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(1) Mars Odyssey, Mars Express, MRO, Mars Orbiter Mission, and
MAVEN.

(2) NASA’s Opportunity and Curiosity rovers. The Spirit rover ceased
functioning in 2011.

(3) ‘This foolish idea of shooting at the Moon is an example of the ab-
surd length to which vicious specialisation will carry scientists. To escape
the Earth’s gravitation a projectile needs a velocity of 7 miles per sec-
ond. The thermal energy at this speed is 15,180 calories [per gram]. Hence
the proposition appears to be basically impossible.” Alexander Bickerton,
Chemistry Professor, 1926.

‘T am bold enough to say that a man-made Moon voyage will never
occur regardless of all scientific advances.” Lee De Forest, electronics in-
ventor, 1957.

‘There is no hope for the fanciful idea of reaching the Moon because of
insurmountable barriers to escaping the Earth’s gravity.” Forest Moulton,
astronomer, 1932.

(4) In a 1920 editorial, the New York Times wrote: ‘Professor Goddard
... does not know the relation of action to re-action, and the need to have



something better than a vacuum against which to react.” Newton’s third law
of motion states that to every action there is an equal and opposite reac-
tion. The reaction comes from conservation of momentum, and no medium
to react against is required. Such a medium would impede progress, not
assist it. To be fair, the newspaper apologised in 1969 when the Apollo 11
astronauts were on their way to the Moon. To every publication there is an
equal and opposite retraction.

(5) Nicolas Bourbaki is the pseudonym of an ever-changing group of
mainly French mathematicians first formed in 1935, who wrote a long se-
ries of books reformulating mathematics on a general and abstract basis.
This was great for research mathematics, because it unified the subject,
sorted out basic concepts, and provided rigorous proofs. But the wide-
spread adoption of a similar philosophy in the teaching of school mathe-
matics, known as ‘new maths’ met with little success, and was, to say the

least, controversial.

33 e uiall Y Juad

(1) In 1726 Newton spent an evening dining with William Stukeley
in London. In a document preserved in the archives of the Royal Society,
whose archaic spelling I've preserved for period flavour, Stukeley wrote:

“After dinner, the weather being warm, we went into the garden &
drank thea under the shade of some apple tree; only he & myself. Amid
other discourse, he told me, he was just in the same situation, as when
formerly the notion of gravitation came into his mind. Why shd that ap-
ple always descend perpendicularly to the ground, thought he to himself;
occasion’d by the fall of an apple, as he sat in contemplative mood. Why
shd it not go sideways, or upwards? But constantly to the Earth’s centre?

Assuredly the reason is, that the Earth draws it. There must be a drawing

Yoy



power in matter. And the sum of the drawing power in the matter of the
Earth must be in the Earth’s centre, not in any side of the Earth. Therefore
does this apple fall perpendicularly or towards the centre? If matter thus
draws matter; it must be in proportion of its quantity. Therefore the apple
draws the Earth, as well as the Earth draws the apple.”

Other sources also confirm that Newton told this story, but none of
this proves the story true. Newton might have invented it to explain his
ideas. A still extant tree — Flower of Kent, a cooking apple, at Woolsthorpe
Manor — is said to be the one from which the apple fell.

(2) If an ellipse has major radius a and minor radius b, then the
focus lies at a distance a2 — b? from the centre. The eccentricity is
€= flaJ1 —b?/az.

(3) A. Koyré. An unpublished letter of Robert Hooke to Isaac Newton,
Isis 43 (1952) 312—-337.

(4) A. Chenciner and R. Montgomery. A remarkable periodic solution
of the three-body problem in the case of equal masses, Ann. Math. 152
(2000) 881-901.

An animation, and further information about similar types of orbit, is
at: http://www.scholarpedia.org/article/N-body_choreographies.

(5) C. Simé6. New families of solutions in N-body problems, Proc.
European Congr. Math., Barcelona, 2000.

(6) E. Oks. Stable conic-helical orbits of planets around binary stars:
analytical results, Astrophys. J. 804 (2015) 106.

