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teachings. Pythagoras, says Iamblichus, was descended on both his 
mother’s and father’s sides of the family from Zeus, and it was 
rumored that the boy himself was the son of Apollo, who visited 
his mother while his father was away. (This, Iamblichus admits, 
is “by no means” certain, but “no one will deny that the soul of 
Pythagoras was sent to mankind from Apollo’s domain.”)2

Pythagoras was venerated as a divine mouthpiece, and his 
mathematics was primarily not a tool to understand the natural 
world. It was a method of understanding truth itself. Mathematics, 
Pythagoras taught, was the only path to knowledge: without num-
bers, nothing could be truly apprehended. Numerals had oracular 
power—particularly 1, 2, 3, and 4, which could be joined to create 
all existing dimensions. The sum of these four numbers, 10, was a 
holy number, the tetractys.3

Pythagoreans were vegetarians and teetotalers. They believed in 
the transmigration of souls, practiced shrouded black rites, and taught 
that the intervals of musical notes revealed deep truths about the 
universe (a theory that developed, long after, into the medieval Har-
mony of the Spheres). But interwoven with the cabalism was some 
authentically meticulous mathematics. The Pythagorean theorem, 
the first geometric idea encountered by most  seventh- graders, had 
long been known to ancient mathematicians (the Egyptians certainly 
understood it), but the Pythagoreans first phrased it as a universal 
law, a truth that applied to all  right- angled triangles everywhere.4

This theorem seems to have led the Pythagoreans to realize, 
apparently for the first time in recorded history, that there were 
such things as irrational numbers.

4.1 The Pythagorean Theorem: a2 + b2 = c2
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in celestial movement. But they were reliable for navigators and for 
timekeepers, and certainly exact enough to give astronomers con-
fidence that—with continual small adjustments demanded by new 
data—they were on the right path.2

In the middle of the second century BC, the great stargazer 
Hipparchus made use of additional strategies: he charted orbits 
for the moon and the planets on which they performed additional 
small loops (“epicycles”) while traveling along the larger circles 
(“deferents”). And he calculated the center of the deferents to be 
not the earth itself, but a point slightly offset from the theoretical 
core of the universe (the “eccentric”).3

Using all of these tricks, astronomers were able to accurately 
predict the future position of any given star or wanderer. The 
 earth- centered universe, with the planets dancing in their com-
plicated revolutions around the core, was a model that worked. 
And when, around AD 150, the Greek astronomer Ptolemy took 
on the task of assembling all of these observations and calculations 
into a single manual that would account for the movements of each 

6.1 The Scheme of Hipparchus
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heavenly body, Hipparchus’s model was enshrined into an unques-
tioned system that would last for over a millennium and shape the 
mind of every astronomer who gazed at the sky.

This manual, the Almagest, makes use not only of Hipparchus’s 
epicycles and eccentrics, but also of a new ploy. Ptolemy, unable to 
find the exact equations that would make planets move at the same 
rate all the way around their larger orbits, proposed that while the 
eccentric should remain the center of the deferent, the speed of 
planetary movement should be measured from an imaginary stand-
ing point called the equant.

The equant was  self- defining—it was the place from which 
measurement had to be made in order to make the planet’s path 
along the deferent proceed at a completely uniform rate. It was, in 
other words, a mathematical cheat. But it was no more of a cheat 
than the epicycle or the eccentric, and since it gave even more accu-
rate predictions, it, too, became part of astronomical tradition. As 
mathematician Christopher Linton points out, any planetary orbit, 
no matter how complex, can be predicted by using the equant and 
eccentric and by building epicycle upon epicycle—which explains 

6.2 The Scheme of Ptolemy
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and the retrograde motions of the planets. “The motion of the 
earth alone,” Copernicus concluded, “suffices to explain so many 
apparent inequalities in the heavens.”5

Eighteen hundred years earlier, Aristarchus had proposed a 
 sun- centered universe with a moving earth; Archimedes had used 
the model for his thought experiment in “The  Sand- Reckoner.” 
The idea had never gained much traction. But Copernicus had 
an advantage over previous Greek heliocentric thinkers: access to 
centuries’ worth of observations. The Ptolemaic system had never 
worked with complete accuracy; there were small slippages and tiny 
discrepancies in its predictions. And as more and more data were 

7.1 The Copernican Universe. A  seventeenth-  
century sketch by Johannes Hevalius.
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Yet Galileo lived in a world where this Baconian method—the 
demonstration of truth through repeated experimentation—was 
still junior to received authority, still secondary to tradition. Forty 
years later, Galileo would write scathingly of a Venetian philoso-
pher who attended a public dissection, carried out by a celebrated 
anatomist who intended to disprove Aristotle’s insistence that all 
nerves originated in the heart:

