical paper it’s remarkably easy to follow.

Oops . . . Apocalypse!
229

Pg 165 “home of the next supernova” Fermilab’s management became
so exasperated with Dixon’s protests that they discussed the matter in their
newsletter FermiNews (FNAL 1998).
230

Pg 165 collapse of the quantum vacuum state Kurt Vonnegut (1963),
in his novel Cat’s Cradle, gives a fictional account of the effects of a phase
transition (albeit a phase transition involving not the quantum vacuum state
but the imaginary “ice-nine”—a form of H2 O that’s more stable than ordinary
water at room temperature.)
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231

Pg 165 suggesting this could be the case The idea that our universe might
not be in the “true” vacuum didn’t originate from cranks! Martin John Rees
(1942–), an English astrophysicist, was appointed Astronomer Royal in 1995
and between 2005 and 2010 was the President of the Royal Society. Lord Rees
is one of Britain’s foremost scientists. His Dutch colleague Piet Hut (1952–)
works at the Princeton Institute for Advanced Studies. See Hut and Rees (1983)
for details of their suggestion.
232

Pg 165 higher than anything physicists can achieve On 15 October
1991 the Fly’s Eye detector in Utah detected a cosmic ray with an energy
of 320 EeV. (This energy is so large that the rarely-used SI prefix “Exo” was
pressed into action; the prefix represents a factor of 1018 .) The particle detected
by Fly’s Eye packed a staggering amount of energy: about 50 J. In other words,
this single subatomic particle carried more kinetic energy than a tennis ball
traveling at 180 mph. Its energy was more than 10 million times greater than
the maximum achievable energy of the largest accelerator ever been planned.
How this particle acquired so much energy is something of a mystery. No
obvious process can produce a particle with this much kinetic energy; yet
whatever produced it must have been relatively nearby, because if it had traveled
cosmological distances its interactions with the microwave background would
have slowed it down. See Bird (1995).
233

Pg 166 usual arrangement of quarks The existence of strange quarks
has been known for decades (see Webb 2004). Their key properties were first
highlighted by George Zweig (1937–) and Murray Gell-Mann (1929–) in
1964. However, their presence was first evident in cosmic-ray experiments
performed by Clifford Charles Butler (1922–1999) and George Rochester
(1909–2001) in 1947; it’s an injustice they weren’t awarded a Nobel prize for
their work.
234

Pg 166 surrounding electron cloud These calculations were the work of
the American physicist Robert Loren Jaffe (1946–) and others. For a nontechnical account, see Matthews (1999). For a more in-depth analysis, see
Jaffe et al. (2000).
235

Pg 167 a piece by two lawyers See Johnson and Baram (2014).

236

Pg 167 patiently answered the worries See for example Ellis et al. (2008).
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237

Pg 168 investigate earth’s core See Stevenson (2003).

238

Pg 168 a rather dangerous activity See Ćirković and Cathcart (2004).

239

Pg 169 different subject areas The term “nanotechnology” was popularized by the American physicist K. Eric Drexler. In an influential book (Drexler
1986) he presented his vision of a forthcoming revolution in nanoscale engineering. Drexler introduced the term “nanotechnology” to refer to molecular
manufacturing (the construction of objects to complex, atomic specifications
using sequences of chemical reactions directed by non-biological molecular
machinery) together with its techniques, its products, and their design and
analysis. Recently, the term has come to denote any technology that has
nanoscale effects—submicron lithography (or etching) for example. To distinguish his original concept from the work currently taking place in laboratories,
Drexler now refers to “molecular nanotechnology”. The field of nanotechnology itself might be said to have started with a lecture given by Feynman (1959),
in which he considered the direct manipulation of individual atoms.

240

Pg 169 potential to improve health care For a collection of SF stories
that deal with medicine, as well as a discussion of the science behind the stories,
see Aiken (2014). Many of the stories touch in some way on nanotechnology.

241

Pg 169 a self-replicating machine A Royal Society (2004) report discussed the potential of nanotechnology and concluded that regulators need
not concern themselves with self-replicating machines, for a while at least.
Their development lies too far in the future.
242

Pg 170 the gray goo problem One of the best fictional treatments of
the grey goo problem is Greg Bear’s wonderful short story “Blood Music”,
which was published in 1983—three years before Drexler’s book. The story is
available in a collection (Bear 1989).

243

Pg 170 less than three hours See Freitas (2000) for a detailed mathematical assessment of the environmental risks of nanotechnology.
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Ouch . . . Apocalypse!
244

Pg 171 on the verge of demonstrating Drake and Sobel (1991) report
how Shklovsky, who as we saw earlier was one of the first to publicize the
Fermi paradox, lost heart in the SETI enterprise in the years before his death.
Shklovksy was convinced that nuclear war was inescapable, and the same
inevitable holocaust would occur with other technological civilizations.

245

Pg 171 ruinous for our species See Turco et al. (1983) for a discussion of
the consequences of a nuclear winter.

246

Pg 171 knowledge is preserved Walter Michael Miller Jr. (1923–1996)
was an American radioman and tailgunner on 53 bombing raids over Italy
and the Balkans in World War II. His award-winning A Canticle for Liebowitz
(Miller 1960) is one of the classic post-apocalyptic SF novels. He wrote the
novel in response to the Allied attack on Monte Cassino—a raid in which
he took part and which almost certainly affected him psychologically. (The
detailed effects of a nuclear winter were only determined quite recently so,
although Miller’s post-holocaust world is vividly described, it necessarily lacks
scientific accuracy. Nevertheless, the novel is highly recommended.)
247

Pg 173 Cooper offers bioterrorism See Cooper (2013) for a discussion
of bioterrorism and its link to the Fermi paradox.

Heat Wave
248

Pg 176 Charles Keeling began measuring The American chemist Charles
David Keeling (1928–2005) worked at the Scripps Institution of Oceanography for more than four decades, and throughout that period maintained beautiful observations of atmospheric carbon dioxide. For substantial biographies
of Keeling, see Weart (2008) or Bowen (2006).

249

Pg 177 average surface temperature IPCC (2013) contains details of the
increases in Earth’s surface temperature averaged over land and oceans.

250

Pg 178 latest research suggests Goldblatt and Watson (2012) argue that
it’s probably impossible for humanity to trigger a runaway greenhouse by
burning fossil fuels. They also point out that their work offers no comfort to
the climate change deniers: they clearly state that anthropogenic greenhouse
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gas emissions are a major threat to human civilization. They also point out
that, even if their work is correct and a runaway greenhouse is not possible,
nothing in their models exclude an abrupt change to a “hot, moist greenhouse”
state: this wouldn’t be a runaway process, but it would be a truly dire outcome.

