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1 Science and Science Education

Science is a little bit like the USA in the 19th century. There is a core of well-settled territory that
is efficiently governed by well-understood and widely-respected laws. Call that “the East”. But
then there is also “an expanding frontier of ignorance” [1] – in the West – where uncertainty and
controversy reign supreme.

But this is not at all the picture of science that students acquire. Textbooks focus on the East –
on the well-established conclusions of the past – and largely ignore the contemporary frontier. That
is understandable enough since, well, the West can be a confusing and dangerous place, especially
for children. But more importantly and less understandably, textbooks systematically suppress the
phenomenon of expansion – i.e., the fact that every part of what we now call the East was once part
of the Western frontier.

Textbooks, that is, tend to present the established conclusions of science as timeless, contextless
truths, to be accepted on the basis of formal proofs or, often, on no basis at all besides the sheer
fact that they are printed in textbooks. Very little information is given about the methods – the
chronological steps – by which the conclusions were arrived at. (And very often, when some such
historical explanations are presented, they are highly misleading, biased, and/or totally inaccurate.
[2] ) Science education thus inadvertantly tends to make science appear authoritarian and dogmatic.

Addressing that problem is at least part of the motivation behind contemporary educational reform
movements, such as those advocating for less lecture and more hands-on, inquiry-based activity. [3]
Science teachers’ recognition of the problem is also illustrated by the increasing sense of urgency
associated with getting students involved in research early in their educational careers. Teachers
seem to recognize that there is something “fake” – something misleading about the actual character
of science – in the textbook-centered classrooms. So, they apparently think, we should get students
out of there and let them confront actual puzzles about how best to explain phenomenona, how
to interpret unexpected data, how to design appropriate experiments to decide between competing
hypotheses, etc. We should, in short, give students a first exposure to the frontier in the West – a
first taste of real science.

Getting students involved in research is a good thing. But we will only ever be able to do this
for a small minority of exceptional students. Why subject the rest to a “science education” that
systematically misrepresents the actual nature of science? Why not bring “real science” into the
classroom, from the beginning, so that everyone can learn it, benefit from it, and apply it to the
puzzles whose resolutions (or lack thereof) will shape humanity’s future?
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One possible way of doing this is to radically revise not just how we teach, but what we teach –
in particular to fuse scientific content with scientific method by explicitly teaching the historical
discovery process of major scientific conclusions. Such an approach to science education is not a
new idea. It has been endorsed by eminent scientists like Albert Einstein, Louis Pasteur, and Ernst
Mach. [4] And there have been several major historically-based curriculum development projects
[5], most notably “Harvard Project Physics”. [6]

The idea of incorporating historical material and perspectives into the science curriculum – so that
students focus more on “interesting puzzles and how they were resolved” and less on “truths to be
accepted” – seems very appealing. It would clearly make normal science education more research-like
and would make a far greater number of students far more able to apply genuinely scientific methods
to the puzzles that arise in their own lives and careers. Why, then, has this idea never really caught
on, despite its long history? I think the main reason is that it has usually been advocated in the
name of “outreach”. For example, the major motivation behind “Harvard Project Physics” was to
make physics more accessible to “[s]tudents who plan to go to college to study the humanities or
social sciences, those already intent on scientific careers, and those who may not wish to go to college
at all...” [6] And the historically-themed science courses one does see today are almost exclusively
“distribution” courses intended primarily for non-science students. Teachers of science courses for
future scientists, doctors, and engineers, though, have apparently never found a compelling argument
for curriculum overhaul.

This is why I think it is important to stress – and to build some momentum behind – an alternative
motivation: we should include history because an a-historical science course is necessarily to at least
some degree a dogmatic science course, i.e., an un-scientific science course. If it is to present its
subject matter accurately, science education simply must include not only science’s conclusions but
also the unique and rich process involving hypothesis, controversy, experiment, criticism, testing,
debate, and accumulation of evidence that makes those conclusions scientific. Restructuring science
education in this way would make science more accessible to more students, but that is merely a
side benefit. The primary goal would be to teach science more accurately – not to dumb it down,
but to keep it real.

