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cience education too often presents science as a monolithic

system of principles, factual truths and inflexible laws — an

approach that rarely inspires deep engagement in students.
But if we instead conceive of science as a creation of virtual wor-
Ids, as an ongoing writing of books on the mystery of the world,
then science education itself can become a more fascinating en-
deavour: a craft of weaving shadows of the world, while at the
same time awakening a sense of its enduring enigma.
This book aims to contribute to the construction of new paths
that promote the recognition of complexity and help teachers
and students to live science education as a fascinating journey—
rich in knowledge, beauty and wonder.
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A COMPASS FOR NEW CONSTELLATIONS
OF SCIENCE AND EDUCATION

Sibel Erduran

How does one introduce a book that defies the familiar ar-
chitecture of thought in your academic discipline, science edu-
cation in my case? A book that stretches the mind beyond the
boundaries of inherited language into territories for which no
map exists? I found myself lingering within such questions as I
plunged into this book, as though voyaging along the shorelines
of an unnamed world.

As I embarked on the journey, I felt as if T was oscillating be-
tween a telescope and a canvas, moving in and out of worlds that
are so apart, yet so close. The worlds of science, history and phi-
losophy of science, the humanities including poetry and science
education never seemed to have converged so elegantly. Soon I
realised that the book speaks not in certainty, but in wonder.
Not in the cold machinery of facts about any of these domains,
nor in the dissolving mist of metaphor alone, but in the lumi-
nous journey where knowledge breathes through imagination.

The physical sciences and the humanities have too long been
described as rival kingdoms, separated by method, tempera-
ment, and language. Yet, beneath the cosmetics, they share an
ancient impulse: the desire to see more deeply into the nature
of reality. The vast references in the book to history and philos-
ophy of science reminds us that facts are never formulated in a
vacuum. Observation is shaped by language, by expectation, by
the invisible scaffolding of culture and history. The poetic mel-
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ody captures another dimension of truth: ambiguity, resonance,
multiplicity. We are reminded of how science secks precision,
whereas poetry protects mystery from premature closure. To-
gether they rescue human understanding from two equal dan-
gers —the tyranny of rigid certainty and the chaos of shapeless
relativism. Gianni Zanarini’s narrative embodies elements of
both, often in a subdued but lingering subtext that carries the
reader to the ultimate objective of science education: the acquisi-
tion of imaginative and compassionate scientific habits of mind.

Soon we understand that the horizon of this unusual world
appears where sound is not without the ear, light not without
the eye. The multitude of military campaigns within science
to separate, to dominate and to reduce knowledge and reality
come into full focus, as do paradoxes of organization across dif-
ferent levels of the physical and social worlds. We can almost
picture the scientist bending over the atom as the poet bends
over words, both attempting to discover meanings in hidden
structures and processes. We are left with the inevitable con-
clusion: the philosopher asks what it means to know; the poet
asks what it means to perceive; and ultimately the educator asks
how a mind awakens. These are not isolated questions. They are
variations of the same human ache that activates the pursuit of
purpose and meaning in life.

Gianni Zanarini understands that a child looking through
a telescope for the first time does not separate astronomy from
astonishment. The rings of Saturn arrive already steeped in po-
etry. The veins of a leaf already contain geometry, architecture
and memory. The hidden lives of molecules already move like a
silent film beneath substances. Education thus begins not with
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information, but with attention and curiosity. And so, science
education must become more than the delivery of measurable
outcomes. The science classroom should not merely manufac-
ture competence: it should cultivate acute perception. Students
must be invited not only to solve problems about this complex
universe, but also to dwell within questions about an exhaust-
ed planet and a species that is as capable of genocides as it is of
producing magnificent symphonies. They must learn that scien-
tific knowledge is not ownership of the world, but participation
within it.