Apocalypse When?
251

Pg 179 reasoned in the following way J. Richard Gott III (1947–) is
a professor of astrophysics at Princeton University. His original paper on the
Doomsday argument (Gott 1993) purported to show, among other things, that
mankind is unlikely to colonize the Galaxy; see Gott (1997) for a simplified
account of the argument. The article generated an extremely interesting correspondence (Buch et al. 1994). The philosopher John Leslie independently
developed the Doomsday argument (Leslie 1996). Perhaps the first person
to appreciate the power of this type of reasoning was the Australian physicist Brandon Carter (1942–); Carter’s anthropic arguments are outlined in
chapter 5.

252

Pg 183 an ingenious manner See Wells (2009) for a fascinating look at
the question of human survival, by way of the recorded lifetimes of stage shows
and businesses! Wells was one of the few students that Feynman mentored,
and I find something of Feynman’s irreverence and fearless questioning in this
book.

Cloudy Skies Are Common
253

Pg 183 a planet in a system of six stars At the time of writing, we
have yet to find a planetary system as extreme as that in Nightfall. In 2012,
however, astronomers discovered an example of a planet in a four-star system;
see Schwamb et al. (2013). An artist’s representation of the planet appears in
fig. 4.25.

254

Pg 184 a wonderful story Nightfall, written in 1941, is routinely voted
as the best SF short story of all time. It can be found in many collections,
including Asimov (1969).
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As Good as it Gets
255

Pg 186 final element of the standard model For a lucid description of
the discovery of the Higgs boson, and why it was so important, see Carroll
(2013).
256

Pg 187 telescopes of quite astounding capability See Webb (2012) for
a discussion of new and planned observatories.

They Are Distance Learners
257

Pg 188 Lampton, a scientist Lampton is involved in SETI activities at the
University of California, Berkeley, and in particular the optical SETI program
that I outlined in Solution 26. For further details of his proposed solution to
the paradox, see Lampton (2013).
258

Pg 189 we wouldn’t need to send astronauts The notion that we could
replicate Martian life on Earth by having a genome-sequencing probe on Mars
transmit genetic information back here, and then use bioprinters to “build”
them, is discussed in Venter (2013)

They Are Somewhere but the Universe is Stranger Than We
Imagine
259

Pg 190 universe A and universe B The American physicist Hugh Everett
III (1930–1982) developed the many-worlds interpretation of quantum mechanics for his PhD thesis at Princeton. See Everett (1957) for a summary
of the thesis. Unfortunately his ideas weren’t taken seriously at the time of
publication, and he became dispirited and left academia. See Byrne (2010) for
well researched account of Everett’s rather sad life story.
260

Pg 191 really interesting places Alfred Bester (1913–1987) first published
his famous novel The Stars My Destination under the title Tiger! Tiger! (Bester
1956). Arthur Clarke’s most ambitious work is perhaps Childhood’s End (Clarke
1953). Seemingly outré speculations aren’t limited to science fiction, however.
Theoretical physicists also delight in dreaming up wild ideas; see, for example,
Tegmark and Wheeler (2001).
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261

Pg 191 move through the “bulk” This idea appears in Gato-Rivera
(2006); it’s a seemingly sincere suggestion, but I find it difficult to take it
seriously.

Intelligence Isn’t Permanent
262

Pg 192 philosophical speculations See Schroeder (2002).

263

Pg 192 an “adaptationist” solution See Ćirković (2005) and Ćirković,
Dragićević and Berić-Bjedov (2005).

We Live in a Postbiological Universe
264

Pg 194 noted historian of science See Dick (2003, 2008) for lucid explanations of the implications for SETI if we live in a postbiological universe.
His book The Biological Universe (Dick 1996) is also highly recommended.
265

Pg 194 Stapledon was a British philosopher Stapledon’s science fiction
novels influenced writers such as Brian Aldiss, Arthur C. Clarke, Stanislaw
Lem and Vernor Vinge. In addition to the novels Last and First Men and Star
Maker mentioned here (Stapledon 1930, 1937), he wrote other influential
novels including Sirius and Odd John.
266

Pg 194 give or take 37 million years The best estimate of the age of the
universe comes from a combination of data from the ESA Planck satellite and
previous missions such as the NASA WMAP satellite; both Planck and WMAP
worked by measuring the cosmic microwave background radiation. I find it
incredible that astronomers can specify fundamental cosmological parameters
with such accuracy. When I was a student, realistic estimates for the age of
the universe differed by billions of years! See Webb (2012) for a discussion of
these space-based missions.
267

Pg 195 using an argument based upon stellar evolution See Norris
(2000). Norris’s paper appears in a very interesting volume edited by Allen
Tough.
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268

Pg 196 Martin once wrote A Song For Lya appeared in Analog magazine
in 1974 and went on to win the Hugo Award for Best Novella. It appears in a
story collection of the same name (Martin 1976).

They Are Hanging Out Around Black Holes
269

Pg 197 a scale of inward manipulation See Barrow (1998).

270

Pg 197 plenty of room at the bottom See Feynman (1959). He gave the
lecture entitled “There’s Plenty of Room at the Bottom” to a meeting of the
American Physical Society at Caltech on 29 December 1959. In it, Feynman
considered the possibility of directly manipulating individual atoms—it’s a
lecture that in many ways prefigured the field of nanotechnology.
271

Pg 197 Vidal argues Vidal’s PhD thesis is entitled The Beginning and the
End: the Meaning of Life in a Cosmological Perspective (Vidal 2013).

272

Pg 197 nothing can escape We can’t look inside a black hole—not even
light can reach us from beyond the event horizon that cloaks a hole—but if we
could look inside a particular type of black hole might we see an extraterrestrial civilization living there? In 2011, a Russian physicist showed that stable
periodic orbits can exist inside a black hole and he hypothesized that KIII civilizations could live safely inside a supermassive black hole. Such a civilization
would by definition be invisible to our telescopes. Could that be the resolution to the paradox? That ETCs choose to live inside black holes and thus are
unable to communicate with us? See Dokuchaev (2011).
273

Pg 198 store or extract energy Inoue and Yokoo (2011) suggest that KIII
civilizations might construct what would essentially be a Dyson sphere around
a supermassive black hole. However, they make no reference to the Barrow
scale: this is essentially a souped-up version of a “traditional” Dyson sphere.