Doing this should also yield enormous practical benefits. Students who were familiar with historical
scientific controversies would gravitate toward (instead of being intimidated by) contemporary and
future controversies. Students who have been inspired by the excitement of scientific puzzle-solving
are more likely to engage with – and solve – the puzzles of tomorrow. Students who recognize that
today’s liberating technologies have grown out of scientific hypotheses that were initially derided
as metaphysical and unscientific, will tend to be more courageous in fighting against present and
future nay-sayers. And students who know both that many reasonable and empirically-successful
ideas have nevertheless turned out to be wrong, and that there is such a thing as an unreasonable
hypothesis that doesn’t even warrant further consideration, are more likely to exhibit a proper
scientific skepticism.

In short, we can and should speed and smooth our path to the future by refocusing science education
around historical scientific controversies and their resolutions. This would, in effect, crowdsource
innovation by putting a greater number of individuals in a much greater position to make the kinds
of revolutionary discoveries that will uplift and liberate our descendants.

To flesh out this proposal to steer the future, let me give a couple of concrete examples of the kinds
of historical episodes that I think should be highlighted in the science curriculum.
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Figure 1: The left panel shows the basic construction whereby the motion of a planet (say, Mars)
is explained in Ptolemy’s geo-centric theory. The “deferent point” D undergoes uniform circular
motion around the earth, while the planet simultaneously moves around the epicycle centered at the
(moving) point D. At any moment, the position ~r of the planet with respect to the Earth is the
vector sum of ~rD and ~rE . The right panel shows the corresponding construction in the heliocentric
theory of Copernicus, where the relative position of the planet ~r can be understood as the vector
sum of ~rS (the position of the Sun with respect to the Earth) and ~rP (the position of the planet with
respect to the Sun). With the two planets (Earth and Mars) undergoing uniform circular motion,
the perfect one-to-one correspondence between the two constructions – with ~rE corresponding to ~rS
and ~rD corresponding to ~rP , and hence the two ~rs being identical – is clear.

2 Ptolemy and Copernicus

The original scientific revolution was the proposal, by Copernicus, that the Earth was not the static
center of the universe but was instead a planet – similar to Venus, Mars, and the others – which
rotated daily and orbited the Sun yearly. According to the standard lore that most students absorb
from textbooks and other sources, the geo-centric model of Ptolemy had been good enough for the
ancients, but had required endless ad hoc fixes (such as the addition of ever-more epicycles) to
conform to the data. By the 1500s, both the complexity and observational inadequacy of Ptolemy’s
model were out of control, and Copernicus thus adopted the only reasonable solution: he jettisoned
the outmoded geo-centric model in favor of the elegant and observationally more accurate helio-
centric theory.

But this historical account is utter nonsense. It is true that, by Copernicus’ time, slight inaccuracies
in the model parameters introduced by Ptolemy had caused a problematic cumulative drift, giving
rise to a growing calendrical crisis. But any improvement associated with Copernicus’ heliocentric
theory was in fact a result of tweaking the fit parameters – not a result of making the Sun instead
of the Earth the center of the system. Indeed, as far as the apparent positions of the planets are
concerned, it is easy to see that there is a perfect one-to-one correspondence between the two theories.