(7) Newton put it this way in a letter to Richard Bentley, written in
1692 or 1693: “It is inconceivable that inanimate Matter should, without
the Mediation of something else, which is not material, operate upon, and
affect other matter without mutual Contact ... That one body may act upon
another at a distance thro’ a Vacuum, without the Mediation of any thing

else ... is to me so great an Absurdity that I believe no Man who has in
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philosophical Matters a competent Faculty of thinking can ever fall into
it.”

(8) That’s slightly simplistic. Passing through lightspeed is what’s for-
bidden. Nothing currently moving slower than light can speed up to be-
come faster than light; if anything happens to be moving faster than light
it can’t decelerate to become slower than light. Particles like this are called
tachyons: they’re entirely hypothetical.

(9) In a letter of 1907 to his friend Conrad Habicht, Einstein wrote
that he was thinking about ‘a relativistic theory of the gravitational law
with which I hope to account for the still unexplained secular change in
the perihelion motion of Mercury’. His first significant attempts began in
1911.

(10) Nowadays we combine Einstein’s equations into a single tensor
equation (with ten components — a symmetric 4-tensor). But “field equa-
tions” remains the standard name.

ol asaall Hlagdl : S Juadll

(1) The oldest minerals found in meteorites, modern traces of the first
solid material in the pre-solar nebula, are 4.5682 billion years old.

(2) He wrote it in 1662-3, but postponed publication because of the
Inquisition. It appeared shortly after his death.

(3) A proper definition requires vectors.

(4) H. Levison, K. Kretke, and M. Duncan. Growing the gas-giant planets
by the gradual accumulation of pebbles, Nature 524 (2015) 322—324.

(5) I. Stewart. The second law of gravitics and the fourth law of thermo-
dynamics, in From Complexity to Life (ed. N. H. Gregsen), Oxford University
Press, 2003, pp. 114-150.

(6) In this book the notation p:q for a resonance means that the
first body mentioned goes round p times while the second goes round g
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times. Their periods are therefore in the ratio g/p. On the other hand their
frequencies are in the ratio p/q. Some authors use the opposite convention;
others use the notation “p/gresonance”. Reversing the order of the bodies
turns a p:g resonance into a g:p resonance.

(7) Venus doesn’t have old craters because its surface was reshaped by
volcanism less than a hundred million years ago. The planets from Jupiter
outwards are gas and ice giants, and all we can see is their upper atmo-
sphere. But many of their moons have craters — some new, some old. New
Horizons revealed that Pluto and its moon Charon have fewer craters than
expected.

(8) K. Batygin and G. Laughlin. On the dynamical stability of the solar
system, Astrophys. J. 683 (2008) 1207—-1216.

(9) J. Laskar and M. Gastineau. Existence of collisional trajectories of
Mercury, Mars and Venus with the Earth, Nature 459 (2009) 817-819.

(10) G. Laughlin. Planetary science: The Solar System’s extended shelf
life, Nature 459 (2009) 781-782.

Gliia yo3 sl Jundll

(1) The chemistry of uranium deposits at Oklo, Gabon, suggests that
in the Precambrian they constituted a natural fission reactor.

(2) R. C. Paniello, J. M. D. Day, and F. Moynier. Zinc isotopic evidence
for the origin of the Moon, Nature 490 (2012) 376—379.

(3) A. G. W. Cameron and W. R. Ward. The origin of the Moon, Abstr.
Lunar Planet. Sci. Conf. 7 (1976) 120-122.

(4) W. Benz, W.L. Slattery, and A.G.W. Cameron. The origin of the moon
and the single impact hypothesis I, Icarus 66 (1986) 515—535.

W. Benz, W.L. Slattery, and A.G.W. Cameron. The origin of the moon
and the single impact hypothesis II, Icarus 71 (1987) 30—45.
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W. Benz, A.G.W. Cameron, and H.J. Melosh. The origin of the moon and
the single impact hypothesis III, Icarus 81 (1989) 113—131.

(5) R. M. Canup and E. Asphaug. Origin of the Moon in a giant impact
near the end of the Earth’s formation, Nature 412 (2001) 708—712.