They Hit the Singularity
274

Pg 200 Back in 1965 Gordon Earle Moore (1929–) co-founded Intel in
1968 and quickly became one of the world’s richest individuals. See Moore
(1965) for the first statement of his “law”.
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275

Pg 201 some time before 2030 The American mathematician Vernor
Steffen Vinge (1944–) has explored the idea of the Singularity in several SF
novels and short stories. A non-fictional account of the idea can be found
in Vinge (1993). A discussion of the seemingly inexorable development of
computing power can be found in Moravec (1988).

276

Pg 201 calls such an event The term “singularity” was used in the 1950s
by von Neumann, who is quoted as saying: “The ever accelerating progress of
technology . . . gives the appearance of approaching some essential singularity
in the history of the race beyond which human affairs, as we know them, could
not continue”. See Ulam (1958).
277

Pg 201 transcendental event Vinge wasn’t the first to explore the idea
that mankind’s intellectual development might profoundly change our global
society. The French Jesuit priest Pierre Teilhard de Chardin (1881–1955)
thought individual minds would somehow merge to form the noösphere—
an expanding sphere of human knowledge and wisdom; spiritual and material
would eventually merge to form a new state of consciousness he called the
Omega point. His argument, although mystical and woolly, reaches a conclusion that seems similar to Vinge’s Singularity. There are two main differences
between Vinge and Teilhard de Chardin. First, Vinge has extrapolated realworld trends to suggest specific mechanisms that might get us to the Singularity.
Second, organic evolution requires millions of years to construct the noösphere; we (and our successors) construct the Singularity in a few decades.
For an insight into this sort of thinking, see for example Teilhard de Chardin
(2004).
278

Pg 202 a non-biological substrate See Searle (1984) and Penrose (1989)
for two stimulating books criticizing the idea that human-level “artificial”
intelligence can exist. I happen to disagree with the conclusions of these
highly distinguished thinkers, but the two references here make for extremely
interesting reading.

279

Pg 202 typeset this book TEX was developed by the American computer
scientist Donald Ervin Knuth (1938–). See Knuth (1984). He wrote the
TEX(along with a program for designing typefaces) just so that he could typeset
his multi-volume Art of Computer Programming to his own satisfaction!

Notes

383

The Transcension Hypothesis
280

Pg 203 a paper published in 2012 See Smart (2012). In this paper Smart
builds on a decade of thinking about transcension and its relationship to the
Fermi paradox.

281

Pg 204 the World Health Organization For details on urban population
growth, see WHO (2013).
282

Pg 206 new ideas of evolutionary developmental biology For a readable
account of evolutionary developmental biology, see Carroll (2006).

The Migration Hypothesis
283

Pg 207 futurologist Robert Bradbury See Ćirković and Bradbury (2006)
for details of the migration hypothesis. Robert J. Bradbury (1956–2011) was
interested in a variety of unorthodox scientific pursuits, including options for
radical life extension. Sadly, he did not live to benefit personally from the
life-extending technologies in which he was interested.

Infinitely Many Civilizations Exist but Only One Within Our
Particle Horizon: Us
284

Pg 209 done so much to promote Hart is a particularly clear and forceful
writer. For a description of his proposal of how an infinite number of lifebearing planets exist, yet we are alone in the observable universe, see Hart
(1995). An equally clear treatment of the subject, by a cosmologist, appears in
Wesson (1990).
285

286

Pg 210 Guth has presented See Guth (2007).

Pg 210 one of the key underpinning concepts See Webb (2014) for a
discussion of inflation, and of how it’s possible that observational results made
public in 2014 might provide confirmation of inflation.
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They Don’t Exist
287

Pg 213 a stimulating and thought-provoking book The book Rare Earth
(Ward and Brownlee 1999) articulated the growing suspicion of a number of
astrobiologists that Earth is unusual, perhaps unique, in harboring complex
forms of life.
288

Pg 214 will seem narrow-minded For an imaginative, unorthodox and
challenging book on the possible forms that life may take, see Feinberg and
Shapiro (1980). The authors discuss the notions of plasma life in stars, radiant
life in interstellar clouds, silicate life, low-temperature life and many other
possibilities. One of the earliest and most delightful SF stories about alien
biochemistries was A Martian Odyssey by Stanley G. Weinbaum (in Wonder
Stories, July 1934). You can find the story in several anthologies, including
Asimov (1971).

The Universe is Here for Us
289

Pg 214 a dozen such steps See, for example, Mayr (1995).

290

Pg 215 some astronomers believe The Sun’s luminosity has increased by
about 25% since the formation of the Solar System. Earth’s surface temperature
has been quite stable over that time, however, mainly thanks to negative feedback loops that reduce the CO2 greenhouse effect. These loops will be unable
to maintain Earth’s surface temperature at a level that’s suitable for complex
life beyond another billion years or so. See for example Bergman et al. (2004).
291

Pg 217 presented by Brandon Carter See Carter (1974).

292

Pg 217 recent analysis See Watson (2008) for an extension of Carter’s
work. See also McCabe and Lucas (2010).
293

Pg 217 observational bias See Bostrom (2002) for a thorough discussion
of anthropic bias.
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294

Pg 218 will never die out See Barrow and Tipler (1986)—a remarkable
and stimulating book, which covers the various types of anthropic principle in
detail.

295

Pg 218 expanded upon the notion See Tipler (1994)

The Canonical Artefact
296

Pg 219 searching for a “theory of everything” For a beautiful treatment
of the motivations behind the hunt, see Weinberg (1993).

297

Pg 219 addressed by Gerard Foschini Foschini has won numerous awards
for his contributions to communications engineering. See Foschini (1994) for
the intriguing notion of the canonical artefact.

Life Can Have Emerged Only Recently
298

Pg 223 takes issue with See Livio (1999).

299

Pg 225 occurred billions of years ago Work by Sobral et al. (2013) suggests that the rate of star formation peaked about 11 billion years ago, which
is rather earlier in the history of the universe than previously thought.

Planetary Systems Are Rare
300

Pg 226 originating in more exotic locales The novels mentioned in the
text are Integral Trees (Niven 1984) and Dragon’s Egg (Forward 1980).