In particular, as indicated in Figure 1, the motion of the Ptolemaic deferent point around the earth
corresponds directly to Copernicus’ motion of the planet around the Sun. Similarly, the motion of the
planet on its epicycle in the Ptolemaic model corresponds directly to the motion of the Earth around
the Sun in Copernicus’ model. (For the inferior planets, Mercury and Venus, the correspondence
is reversed.) So the two theories make identical predictions for the position ~r of the planet (with
respect to the Earth) and hence the apparent position of the planet against the background of fixed
stars (assumed very distant).
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So far I have described only the “first order” versions of both theories. These provide a good
qualitative description of the motion of the planets, but are not sufficiently accurate to account
for the observational data as it was known already to Ptolemy. So both theorists, Ptolemy and
Copernicus, introduced a variety of corrective devices including “eccentrics” (moving the appropriate
body – Earth for Ptolemy and the Sun for Copernicus – slightly away from the circles’ centers) and
additional smaller epicycles. One of the corrective devices that Ptolemy had utilized – the “equant”
– was regarded by Copernicus as an abhorrent departure from the basic principle of explaining
heavenly movements in terms of uniform circular motions. Copernicus thus introduced additional
epicycles to do the jobs that had been done by Ptolemy’s equants.

Of course, Copernicus’ system did have several virtues. Whereas the basic (“first-order”) deferent-
epicycle constructions for each planet were, in Ptolemy’s system, independent, six of the circles (one
for each planet, including the Sun) corresponded to a single circular motion in Copernicus’ system
(namely, the Earth’s orbit around the Sun). So the helio-centric model fixed the relative sizes of the
planets’ orbits (and could consequently account for the observed variations in Mars’ brightness) in
a way that Ptolemy’s theory didn’t. And it also provided a natural explanation for something that
was a sheer coincidence according to Ptolemy – namely that (as illustrated in the Figure with the
identical vectors ~rS and ~rE) the motion of each planet on its major epicycle (or, for Mercury and
Venus, the motion of its deferent) was “locked” with the motion of the Sun.

Still, at the end of the day, Copernicus’ theory was about as complicated as Ptolemy’s, and gave no
substantial improvement in predictive accuracy. Any preference between them would then have to
be based on subtle judgments of “naturalness” or other “fuzzy” criteria including compatibility with
the best available scientific theories from other fields. Proponents on either side of the debate should
have recognized that neither side was in a position to claim their theory was conclusively established.
The debate between geo-centrists and helio-centrists was, in short, a legitimate controversy.1

How was it eventually resolved? As it turned out, the first really convincing evidence for the helio-
centric theory appeared several generations after Copernicus proposed it, and came in a form he
could never have anticipated. Galileo, for example, used the newly-invented telescope to show that
the Moon had mountains, the Sun had spots, and Jupiter had moons – thus undermining the idea
of an absolute division between the central Earth and the surrounding perfect heavens. Galileo’s
telescopic observations also revealed that the planet Venus displayed a complete set of phases, like
the Moon, and was hence sometimes behind the Sun and sometimes in front of the Sun. This was
simply impossible in Ptolemy’s theory, but clearly predicted by Copernicus’. Meanwhile, Kepler was
demonstrating that the unprecedentedly accurate observations of Tycho Brahe simply could not be
accounted for with any (reasonable) combinations of uniform circular motions, and that the planets
must instead move (relative to the Sun!) in accordance with what we now know as Kepler’s laws.

3 Dalton and Avogadro

Richard Feynman once described the atomic theory of matter as our most important discovery about
the natural world:

“If, in some cataclysm, all of scientific knowledge were to be destroyed, and only one
sentence passed on to the next generation..., what statement would contain the most
information in the fewest words? I believe it is the atomic hypothesis (or the atomic fact,

1Note that “was” and “legitimate” are crucial here. Controversies are eventually settled such that the issue is no
longer (legitimately) controversial. And not all claimed controversies (or, for that matter, consensuses) are legitimate.
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or whatever you wish to call it) that all things are made of atoms – little particles that
move around in perpetual motion, attracting each other when they are a little distance
apart, but repelling upon being squeezed into one another.” [1]

And of course every student of chemistry or physics today learns that matter is made of atoms. But
most students do not learn anything about the way that the atomic theory arose or the kinds of
evidence on which its fate turned.