The anatomist showed that the great trunk of nerves, leaving the 
brain and passing through the nape, extended on down the spine 
and then branched out through the whole body, and that only a 
single strand as fine as a thread arrived at the heart. Turning to 
[the philosopher], on whose account he had been exhibiting and 
demonstrating everything with unusual care, he asked this man 
whether he was at last satisfied and convinced that the nerves 
originated in the brain. . . . The philosopher, after considering for 
awhile, answered: “You have made me see this matter so plainly 
and palpably that if Aristotle’s text were not contrary to it, stating 

10.1 Galileo’s Experiment

StoryofScience_4PP.indd   72 2/18/15   4:44 PM



74  T h e  s T o r Y  o f  s C i e n C e

newly visible fixed stars, but when he looked at them again on the 
following day, they had moved.

And they kept moving, in and out of sight, to the left and to 
the right of Jupiter itself. Over the course of a week, Galileo was 
able to sketch out their progression and come to an inevitable con-
clusion: “They perform their revolutions about this planet . . . in 
unequal circles.” Galileo’s observations provided unequivocal proof 
that not all heavenly bodies revolve around the earth. And in the 
months after publication of The Sidereal Messenger, Galileo used his 
telescope to observe the changing phases of Venus—inexplicable 
in the Ptolemaic system, making sense only if Venus were, in fact, 
traveling around the sun.8

Aristotelian physics, already dealt a mortal blow by Galileo’s 

10.2 Galileo and Jupiter. A reproduction  
of the sketch Galileo made of his  
telescopic observations of Jupiter.
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hypothesis merely deepened. Thirty years later, when he published 
a series of corrections and supplements to the existing volumes of 
the Natural History, he included a more detailed explanation of the 
stages of the earth’s formation, divided into seven periods:

First Epoch The earth begins to cool.
Second Epoch The earth solidifies.
Third Epoch Water covers the earth.
Fourth Epoch  The waters begin to recede and  

volcanic activity begins.
Fifth Epoch  Elephants and “southern animals”  

inhabit the warm north.
Sixth Epoch Continents separate.
Seventh Epoch Human life begins.

These “Epochs of Nature” were the first “deep time” chronology 
of the earth—a phrase coined, centuries later, by John McPhee to 
describe the entirely different time frame (a million years are as a 
day) used in the study of geology.

The Epochs of Nature chronology was a bit startling to Buf-
fon’s English translator, William Smellie—a little too  un- British 
for his taste—so he abridged that particular section of Volume 9. 
“As this theory, however it may be relished on the Continent, is 
perhaps too fanciful to receive the general approbation of the cool 
and deliberate Briton,” he explained in a translator’s note, “the 
translator has been advised not to render it into English.”16

But Buffon made no apologies. His insistence that no extraordi-
nary events be used as explanation—the first principle of geology—
had led him, inevitably, to the second: the history of the earth was 
a long, long one.17

To read relevant excerpts from the Natural History, General and Par-
ticular, visit http://susanwisebauer.com /story- of- science.

GEORGES- LOUIS LECLERC, COMTE DE BUFFON

Natural History, General and Particular 
(1749–88)
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giant supercontinent that he labeled Pangea; long, long ago, Pangea 
had broken up and drifted apart.4

This theory required him to provide an explanation for how 
solid earth could “drift.” So he proposed that the earth was not 
actually solid. Instead, it consisted of a liquid core, surrounded by 
a series of shells that increased in density as they got closer to the 
surface.

It was a simple and elegant explanation and accounted for almost 
all the factors that puzzled geologists: the odd similarities between 
 far- distant fossils, the apparent interlocking fit of the continental 
coastlines, the existence of mountains (which sprang up where the 
drifting pieces collided and overlapped). And it was greeted, in the 
world of geology, by shrieks of derision.

The reaction was not entirely irrational. Although continen-
tal drift made sense of the map, Wegener had formulated it in 
the absence of pretty much any other physical evidence. It was a 

17.1 Pangea and Continental Drift
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war, and commanded a transport outfitted with sonar during the 
years of combat. In 1962 he published a paper proposing that the 
newly mapped features of the ocean floor were proof of convec-
tion; the midocean ridges were places where the currents, cycling 
slowly through the mantle, were pushing hot material up into the 
seafloor, where it formed new crust. Trenches were places where 
the crust was subsiding back down into the mantle, melting and 
 re- joining the currents. Holmes had been right: “The continents 
do not plow through oceanic crust impelled by unknown forces,” 
Hess wrote. “Rather, they ride passively on mantle material as it 
comes to the surface at the crest of the ridge and then moves later-
ally away from it.”10

Hess (along with two later Cambridge researchers, F. J. Vine 
and Drummond Matthews) had provided the foundation for plate 
tectonics—the theory (finally formulated in the late 1960s) that the 
earth’s crust is made up of separate, continually moving pieces, or 
plates, of crust, that “float” on the mantle of the earth. This, at last, 
was the mechanism Wegener had been missing. And the grand 
theory had finally been justified—half a century later.