301

Pg 227 competing scenarios for planetary formation The French naturalist George-Louis Le Clerc, Comte de Buffon (1707–1788), proposed in
1749 that the planets formed when a comet collided with the Sun. The German philosopher Immanuel Kant (1724–1804) proposed the nebular theory
of planetary formation in 1754. See Williams and Cremin (1968) for a comparative survey of the various different ideas that had been proposed to explain
the origin of the Solar System.
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302

Pg 227 condensed to form the planets The first models of planetary
formation through stellar collisions were developed by the American scientists Thomas Chrowder Chamberlin (1843–1928) and Forest Ray Moulton
(1872–1952). The models were improved by the British mathematicians James
Hopwood Jeans (1887–1946) and Harold Jeffreys (1891–1989). See Taylor
(1998) for a fascinating tour of the Solar System, including its formation. Taylor reaches the conclusion that life on Earth might be the result of chance; and
perhaps this means that life is unlikely to occur elsewhere.

303

Pg 229 exoplanetary discovery For more details on the newest planetary
discoveries, visit The Extrasolar Planets Encyclopædia (Exoplanet Team 2014).
For a haunting, beautifully written account of the scientists who search for
exoplanets, see Billings (2013).

Rocky Planets Are Rare
304

Pg 230 formation of Earth itself The accepted age of the Earth, as
calculated by geochemists using radioisotopic dating techniques, is 4.54 ±
0.05 billion years. A value close to this was first presented in 1956 by the
American geochemist Clair Cameron Patterson (1922–1995); research since
then has refined Patterson’s value, but not substantially revised it. For more
details on how scientists determined the age of the Earth, see for example
Dalrymple (2001).

305

Pg 230 precise nature of the chondrules References to what we now know
are chondrules were made in the scientific literature as far back as 1802. They
were named in 1864, by the German mineralogist Gustav Rose (1798–1873).
The English geologist Henry Clifton Sorby (1826–1908), one of the great
amateur scientists, used a petrographic microscope—a device he invented—to
carry out the first detailed study of chondrules. He suggested that chondrules,
which he described as being “like drops of a fiery rain”, might be pieces of the
Sun that had been ejected in solar prominences. See Sorby (1877).
306

Pg 231 a nearby gamma-ray burst See McBreen and Hanlon (1999). See
also Duggan et al. (2003).
307

Pg 232 most accurate dating For further details, see Connelly et al.
(2012).
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A Water Based Solution
308

Pg 233 a mineral called zircon Uranium (U) decays to lead (Pb) through
two different chains (238 U decays to 206 Pb with a half-life of 4.47 billion years;
235
U decays to 207 Pb with a half-life of 0.704 billion years). Zircon strongly
rejects lead, so any lead that’s detected in the mineral must have come from
radioactive decay. This gives rise to the possibility of a uranium–lead dating
mechanism, and Valley et al. (2014) have shown that the uranium–lead “clock”
in zircon is reliable. They confirmed that a scrap of zircon from the Jack Hills
region of Western Australia formed 4.4 billion years ago.
309

Pg 234 saw the same abundance See Hartogh et al. (2011) for details
of the Hartley 2 observations; see Lis et al. (2013) for details of the Honda–
Mrkos–Pajdus̆áková observations.

Continuously Habitable Zones Are Narrow
310

Pg 235 a system’s habitable zone One of the first books to discuss the
conditions that might be required to make a planet habitable was Dole (1964).
Although now extremely dated, it remains a good guide. The book was the
outcome of a RAND study and is rather technical. A popular version, also
recommended, is Dole and Asimov (1964). Seager (2013), published almost
half a century after the Dole study, provides a detailed summary of the factors
that might affect an exoplanet’s habitability.

311

Pg 235 a “tilted” terrestrial world See Armstrong et al. (2014) for a
discussion of how a fluctuating obliquity does not necessarily preclude the
existence of life, and in some cases might actually be a boon for life.

312

Pg 236 one recent study See Vladilo et al. (2013), which considers the
effect of atmospheric pressure on the habitable zone.
313

Pg 236 just the right place In several calculations of the boundaries of
the habitable zone, Earth can be seen pushing the limits. It’s easy to take an
“Earth-centric” view of the possibilities for life, but increasingly scientists are
discovering that liquid water could exist in a wide variety of situations. Heller
and Armstrong (2014) point out that some planets might be more suitable for
life than Earth is.
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Pg 236 results of computer models See Hart (1978, 1979).

315

Pg 237 most Earth-like planet For details of the discovery of Kepler-186f,
see Quintana et al. (2014).

316

Pg 237 models developed by James Kasting The American geologist
James Fraser Kasting (1953–) has made several contributions to our understanding of the long-term stability of Earth’s climate. The models he and his
colleagues use are much more detailed than Hart’s original model. See for
example Kasting, Reynolds and Whitmire (1992) and Selsis et al. (2007) for
further details.

317

Pg 237 could be wider than Hart thought Rushby et al. (2013) consider
a simple model of how the habitable zone evolves over time, and show that
some exoplanets can spend many billions of years in their star’s habitable zone.
318

Pg 238 one-in-five Sun-like stars Petigura, Howard and Marcy (2013)
analyzed Kepler and Keck data on exoplanets to conclude that 22% of Sun-like
stars harbor Earth-size planets orbiting in their habitable zones.
319

Pg 238 galactic habitable zone See Gonzalez, Brownlee and Ward (2001)
for an initial definition of the galactic habitable zone, and Lineweaver, Fenner
and Gibson (2004) for a detailed discussion of the size and time evolution of
the zone. Gowanlock, Patton and McConnell (2011) describe a model of the
GHZ in terms of the spatial and temporal dimensions of the Galaxy that may
favor the development of complex life.

Earth is the First
320

321

Pg 239 analysis of the exoplanets See Buchhave et al. (2012).

Pg 240 the star HIP 102152 A detailed study of this solar twin is given
in Monroe (2013).
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Earth has an Optimal ‘‘Pump of Evolution’’
322

Pg 240 physicist John Cramer See Cramer (1986) for a popular account
of the idea that Jupiter might affect evolution on Earth.
323

Pg 240 gap in the Asteroid Belt The American geologist George West
Wetherill (1925–2006) was well known for his research into the role that Jupiter
plays in the Solar System. That resonance effects should cause gaps to exist in
the Asteroid Belt was first suggested in 1866 by the American astronomer
Daniel Kirkwood (1814–1895). Jack Leach Wisdom (1953–), an American
physicist, was one of the first scientists to apply the modern techniques of
nonlinear dynamics to the study orbits in the Solar System. Wisdom looked at
the Asteroid Belt’s 3:1 resonance in detail. For an authoritative and up-to-date
account of many of these ideas, as well as a more general discussion of the
origin and evolution of the Solar System, see Yeomans (2012).