The speculation that matter might be composed of imperceptibly tiny particles had a long history
going all the way back to Ancient Greek philosophers. But the atomic theory that scientists accept
today had its roots in the Law of Definite Proportions that was first championed by Joseph Proust
in the 1790s. For example, suppose it is observed that 5 grams of some element A can combine
chemically with 8 grams of some other element B to form 13 grams of the chemical compound C:

5 grams A+ 8 grams B → 13 grams C.

Then the precise 5-to-8 ratio is characteristic of C in the sense that any sample of C must contain
(and is in principle decomposable back into) A and B in this exact ratio. Thus, if one attempts to
chemically combine, say, 5 grams of A with 9 grams of B, the result will be the same 13 grams of C
as before plus one leftover gram of un-reacted B.

Around 1803, John Dalton pointed out that this empirical law could be explained if samples of
each chemical element were composed of a large number of identical atoms. Then, for example, the
reaction indicated above could be understood as some large number (N) of the following elementary
atomic combinations:

A + B → A − B

where the “ A - B ” on the right hand side stands for one molecule of the compound C. Note that
if this is the correct description of the reaction in question, it follows that the individual atoms of
A and B have masses in the ratio 5:8.

On the basis of his proposed atomic explanation of such reactions, Dalton in effect predicted the
Law of Multiple Proportions: if the same two elements can combine to form two distinct chemical
compounds, there should exist a small-whole-number ratio between the amounts of one element that
combine with the same fixed quantity of the other. For example, suppose that our elements A and
B can also combine chemically to form the compound D as follows:

5 grams A+ 16 grams B → 21 grams D.

The masses of B (8 grams and 16 grams, respectively) that combine with the same fixed 5 grams
of A in the two reactions are indeed in a small whole-number ratio (namely, 1:2) with each other.
On Dalton’s atomic hypothesis, this second reaction can be easily explained, as N instances of the
elementary atomic reaction

A + 2 B → A − B − B

where the “ A - B - B ” on the right represents a single molecule of compound D.

Note, though, that in these sorts of cases an important ambiguity arises. We have explained the
observable chemical reaction data, on the atomic model, by assuming that the compound C is
diatomic (with D then being triatomic). This implies the 5:8 atomic weight ratio for A and B. But,
for all we know, it could just as easily be the case that D is the diatomic molecule, in which case
the relative atomic weight of A and B would instead be 5:16, and C would be triatomic! (On this
scheme, a C molecule would look like this: A - A - B .) Neither the relative atomic weights, nor
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the atomic composition of compounds, can be unambiguously determined from the reaction data
alone.

And to add to the confusion, around this same time another distinct chemical combination law,
pertaining to gases, was enunciated by Joseph Gay-Lussac. Gay-Lussac’s “law of combining volumes”
noted that, when two or more gaseous substances are involved in a chemical reaction, their volumes
are in small whole-number ratios. For example, suppose that A, B, and C are gases and that the
reaction above can be expressed (in terms of volumes, all measured at the same temperature and
pressure) as:

10 Liters A+ 30 Liters B → 20 Liters C.

Such a reaction can be easily accounted for in terms of combining atoms if we assume that the
number densities of the different gases are in small whole number ratios. For example, suppose that
the 10 Liters of gas A contains N A atoms. And suppose that each 10 Liters of gas B contains N/3
B atoms – i.e., suppose that the number density of A is three times the number density of B. Then
the above reaction can again be understood as N copies of the elementary reaction

A + B → A − B .

with the same implied 5:8 atomic weight ratio for A and B that we saw above. Finally, note that
on this scheme there are N C molecules produced in the reaction, and hence N/2 C molecules per
10 Liters of gas C. So the number densities of the three gases (A, B, and C) would be in the ratio
6:2:3.