For a link to Wegener’s own brief précis of his argument, written in 1922, 
visit http://susanwisebauer.com /story- of- science.

17.2 Convection
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color) with a specific genotype (arrangement of chromosomes). 
And it provided a biological explanation for something that had 
been observed for centuries: that some physical qualities cannot be 
passed directly from father to son.*

The members of one family may bleed profusely, while those of another 
family may bleed little. So says the Babylonian Talmud, compiled 
around the third century; it is one of the oldest references we have 
to hemophilia, the disorder that prevents blood from clotting. In 
the centuries after, physicians grappled with this strange condi-
tion. The  tenth- century Cordoban surgeon Albucasis observed 
that healthy mothers could give birth to hemophiliac sons; at the 
beginning of the nineteenth century, the Philadelphia doctor John 
Otto wrote that the disorder seemed to appear only in males; and 
the royal families of Germany, Spain, and Russia were tormented 
by the disease’s irregular appearance in their princes.11

Charles Darwin himself had charted the pattern of inheritance, 
which looked something like this:

FATHER (hemophilia) —————— MOTHER (healthy)

 |              |

 |              |
         SON     DAUGHTER—————— HUSBAND   

                  (healthy)   (healthy)                     (healthy)

 |                  |                 |                 |
 |                  |                 |                 |
                    GRAND-      GRAND-      GRAND-      GRAND-

                       SON             SON        DAUGHTER  DAUGHTER

         (healthy)   (hemophilia)    (healthy)      (healthy)

Morgan’s fruit fly experiments now made it possible to explain the 
oddness of the pattern. If the genetic information for hemophilia is 
carried only on the X chromosome, the disease itself will show up 
only if all copies of the X chromosome are affected. And since male 

* It should be noted that sex determination works very differently in fruit flies and 
in mammals, but the fruit fly research provided a theoretical framework for un-
derstanding  sex- linked characteristics.
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children have only one X chromosome, they are far more likely to 
be afflicted. (Dr. Otto was misled by statistics; it is uncommon, but 
not impossible, for women to suffer from hemophilia.)

FATHER (hemophilia) —————— MOTHER (healthy)

XH (carries hemophilia) Y                     X X (noncarrier)

 
 
 SON DAUGHTER HUSBAND 

 (healthy) (healthy) (healthy)

 X (from mother) X (from mother) XY

 Y (from father) XH (from father) 

  CARRIER

 
 
 GRAND- GRAND-  GRAND-  GRAND- 

 SON SON DAUGHTER DAUGHTER

   (healthy) (hemophilia) (healthy) (healthy)

 X (from XH (from XH (from X (from

 mother) mother)  mother) mother) 

 Y (from Y (from  X (from  X (from

 father) father)  father)  father)

   CARRIER

Morgan’s work made it possible to uncover the invisible lines of 
transmission: an apparently healthy daughter is actually a silent car-
rier of the disease, with a 50/50 chance of passing it on to an infant 
son.

But all this still had nothing to do with the mechanism of inheri-
tance. How the genetic information was carried on the chromo-
some, and how it went about shaping and forming the recipient (the 
relationship between genotype and phenotype, in other words), 
remained a mystery. Biologists working with chromosomes and 
genes were still doing little more than keeping statistics: observing 
which chromosomes went where, and what the result might be.

Light began to dawn when chemistry, biology, and physics 
formed a brief  three- way intersection.
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In other words, for both observers the raven is still flying in the 
same direction and at a constant speed, even though the speed of the 
raven itself seems to be different.

Simple enough; but another law of physics contradicts the prin-
ciple of relativity in a very fundamental way. “There is hardly a 
simpler law in physics,” Einstein wrote, “than that .  .  . light is 
propagated in empty space .  .  . in straight lines with a velocity  
c = 300000 km./sec.” The constant speed of light in a vacuum (air, 
water, and other transparent media slow it down) had been tested 
repeatedly since physicist Albert Michelson and chemist Edward 
Morley had accidentally discovered it in the early 1880s: “Let us 
assume,” Einstein proposed, “that the simple law . . . is justifiably 
believed.” What, then, was the problem?13

Imagine that a vacuum exists above the railway tracks, and that 
a ray of light travels above it, in the same direction as the raven. 
The principle of relativity insists that an observer on the embank-
ment and an observer on the railway car will see the light traveling 
at two different speeds—which means that the speed of light is not 
constant.