The Galaxy is a Dangerous Place
324

Pg 242 pose an interesting threat Magnetars are neutron stars with exceptionally strong magnetic fields. The field of SGR1900+14 is estimated to
be 5 × 1010 tesla—compare that with the strongest non-destructive magnetic
field scientists have made, which is only a little over 100 tesla. The magnetic
field of a magnetar is so strong that it could suck the keys from your pocket at
a distance of more than 100,000 miles. Of course, if you were standing that
close to a magnetar, then the radiation and charged-particle wind that it spews
out would kill you instantly. At the time of writing, 21 magnetars have been
discovered. See Mereghetti (2008) for more information.
325

Pg 245 30 light years of Earth Gehrels et al. (2003), for example, calculate
that a Type II supernova occurring within 8 pc could double the “biologically
active” ultraviolet flux at Earth’s surface.

326

Pg 247 origin was completely unknown Astronomers first detected
gamma-ray bursts in 1969 using data from the VELA satellites, which were in
orbit to look for gamma-rays from possible nuclear explosions, but it wasn’t
until 1997 that astronomers obtained proof that bursts occur at cosmological
distances. Even now, the detailed nature of the progenitor events is a matter
for debate. See Vedrenne and Atteia (2009).
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327

Pg 248 responsible for mass extinctions Melott et al. (2004) suggest
that a GRB might have initiated the late Ordovician mass extinction some
440 million years ago. For further details on this suggestion see Thomas (2009).
328

Pg 248 proposed by James Annis See Annis (1999).

329

Pg 249 consumed by fire Arthur Clarke’s short story “The Star” describes
how humans find the remains of a civilization destroyed by an astronomical
explosion. Light from the explosion would have reached Earth about two
thousand years ago—a fact that gives the story its haunting quality. I find it
poignant that within a few hours of Clarke’s death in 2008, the Swift satellite
detected GRB 080319B—an explosion so tremendously powerful that, despite
occurring 7.5 billion years ago, was potentially visible to the naked eye for half
a minute.“The Star” appears in many anthologies. See, for example, Asimov
(1972).

A Planetary System is a Dangerous Place
330

Pg 249 much closer to home For an in-depth look at planetary threats,
see Bostrom and Ćirković (2008).

331

Pg 250 Snowball Earth events The notion that Earth experienced a global
glaciation in the Neoproterozoic age is not new: the English geologist Walter
Brian Harland (1917–2003) postulated precisely this as long ago as 1964. At
the same time, the Russian geologist Mikhail Budyko (1920–2001) showed
how a runaway icehouse effect could take place. Only recently, however, has
the notion been taken seriously—largely due to the work of groups led by
the American geologists Joseph Kirschvink and James Kasting, who have investigated the escape route from “Snowball Earth”. For an early introduction,
see Harland and Rudwick (1964). A clearly written introduction to Snowball
Earth theories appears in Hoffman and Schrag (2000). More technical papers
include Hoffman et al. (1998) and Kirschvink (1992).

332

Pg 253 reduction in biodiversity There might well have been many more
extinctions earlier in Earth’s history, particularly in Snowball Earth events, but
only in the past half billion years have creatures with hard skeletons become
common; only relatively recently could creatures become fossils. Indeed, we
are now living in the geological eon known as the Phanerozoic era, the name
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coming from Greek words meaning “visible life”. Nature began experimenting with the present animal phyla in the Cambrian explosion, 540 million
years ago; the 4 billion years before the Cambrian explosion is known as the
Cryptozoic era, from Greek words meaning “hidden life”. For most of Earth’s
history, virtually all organisms lived and died without leaving traces. For more
information about the explosion of animal life in the Cambrian, see Gould
(1986).
333

Pg 253 great mass-extinction events See Raup (1990).

334

Pg 253 large meteorite impact The idea that a meteorite impact killed
the dinosaurs is an old one. The key paper is Alvarez et al. (1980). Years before
that paper appeared, however, a remarkably prescient article was published in
an SF magazine (see Enever 1966). It described the consequences of a large
meteor hitting Earth. An entertaining look at the evidence for a meteorite
impact causing the Cretaceous–Tertiary extinction appears in Alvarez (1997);
the book is as good as its title!
335

Pg 256 species are becoming extinct See Leakey and Lewin (1995).

Earth’s System of Plate Tectonics is Unique
336

337

Pg 256 killed each year because of earthquakes See McClean (2010).

Pg 257 gives rise to plate tectonics The first to marshal evidence for the
suggestion that continents move was the German meteorologist Alfred Lothar
Wegener (1880–1930). He published his ideas on continental drift in 1915,
but they were met with ridicule. One of the seeming flaws in his theory was
that no known mechanism could account for the drift of continents. Wegener
died in a blizzard on an Arctic expedition, shortly before the British geologist
Arthur Holmes (1890–1965) suggested that convection might provide a suitable mechanism to explain continental drift. Holmes was a respected geologist;
he was the first, for example, to suggest a reasonable timescale for geological
processes—his 1913 estimate of 4 billion years for the age of the Earth was
far better than any previous estimate. But it was to be almost another 20 years
before the idea of continental drift became established. In 1960, the American
geologist Harry Hammond Hess (1906–1969) showed that the seafloor was
spreading from vents in mid-ocean rifts. As magma welled up and cooled, it
pushed the existing seafloor away from both sides of the rifts. It was this force
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that moved the continents. See Oreskes (2003) for an in-depth account of
how the theory of plate tectonics came into being. Marshak (2009) is a superb
textbook that explains the details behind the concepts discussed in this section.
338

Pg 258 plate tectonics controls temperature The first description of
Earth’s geological-timescale carbon dioxide thermostat appeared in Walker,
Hays and Kasting (1981). This mechanism doesn’t take into account the effect
that biological organisms might have had on stabilizing global surface temperature. Several prominent scientists take the view that life itself has played the
key role in keeping temperature at an equable level.

The Moon is Unique
339

Pg 261 the impact hypothesis Two groups of American scientists independently arrived at the idea of lunar formation by a Mars-sized impactor.
One group was led by the American astronomers William Kenneth Hartmann (1939–) and Donald Ray Davis (1939–), who work at the Planetary
Science Institute in Arizona. The other group was led by the CanadianAmerican astronomer Alastair Graham Walter Cameron (1925–2005) of
Harvard University. See Hartmann and Davis (1975) and Cameron and Ward
(1976).
340

Pg 262 identical in Earth and Moon rocks For details of the oxygen
isotope ratios in Moon rock samples, see Wiechert et al. (2001). For details of
the titanium isotope ratios in Moon rock samples, see Zhang et al. (2012).
341

Pg 262 wrong stage of development Jacobson (2014) pins down the
Moon-forming event to 95 million years (give or take 32 million years) after
the Solar System formed. This is rather later than many previous estimates,
but a high-energy collision that occurred relatively late in the development of
the Solar System is consistent with the observation that Moon and Earth have
an identical isotopic composition (see text).