(6) A. Reufer, M. M. M. Meier, and W. Benz. A hit-and-run giant impact
scenario, Icarus 221 (2012) 296—299.

(7) J. Zhang, N. Dauphas, A.M. Davis, I. Leya, and A. Fedkin. The proto-
Earth as a significant source of lunar material, Nature Geosci. 5 (2012) 251—
255.

(8) R. M. Canup, Simulations of a late lunar-forming impact, Icarus
168 (2004) 433—-456.

(9) A. Mastrobuono-Battisti, H. B. Perets, and S.N. Raymond. A pri-
mordial origin for the compositional similarity between the Earth and the
Moon, Nature 520 (2015) 212-215.

LY Lelaall 59 sl il Jaadll

(1) See note 6 of Chapter 2 for why we don’t call it a 3:5 resonance.

(2) Dermott’s law, an empirical formula for the orbital period of satel-
lites in the solar system, was identified by Stanley Dermott in the 1960s.
It takes the form T(n) = T(0)C", where n=1, 2, 3, 4, ... Here T(n) is the
orbital period of the nth satellite, T(0) is a constant of the order of days,
and Cis a constant of the satellite system in question. Specific values are:
Jupiter: T(0) = 0.444 days, C = 2.0. Saturn: T(0) = 0.462 days, C = 1.59.
Uranus: T(0) = 0.488 days, C = 2.24.

S. F. Dermott. On the origin of commensurabilities in the solar system
II: the orbital period relation, Mon. Not. RAS 141 (1968) 363—376.

S. F. Dermott. On the origin of commensurabilities in the solar system
III: the resonant structure of the solar system, Mon. Not. RAS 142 (1969)
143-149.
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(3) F. Graner and B. Dubrulle. Titius-Bode laws in the solar system.
Part I: Scale invariance explains everything, Astron. & Astrophys. 282 (1994)
262—268.

B. Dubrulle and F. Graner. Titius-Bode laws in the solar system. Part
II: Build your own law from disk models, Astron. & Astrophys. 282 (1994)
269-276.

(4) Derived from ‘QB;_y’, after (15760) 1992 QB;, the first TNO
discovered.

(5) It’s tricky to measure the diameter of Pluto from Earth, even us-
ing the Hubble telescope, because it has a thin atmosphere that makes its
edges fuzzy. Eris has no atmosphere.

(6) Propositions 43—45 of Book I of Philosophiae Naturalis Principia
Mathematica.

(7) A. J. Steffl, N. J. Cunningham, A. B. Shinn, and S. A. Stern. A search
for Vulcanoids with the STEREO heliospheric imager, Icarus 233 (2013)
48-56.
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(1) Wigner’s remark is often misunderstood. It’s easy to explain the
effectiveness of mathematics. Much of it is motivated by real-world prob-
lems, so it’s no surprise when it solves those problems. The important
word in Wigner’s phrase is “unreasonable”. He was referring to the way
mathematics invented for one purpose often turns out to be useful in a
totally different, unexpected area. Simple examples are Greek geometry of
conic sections, turning up in planetary orbits two thousand years later, or
Renaissance speculations about imaginary numbers, now central to math-
ematical physics and engineering. This widespread phenomenon can’t be

explained away so easily.
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(2) Suppose, for simplicity, that all asteroids lie in the same plane —
which isn’t too far from reality for most. The asteroid belt lies between 2.2
and 3.3 AU from the Sun, that is, about 320 million and 480 million kilo-
metres. Projected into the plane of the ecliptic, the total area occupied by
the asteroid belt is (4802 — 3202) trillion square kilometres, that is, 4 x
1017 km?. Shared among 150 million rocks this gives an area of 8.2 x 102
km? per rock. That’s the same area as a circle of diameter 58,000 km. If the
asteroids are roughly uniformly distributed, which is good enough for gov-
ernment work, that’s the typical distance between neighbouring asteroids.

(3) M. Moons and A. Morbidelli. Secular resonances inside meanmo-
tion commensurabilities: the 4/1,3/1,5/2 and 7/3 cases, Icarus 114 (1995)
33-50.