What to do? It seems that either the principle of relativity or 
the constant speed of light needs to be abandoned; and, as Einstein 
pointed out, most physicists were inclined to abandon relativity 
(“in spite of the fact that no empirical data had been found which 
were contradictory to this principle”). But in fact, neither needs to 
be given up—as long as we are willing to adjust our ideas about 
time and space.14

The two observers were measuring the speed of light per sec-
ond. Einstein suggested that what was changing was not the speed 

25.1 Einstein’s Railway
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count the particles thrown off by decaying elements. This “Gei-
ger counter” measured the amount of radiation being emitted, but 
Geiger and Marsden noticed something odd: if the particles were 
passed through various kinds of metal plates, they changed direction 
in a way that couldn’t be accounted for by random motion. Some 
of them even went backward.

“It seems very surprising,” Rutherford remarked, when review-
ing these results. Something inside the atoms of the metal plates 
appeared to be colliding with the particles and bouncing them off 
into different trajectories. Thomson’s “plum pudding” model sug-
gested that particles should simply shoot right through atoms in 
their path, like buckshot passing through jelly; Rutherford con-
cluded that an atom had to contain something more massive than 
an electron, something large enough to account for the deflection 
of the particles. This, he proposed in a 1911 paper, was “a central 
electric charge concentrated at a point and surrounded by a uni-
form spherical distribution of opposite electricity equal in amount.” 
Working with this model, the “Rutherford atom,” he was able to 
predict the movement of those  pass- through particles—proof that 
each atom contained a nucleus, orbited by electrons.6

It was an elegant, intuitive model. It had a beautifully Platonic 
quality: the smallest particles in the universe mirroring the mas-
sive planetary movements in the heavens. Over a century later, 

26.1 Rutherford’s Atom

StoryofScience_4PP.indd   229 2/18/15   4:44 PM



 d a M n  Q U a n T U M  J U M P s  2 3 3

actually reappeared. But this, too, poses a problem: any instru-
ment that is sensitive enough to measure the particle (for example, 
an electron microscope, which can locate particles by bouncing 
electrons off of them) will have to strike the reappearing particle, 
which will change its trajectory. In short, an exact measurement 
at a single point in time is, for all practical purposes, impossible. 
This conclusion, expressed mathematically, became known as the 
Heisenberg Uncertainty Principle.13

Heisenberg was quick to point out that, for objects larger than a 
molecule, our uncertainty is minuscule. Less than minuscule: essen-
tially nonexistent. Only at the subatomic level does the uncertainty 
play any part in our understanding of the material world. An elec-
tron orbiting the nucleus of a hydrogen atom might make an unex-
pected leap, but a goat grazing on a hillside isn’t going anywhere 
unpredictable at all.

This didn’t reassure Schrödinger, who clung to the reality of 
predictable movement through space and time. His solution was an 
alternate quantum theory: wave mechanics. Wave mechanics turned 
Bohr’s version of quantum theory on its head. What if, Schrödinger 
proposed, the movements of electrons were not because waves 
were actually particles—but because particles were actually waves? 
What if electrons themselves were merely the manifestation of a 
particular phase in a wave’s existence?

Later, Albert Einstein would explain wave mechanics using the 
analogy of a rubber cord, shaken so that a wave travels down it:

We take in our hand the end of a very long flexible rubber tube, or 
a very long spring, and try to move it rhythmically up and down, 
so that the end oscillates. Then . . . a wave is created by the oscil-
lation which spreads through the tube with a certain velocity. . . .

26.2 Einstein’s Tube
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. . .

Now another case. The two ends of the same tube are fastened. 
. . . What happens now if a wave is created at one end of the rub-
ber tube or cord? The wave begins its journey as in the previous 
example, but it is soon reflected by the other end of the tube. We 
now have two waves: one created by oscillation, the other by 
reflection; they travel in opposite directions and interfere with 
each other. It would not be difficult to trace the interference of 
the two waves and discover the one wave resulting from their 
superposition; it is called the standing wave.14

The standing wave had nodes, places where the waves canceled each 
other out. Electrons, far from being discrete entities, moved along  
the waveforms but were observable (appearing discrete) only at the 
places farthest from the nodes—where the standing wave was greatest.

Mathematically, Schrödinger’s wave mechanics and Bohr’s 
quantum leaps (which became known as the “Copenhagen 
interpretation”) actually ended up yielding very similar results. 
The difference between them was, at base, a philosophical one. 
Schrödinger’s wave mechanics could not predict the position of an 
electron, at any given time, with much more certainty than Bohr’s 

26.3 Einstein’s Waves
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