342

Pg 263 been any different For an entertaining treatment of the importance
of the Moon, which is aimed at non-scientists, see Comins (1993).
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Life’s Genesis is Rare
343

Pg 267 two different types of prokaryote exist The classification of living organisms into the domains of archaea, bacteria and eukarya is relatively
recent. The proposal originated in the late 1980s and early 1990s with the
American biophysicist Carl Richard Woese (1928–2012), who discovered
micro-organisms living in extreme environments (extremes of heat, salinity,
acidity—places previously thought to be hostile to life). At first it was thought
that these organisms were bacteria that had managed to adapt to extreme
conditions; certainly, the cell nucleus of these organisms was not enclosed
within a nuclear membrane, which made them look like bacteria. However,
Woese and co-workers embarked on a study of the ribosomal RNA of these
extremophiles. (In cells, ribosomal RNA is the site of protein synthesis—the
place where amino acids are assembled into proteins. It is thus found in all
living cells, and a study of the nucleotide sequence of rRNA provides an ideal
“evolutionary chronometer”.) They found that the rRNA of extremophiles
differs quite radically from the rRNA of bacteria. These and other fundamental differences made it clear to Woese that life consists of three domains. The
landmark paper is Woese, Kandler and Wheelis (1990).
344

Pg 271 deoxyribonucleic acid The story of nucleic acids goes back a long
way. The first to investigate the chemical structure of the nucleic acid molecule
was Albrecht Kossel (1853–1927), a German biochemist. Kossel isolated the
nitrogen bases and named them adenine, guanine, cytosine and thymine. He
was awarded the 1910 Nobel prize for his work. Forty years later, the role that
DNA might play in heredity was one of the burning issues of biology. In 1953,
Francis Crick and James Watson made one of the key breakthroughs in all of
science when they proposed the double-helix model of the DNA molecule.
For details of the story, and the personalities involved, see Watson (2010) and
Ridley (2011).

345

Pg 272 two extra letters The work on expanding the genetic “alphabet”
is described in Malyshev et al. (2014).
346

Pg 277 many excellent sources available If you have access to a good
library, Brooker (2011) is a popular introductory textbook on genetics.

347

Pg 278 in interstellar space Elisa, Glavin and Dworkin (2009), for example, report the existence of the amino acid glycine in material brought back to
Earth from comet Wild 2 by the Stardust spacecraft. A number of polycyclic
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aromatic hydrocarbons—molecules that might be important as starting material for life—have been detected in the interstellar medium. The basic building
blocks that form complex organics are common in space.
348

Pg 278 chemistry of early Earth The story of scientific research into the
question of life’s origin is long and fascinating. It began in 1924 with the
Russian biologist Alexander Ivanovich Oparin (1894–1980), who suggested
that small lumps of organic matter might have formed naturally and become
the precursor of modern proteins. Along with the British biologist John Burdon Sanderson Haldane (1892–1964), he produced the evocative idea of the
primordial soup, from which living material arose. It wasn’t until 1953 that
the American biologist Stanley Lloyd Miller (1930–2007), a graduate student
working in the laboratory of the Nobel prize-winning chemist Harold Clayton Urey (1893–1981), put these ideas to an experimental test. The results
of Miller’s experiments suggested that at least the basic building blocks of life
could form naturally on a primordial Earth. Nevertheless, there are many steps
leading from these building blocks to life itself, and the route remains shrouded
in fog. This is a fascinating and active area of research. See Deamer (2012) for
an account by someone working in the field.

349

Pg 279 being created by chance For an argument as to why the emergence
of life might be a rare occurrence, see Hart (1980). I believe the arguments in
the paper are wrong, but as usual Hart states his case clearly and forcefully.

350

Pg 280 as genetic material and as enzymes The first ribozymes—enzymes
made of RNA—were discovered independently in 1983 by the American
biochemist Thomas Robert Cech (1947–) and the Canadian biochemist Sidney
Altman (1939–), who shared the 1989 Nobel prize for chemistry for this work.
A good overview of the RNA world is given by Bernhardt (2012).

351

Pg 280 progress in these fields is rapid There are numerous proposals
regarding the genesis of life. The following references, which give only a flavor
of the wide range of thinking on offer, all appeared within the timescale of the
writing of this book. Sharov and Gordon (2013) take what I believe is a hugely
speculative approach, and argue that life’s origin lies 9.7 billion years ago; compare that with Earth’s age of 4.5 billion years. Quite a claim! England (2013)
takes a much more traditional approach, but nevertheless arrives at an equally
stunning claim: he believes he has identified fundamental physical principles
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that drive the origin of life. If England is correct, life arises quite naturally. Deacon (2013) talks about “autogenesis”—a physical process of reciprocal catalysis
and self-assembly that can not only create order, but also preserve order and
reproduce it; those are the sorts of properties we look for when we talk about
life. Martins et al. (2013) discuss the possibility that the chemicals necessary
for life were created in shocks when icy comets struck rocky bodies, or rocks
impacted on icy surfaces. As you might conclude from this brief sample of
papers, the fascinating question of the origin of life is a subject of continuing
debate. Indeed, Gollihar, Levy and Ellington (2014) point out that the origin
of life remains mysterious in part, paradoxically, because scientists are aware of
lots of possible mechanisms that could have led to self-replication of nucleic
acids and the creation of cells!
352

Pg 281 in existence at this time See Pons et al. (2011) for the suggestion
that life began in mud volcanoes in Isua, Greenland about 3.85 billion years
ago.

353

Pg 281 Earth’s crust formed As mentioned in the discussion of Solution 56, researchers have dated a tiny zircon crystal from Western Australia to
4.4 billion years. The speck is the oldest known part of our planet. See Valley
et al. (2014).
354

Pg 282 modern discipline of astrobiology There are now many introductions to and textbooks on the relatively new science of astrobiology. Three
that I can recommend are Dartnell (2007), Sullivan and Baross (2007) and
Catling (2014).

355

Pg 282 large subsurface ocean See Witze (2014).

Life’s Genesis is Rare (Revisited)
356

Pg 284 unlikely to be small See Lineweaver and Davis (2002).