But again there are ambiguities. As pointed out by Amedeo Avogadro in 1811, the above reaction
involving gaseous A, B, and C could also be explained on the (beautifully simple) assumption that
the number densities of all three gases are equal. One need merely abandon the (so far, tacit)
assumption that elements are monatomic, i.e., that the smallest chemically meaningful particles
(“molecules”) consist, for elements, of single atoms. Avogadro would thus have explained the above
reaction as N copies of the elementary atomic reaction

A − A + 3 B − B → 2 A − B − B − B

where the “ A - B - B - B ” on the right represents a single molecule of C. Note that Avogadro’s
Hypothesis – that the number densities of all gases are equal – requires us to make both A and B
diatomic: there is no way to divide one (A) or three (B) atoms evenly between two (C) molecules!
And note that relative atomic weights can again be determined, but that they are very different.
According to Avogadro, our 5 grams of A contains 2N A atoms, while our 8 grams of B contains
6N B atoms, so the atoms of A and B have masses in the ratio (5/2):(8/6) = 15:8, rather than the
previously suggested 5:8 or 5:16 ratios.

Stepping back, the situation vis-a-vis atoms in the first decades of the 19th century was roughly as
follows: the several empirical chemical combination laws could be naturally explained in terms of
the chemical atomic theory, and these explanations seemed to bring important physical properties of
the atoms (such as their masses) within reach of empirical determination. But there were reasonable
disagreements about which way of determining these was right, and even about which way was the
simplest. For example, which is simpler – the scheme in which A and B are monatomic and C is
diatomic and their number densities are in the ratio 6:2:3, or the scheme in which their number
densities are in the much simpler ratio 1:1:1 but A and B are both diatomic and each C molecule
contains one A and three B s? The only honest answer is: it’s not at all clear. Determining

the relative atomic weights and molecular compositions (and hence assessing the chemical atomic
hypothesis that gave these meaning) was controversial – and rightly so.
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And as in our previous example, the controversies were only finally resolved, much later, and by
totally unanticipated sorts of evidence. For example, it became clear by the 1850s or so that the
kinetic theory of gases provided the correct explanation for the physical behavior summarized in
the empirical laws of Boyle and Charles. But (coupled with the recognition that temperature is a
measure of the average kinetic energy of the molecules) the kinetic theory dictated that different
gases, under the same conditions of pressure and temperature, would have equal number densities. In
addition, there was accumulating circumstantial evidence such as the 1819 law of Dulong and Petit,
according to which a wide variety of substances had nearly identical heat capacities per atom – if
one calculated these using the relative atomic weight assignments based on Avogadro’s hypothesis.
Similarly for Mendeleev’s construction of the periodic table of the elements: the regularities involved
in both of these cases would apparently represent fantastic coincidences if Avogadro’s atomic weight
assignments weren’t right.

4 Past, Present, and Future

I think students should know not just that, according to current scientific authorities, the Earth goes
around the Sun and matter is made of atoms. They should understand in addition something about
how those ideas arose and why they were, when first proposed, controversial. They should know
that Copernicus was dismissed as a “fool [who] wishes to reverse the entire science of astronomy”
[7] and that Andreas Osiander, whom Copernicus entrusted to oversee the publication of his book,
felt obliged to insert an unsigned preface urging the reader not to take Copernicus’ ideas seriously,
but to instead dismiss them as merely providing an alternative algorithm for making calculations:
“it is the job of the astronomer to use painstaking and skilled observation in gathering together the
history of the celestial movements, and then – since he cannot by any line of reasoning reach the
true causes of these movements – to think up or construct whatever causes or hypotheses he pleases
such that, by the assumption of these causes, those same movements can be calculated.... [I]t is not
necessary that these hypotheses should be true[;] it is enough if they provide a calculus which fits
the observations...” [8]

Students should similarly know that Feynman’s “atomic fact” took nearly a century to be universally
recognized as such. They should know, for example, that despite the apparent promise of the atomic
theory, the ambiguities associated with (e.g.) atomic weight assignments led most scientists to
dismiss the theory as useless and speculative for half a century. It then continued to be dismissed
(with far less justification) as metaphysical and unscientific – by such people as Wilhelm Ostwald
and Ernst Mach – into the beginning of the 20th century. [9]