M. Moons, A. Morbidelli, and F. Migliorini. Dynamical structure of the
2/1 commensurability with Jupiter and the origin of the resonant aster-
oids, Icarus 135 (1998) 458—468.

(4) An animation showing the relationship between the five Lagrangian
points and the gravitational potential is at https://en.wikipedia.org/wiki/
File:Lagrangian_points_equipotential.gif.

(5) See the animation at https://www.exploremars.org/trojan-aster
oids-around-jupiter-explained.

(6) F. A. Franklin. Hilda asteroids as possible probes of Jovian migra-
tion, Astron. J. 128 (2004) 1391-1406.

(7) http:/ /www.solstation.com/stars/jupiter.html.
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(1) P. Goldreich and S. Tremaine. Towards a theory for the Uranian
rings, Nature 277 (1979) 97-99.
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(2) M. Kenworthy and E. Mamajek. Modeling giant extrasolar ring
systems in eclipse and the case of J1407b: sculpting by exomoons?
arXiv:1501.05652 (2015).

(3) E. Braga-Rivas and 63 others. A ring system detected around Cen-
taur (10199) Chariklo, Nature 508 (2014) 72-75.
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(1) E. J. Rivera, G. Laughlin, R. P. Butler, S. S. Vogt, N. Haghighipour, and
S. Meschiari. The Lick-Carnegie exoplanet survey: a Uranus-mass fourth
planet for GJ 876 in an extrasolar Laplace configuration, Astrophys. J. 719
(2010) 890—-899.

(2) B. E. Schmidt, D. D. Blankenship, G. W. Patterson, and P. M. Schenk.
Active formation of ‘chaos terrain’ over shallow subsurface water on Eu-
ropa, Nature 479 (2011) 502-505.

(3) P. C. Thomas, R. Tajeddine, M. S. Tiscareno, J. A. Burns, J. Joseph,
T. J. Loredo, P. Helfenstein, and C. Porco. Enceladus’s measured physi-
cal libration requires a global subsurface ocean, Icarus (2015) in press;
doi:10,1016/j.icarus.2015.08.037.

(4) S. Charnoz, J. Salmon, and A. Crida. The recent formation of Sat-
urn’s moonlets from viscous spreading of the main rings, Nature 465
(2010) 752-754.
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(1) M. Massironi and 58 others. Two independent and primitive en-

velopes of the bilobate nucleus of comet 67P, Nature 526 (2015) 402—
405.

(2) A. Bieler and 33 others. Abundant molecular oxygen in the coma
of comet 67P/Churyumov—Gerasimenko, Nature 526 (2015) 678—681.
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(3) P. Ward and D. Brownlee. Rare Earth, Springer, New York, 2000.
(4) J. Horner and B. W. Jones. Jupiter — friend or foe? I: The asteroids,
Int. J. Astrobiol. 7 (2008) 251-261.

OSY 3 2ol spulill Jundl

(1) See the video at: http://hubblesite.org/newscenter/archive/release
s/2015/24/video/a/.

(2) J. R. Buchler, T. Serre, and Z. Kollath. A chaotic pulsating star: the
case of R Scuti, Phys. Rev. Lett. 73 (1995) 842—845.

(3) Strictly, “dice” is the plural and “die” is the singular, but in language
as she is actually spoke, almost everyone talks of “a dice”. I no longer see
any point in fighting this, but I'm not using the word out of ignorance.
I'm still fighting a rearguard action on usages such as “the team are”, but
deep down I know I've lost that one too. I've also stopped trying to tell
greengrocers the difference between the plural and the possessive, though
I'was sorely tempted to have a quiet chat with the bloke up the road whose
van bears the sign: REMOVAL'’S.

(4) Nonetheless, a 6 has the same probability as any other value, for
a fair dice. In the long run, the numbers of 6s should get arbitrarily close
to 1/6 of the number of throws. But how this happens is instructive. If at
some stage there have been, say, 100 more throws of a 6 than anything else,
a 6 doesn’t become more likely. The dice just keeps churning out more and
more numbers. After, say, a hundred million more throws, that extra 100
affects the proportion of 6s by only one part in a million. Deviations aren’t
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