357

Pg 285 formula is indispensable For a discuss of the history behind the
Bayes formula, and its importance in the modern world, see McGrayne (2011).
358

Pg 285 clergyman Thomas Bayes Not a huge amount is known about
the life of Thomas Bayes. His formula appears in Bayes (1763).
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359

Pg 286 study shows that For research on how medical professionals often
fail to use Bayesian reasoning see, for example, Casscells, Schoenberger and
Graboys (1978); Eddy (1982); Gigerenzer and Hoffrage (1995).

360

Pg 286 infamous Monty Hall problem The Monty Hall problem rose to
prominence in 1990, when a columnist in Parade magazine (see vos Savant,
1990) argued that it pays to switch. The columnist was Marilyn vos Savant, who
is clearly a very bright woman: from 1986 to 1989 she was listed in the Guinness
Book of World Records as possessor of the “Highest IQ (women)”; she ceased to
appear not because some other woman was deemed to possess a higher IQ, but
because the editors at Guinness saw sense and realized that attaching a number to
intelligence in this way is essentially meaningless. Her proposed solution to the
Monty Hall problem nevertheless provoked outrage from several mathematics
professors; at least one academic argued that by publishing such nonsense she
was doing a disservice to the public understanding of mathematics. And yet
her analysis was perfectly correct.

361

Pg 287 my reaction In failing to spot the answer to the Monty Hall
problem I was in good company. Paul Erdös was one of the most prolific
mathematicians of the twentieth century. Mathematicians and scientists like
to boast of their “Erdös number”. If you co-authored a paper with him you
have an Erdös number of 1; if you co-authored a paper with someone who
has an Erdös number of 1 then you have an Erdös number of 2; and so on.
(See Hoffman (1998) for a biography of Erdös.) My own Erdös number is a
rather poor 5. Anyway, even the great Paul Erdös only accepted the correct
conclusion after he saw computer simulations.
362

Pg 288 just such a Bayesian analysis For the full technical details of the
analysis, see Spiegel and Turner (2012).

Goldilocks Twins are Rare
363

Pg 289 flutter of interest The research in question was presented at the
Goldschmidt Conference in Florence; see Benner (2013).

364

Pg 290 having a Martian origin See for example Belbruno et al. (2012).

365

Pg 290 strong enough to eject See Worth, Sigurdsson and House (2013).
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The Prokaryote−Eukaryote Transition is Rare
366

Pg 294 ignited the Cambrian explosion See Knoll and Carroll (1999).

367

Pg 295 period of tectonic stability For a billion year period, tectonic
activity on Earth was minimal. Cawood and Hawkesworth (2014) describe
the timescales on which the mechanism of plate tectonics has operated.
368

Pg 296 biochemist Peter Mitchell Peter Dennis Mitchell (1920–1992)
was awarded the 1978 Nobel prize in chemistry for his proposal of the chemiosmotic hypothesis—the notion that ATP synthesis occurs thanks to a potential
difference across a membrane. Mitchell’s idea was met with huge skepticism
when he proposed it (Mitchell 1961); it took many years before the weight of
experimental observation proved the correctness of his hypothesis.

369

Pg 297 cells of different size For a beautifully clear discussion of the development of the eukaryotic cell, and of a variety of other topics in evolutionary
biology, see Lane (2010).

Toolmaking Species are Rare
370

Pg 299 some species make them There is a wide literature on animal tool
use, though there’s no single definition of what constitutes tool use—is a dog
using a wall as a tool when it scratches its back? Depending upon one’s definition, many animals have been observed to use tools. With regard to chimps,
for example, see Boesch and Boesch (1984, 1990). With regard to capuchin
monkeys, see Visalberghi and Trinca (1989). With regard to elephants, see
Chevalier-Skolnikoff and Liska (1993). Three good general books on the subject of tool use (including the development of human tool use) are Calvin
(1996), Gibson and Ingold (1993) and Griffin (1992).

371

Pg 300 Kanzi, a bonobo For the story of this remarkable bonobo, Kanzi
(1980–), see Savage-Rumbaugh and Lewin (1996).

High Technology is Not Inevitable
372

Pg 303 but Denisovans The story of our Denisovan cousins is still being
written. The discovery of Homo denisova was announced in Krause (2010).
Since then, a mitochondrial genome sequence of an ancient hominim (Meyer,
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2013) has led to the suggestion that Denisovans interbred with an as-yet
unidentified hominid species. At the time of writing, the chronicle of human evolution is difficult to read, but the incredible advances being made by
geneticists will surely bring about some clarity.
373

Pg 304 they were no mugs An introductory article describing how various
hominid species must once have co-existed is given in Tattersall (2000). For
four excellent books on early-human tool use, see Tattersall (1998), Schick and
Toth (1993), Leakey (1994) and Kohn (1999). A modern synthesis of these
ideas, and of what might distinguish modern humans from Neanderthals, is
Stringer (2012). Svante Pääbo is the “master of Neanderthal DNA”; see Pääbo
(2014) for the fascinating story of how modern technology is transforming out
understanding of both humans and Neanderthals.
374

Pg 304 the Neanderthal’s a disservice See Soressi et al. (2013) for details of bone lissoirs found in Neanderthal sites in present-day Dordogne.
Appenzeller (2013) gives two sides of the debate surrounding the putative
achievements of Neanderthals.
375

Pg 305 began to dazzle For a discussion of cave art see, for example,
Sieveking (1979).

Intelligence at the Human Level is Rare
376

Pg 307 intelligence in other creatures Herzing (2014) offers an attempt
to assess and compare various non-human intelligences, as part of the larger
goal of preparing for the assessment of intelligence in life on other planets.
We might need to take a flexible approach if we ever encounter extraterrestrial
species. For example, if we came across a species that could build a structure
complete with cultured gardens, internal temperature control and ventilation
would we consider the species to be intelligent? Well, termites build such
structures and we generally don’t attribute an individual termite with a high
level of intelligence. Or is intelligence to be found in the termite “hive mind”?
This possibility has been discussed in many science fiction stories; perhaps
scientists and philosophers will one day have to grapple with the question for
real.
377

Pg 307 lived about 65 million years ago See O’Leary et al. (2013) for
details of research on the likely appearance of the ancestor of all mammals.
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378

Pg 310 Lineweaver pointed out See Lineweaver (2008) for a strong and
beautifully reasoned argument suggesting that human-level intelligence is not
a convergent feature of evolution.
379

Pg 311 scientists showed how crows This research appeared in Viet and
Nieder (2013).