Why does any of this matter? Consider, for example, the contemporary state of quantum theory. By
any honest assessment, the physics behind the quantum formalism remains completely unsettled.
There are several distinct theories, which paint radically different pictures of the nature of the
quantum world, but which remain empirically indistinguishable. [10] The situation, I think, is
closely parallel to the historical examples we’ve been discussing: Ptolemy’s and Copernicus’ rival
theories were, for a long period of time, also empirically indistinguishable, as were the competing
schemes in the early 19th century for assigning relative atomic weights and molecular structures. A
rudimentary knowledge of history would thus strongly suggest that we should pay careful attention
to the issue of “interpreting” quantum mechanics, and expect unexpected innovations. In particular,
we should expect that unanticipated evidence, coming from unanticipated directions, will at some
point in the future resolve the ambiguity and allow us to finally discover, with certainty, the true
physical meaning of quantum theory. In addition, we should expect that this resolution will open
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new, previously-undreamed-of doors in terms of technological applications – just as Copernicus’ ideas
initiated the path toward space exploration (and perhaps future colonization) and Dalton’s ideas
paved the way for computers and so much other contemporary technology with its roots in atomic
and sub-atomic physics.

We should expect all of this, that is, if we can resist the impulse to dismiss the controversy as
“metaphysical” or otherwise meaningless and unscientific. Unfortunately, though, the standard
pedagogical orthodoxy on this particular controversy remains “shut up and calculate”. [11] Students,
that is, are deliberately shielded from the existence of a controversy, and advised against wasting
time thinking about it (should they somehow learn of its existence). I would not claim to know –
and in general think it’s foolish to try to guess – what technologies will transform the lives of our
descendants. But it is plausible that the ultimate fate and practical dividends of something like, say,
quantum computing, might hinge on understanding quantum physics correctly – just as so much
modern technology depends on having eventually understood atomic weights correctly. But the
innovations will never come – or will come only much later, after considerable pointless stagnation
– if students are brow-beaten into dismissing the most promising questions as unscientific. It would
only take a little knowledge of historical scientific controversies, for students to be able to see that the
grounds for “shut up and calculate” in contemporary quantum theory are no different, in principle,
from the attitudes expressed in earlier centuries by the likes of Osiander and Ostwald.

And of course, this isn’t specifically about quantum computation or even quantum theory generally.
Maybe the next big technological innovation will have nothing to do with micro-physics, but will
instead come from astrophysics or chemistry or geology. Who knows! The point is that today’s
students – tomorrow’s scientists and engineers – will be much more likely to gravitate toward the
promising areas and then much more likely to innovate once there, if they know something about
how and when and why such innovations have occured in the past.

A science classroom that highlighted and celebrated historical scientific controversies would undoubt-
edly be more fun and interesting than a memorization-based, lecture-heavy classroom. [12] Science
education is already moving toward more active-learning and inquiry-based approaches. Material
about historical scientific controversies represents not only a vast untapped resource [13] for exciting
labs and inquiry activities, but also a way of bringing the over-arching course content more in line
with these existing methological aims. It would make science more attractive to students. So more
students would learn more science and bring scientific perspectives to their careers. But in addi-
tion – as I have tried to stress here – the controversy-focused science classroom would also produce
students who are drawn toward, and equipped to resist dogmatic warnings to stay away from, the
kinds of questions that have, historically, produced the most important revolutions in our thinking
and technology.

In a world where science education focused on historical controversies, the road to the future would
become a freshly-paved multi-lane super-highway, headed West. But to prepare ourselves to travel
down that road, we need to do a better job of looking back and learning from the part of the road
already traveled. That’s why I say: back ... to the future!
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