380

Pg 311 development of a fly’s eye In 1993, Walter Gehring and Rebecca
Quiring found a gene called eyeless that seemed to act as a master control gene
for the formation of an eye in fruit flies (see Quiring et al. (1994) and Halder et
al. (1995) for more information). By suitable manipulation, they could “turn
the gene on” in different places and have a fly sprout an ectopic eye on its
wing or its leg or its antenna. Eyeless was not the gene “for” an eye—the way
genes work is much more subtle—but it seemed, among other functions, to
orchestrate the action of thousands of other genes that form an eye in the early
development of an embryo. It soon became clear that the fly eyeless gene was
similar to a mouse gene called small eye. A mouse with a defective small eye
gene develops shrunken eyes. Furthermore, the gene is similar to a human gene
responsible for the condition Aniridia, sufferers of which can have defects of
the iris, lens, cornea and retina. When geneticists made a detailed comparison
it was discovered that the “eye genes” in these three quite different species—
fruit fly, mouse and man—were essentially identical in two crucial locations.
Georg Halder and Patrick Callaerts decided to implant the mouse small eye
gene into a fruit fly. The gene worked. It caused the fly to develop ectopic
eyes—fruit fly eyes, not mouse eyes. The eyes were not wired to the brain, but
they looked like normal insect compound eyes and they responded to light.
So although eyes take on different designs across the animal kingdom, the
biochemical pathways that allow eyes to function seem to have been laid down
very early in history.

Language is Unique to Humans
381

Pg 312 lions do not Budiansky (1998) is an accessible account of research into animal cognition. For a different take on the question of animal
consciousness and intelligence, see Rogers (1997).

382

Pg 313 if they lacked language See Olson (1988) for a discussion of the
relevance of human linguistic abilities to the Fermi paradox.
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Pg 315 fossilized Neanderthal hyoid bone See D’Anastasio et al. (2013).

384

Pg 315 philosopher and linguist Noam Chomsky The American linguist
Avram Noam Chomsky (1928–), one of the world’s most respected intellectuals, writes widely on political and social issues as well as on linguistics. His
linguistic work is highly abstruse, but for an introduction to the revolution that
he sparked in 1959—and to the advances made by others in the intervening
decades—look no further than Pinker (1994), which is a superbly readable
book.
385

Pg 318 natural selection of heritable variations Half the members of a
British family known as KE suffer from severe language difficulties: not only do
they struggle with grammar, writing and comprehension, they can’t properly
coordinate the complex mechanical motor sequences required for fluid speech.
Geneticists (Lai et al. 2001) discovered that the source of the problem was a
mutation in the gene Forkhead box protein P2—FOXP2, for short. Normally,
FOXP2 coordinates the expression of other genes, but in affected members
of the KE family it was broken. This was the first time that scientists had
implicated a specific gene in a speech and language disorder, and so it’s not
surprising that journalists began calling it “the language gene”. This was taking
the interpretation much too far: FOXP2 isn’t a language or a grammar gene.
But it is an interesting gene, and ongoing research will clarify the role it seems
to play in language.

Science is Not Inevitable
386

Pg 320 50,000 years ago Genetic studies suggest that Aboriginal people
are descended from the first humans to migrate out of Africa. They migrated
to Asia about 70,000 years ago and somehow made the journey to Australia
about 50,000 years ago. See Rasmussen et al. (2011).
387

Pg 321 rise of modern science There are many good accounts of the
historical development of science. See, for example, Asimov (1984).

Consciousness is Not Inevitable
388

Pg 322 chilling science fiction novel Watts (2006) packs his novel Blindsight with speculations based on hard science. By making the case for separating
intelligence from consciousness he succeeds in describing creatures that appear
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to be truly alien. The novel has a thoroughly bleak outlook on life, but is well
worth reading—particularly since the author has been kind enough to make
the novel available for free online.
389

Pg 323 captured the experiment on film For a good discussion of the
blindsight phenomenon, see de Gelder (2010); the article also links to video of
the experiment mentioned in the text. The film shows a patient TN successfully
navigating a litter-strewn corridor; also shown in the film, walking behind TN,
is the British psychologist Lawrence Weiskrantz (1926–) who in the 1970s
discovered and named the phenomenon of blindsight.
390

Pg 324 far as my reading has taken me On the basis of Watts’ recommendation in Blindsight, I’m employing Metziger (2003) as a tour guide to the
phenomenon of consciousness and subjectivity. It’s tough going (I find most
philosophy books tough going) but Metzinger is clearly a brilliant thinker and
his arguments are compelling.

Gaia, God or Goldilocks?
391

Pg 324 history of clement weather For details of the argument in this
section, and of the various ways in which Earth might be special, see Waltham
(2014).
392

Pg 326 originated by James Lovelock Although he is best known for
developing the Gaia hypothesis, Lovelock (1919–) has several inventions to
his name and a number of contributions to science, even though he’s an unaffiliated, independent scientist. For more on Gaia, and humankind’s possible
future, see for example Lovelock (2009, 2014).

Conclusion
393

Pg 331 resolutions of the Fermi paradox Note that new solutions to the
paradox, and new work that is inspired by the paradox, appear frequently in
the scientific and science fictional literature. Whates (2014), for example, is
an anthology of original science fiction stories inspired by Fermi’s question. It
was published just weeks before this book went to print.
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The Fermi Paradox Resolved . . .
394

Pg 332 the Douglas Adams response The quote appears, of course, in
The Hitchhiker’s Guide (Adams 1979).
395

Pg 332 one recent estimate The estimate of 100 billion for the number
of habitable, Earth-like planets is larger than previous estimates, but is not
unreasonable. The estimate appears in Abe et al. (2013).

396

Pg 333 stands for Graham’s number The story of Graham’s number first
appeared in Martin Gardner’s Scientific American column (Gardner 1977), in
which it was called “the largest number ever used in a serious mathematical
proof ”. Gardner’s column referred to a number used by Graham in an unpublished proof. In 1971, Graham co-published a paper that discussed the
problem mentioned in the text (although the problem was couched in terms
of coloring the lines connecting vertex pairs of an n-dimensional hypercube,
rather than in terms of committees and subcommittees); see Graham and
Rothschild (1971). The upper bound calculated by Graham and Rothschild
was much smaller than Graham’s number, but still vast. The lower bound has
been improved, and now stands at 13. The upper bound has been improved,
too, and now stands at 2 ↑↑ 2 ↑↑ 2 ↑↑ 9.

397

Pg 337 biologist Jacques Monod See Monod (1971). This translation
from the French original is by A. Whitehouse.
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