My academic background in the philosophy of science and
science education furnished me with the lenses to discern the
conceptual geographies of these fields and to notice how they
are woven throughout the book. Yet I was wholly unprepared
to be inspired poetically—if poetry is indeed the right name
for what unfolds in my reflections here. I know of no other
text in science education internationally that renders such
profound philosophical ideas as reductionism and foundational
concepts in cognitive psychology as constructivism with such
ease, no other rigorous account of science married to evidence
from science education research with such humility. Through
prose at once simple and deeply resonant, the book transforms
abstraction into something concrete for a non-academic reader
with no burden of excessive disciplinary understanding,

Further along the shoreline, as I journeyed toward the book’s
final pages, I found myself wondering why no images accompa-
nied the text. The story painted such vivid scenes of science and
education within my mind that I longed for them to take visible
shape upon the page, as though illustrations might deepen the
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spell the narrative had already cast. Soon, however, it dawned on
me that the reader is already carried within worlds so abundant
and unbounded that any fixed image would feel like an abrupt
and needless interruption in their unfolding. The physical and
natural sciences, history and philosophy of science, humanities,
science education and perhaps other domains still waiting to be
revealed in a second reading may lay claim to this wonderful
book as their own.



Semantics Hardly have I named this stone
“stone”,

when behind it appears,

ethereal and faint,

like its pale shadow,

a second stone, lighter,

easily mistaken.

1lift it up,

vest upon it,

then cast it aside.
1t is mine,
unable to resist.
With my stone,
1do as I please.

Yet it bears no weight.
Heavy is the other,

the first,

that does not heed my call,
that has no name,

that strikes me.

Hans Magnus Enzensberger!

Kintsugi Golden seams unite
Shattered porcelain reborn
Beauty in fractures.

Anonymous

1 Kaum habe ich den Stein / “Stein” genannt, / erscheint hinter ihm / durchsich-
tig, geisterhaft, / wie sein  heller Schatten / ein zweiter Stein, leichter / und leicht zu
verwechseln. // Ich hebe ihn auf, / ruhe mich aus auf ihm, / werfe ihn fort. / Er gehort
mir, / kann sich nicht wehren./ Mit meinem Stein / mache ich was ich will. // Aber
er wiegt nichts. / Schwer ist der andre, / der erste, / der nicht auf mich hort, / der
keinen Namen hat, / der mich trifft. Semantik, in H-M. Enzensberger, Zukunfismusik,
Suhrkamp Verlag, Frankfurt am Mein, 1991.



- Unspoken, Samantha Holmes, Carmel, NewYork, USA, 1984.



INTRODUCTION

This book may be read as a reflection inspired by the lumi-
nous poem Semantics by Hans Magnus Enzensberger, the con-
temporary German poet and essayist. In a few keen verses, the
poet encapsulates a profound meditation on science as a contin-
uous elaboration of what can only ever remain a “pale shadow”
of reality.

Many scientists, like people in everyday life more generally,
invest science with grand expectations: the hope of gazing upon
the world from the pinnacle of an absolute and objective vantage
point; the ambition of mastering reality by uncovering its secret
laws; the desire to establish an unshakable foundation for ever
more extraordinary technological innovation.

Science education often echoes these expectations, present-
ing science as a rigid system of principles, factual truths and in-
flexible laws, according to the academic approach. This presen-
tation may inspire deep commitment in some students—and it
can leave others disengaged.

But if science were instead proposed as the creation of virtu-
al worlds through human languages—languages that speak of
reality, yet, as they bring us closer to it, reveal an insurmount-
able limit—then science education could become an exciting
pursuit: a craft of weaving the world’s “shadows”, while keeping
alive the awareness of its mystery.
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Isit possible, then, to charta path that, while accepting the loss
of epistemic omnipotence, still illuminates both the cognitive
and poetic dimensions of science? A path that doesn’t reduce
science education to a discipline of simplification, but instead
fosters an appreciation of complexity? A path that cultivates
a scientific gaze upon the great questions of our time, helping
understand technology and opening new horizons?

The book aims to offer a contribution to these far-reaching
questions. My hope is that, as new answers emerge, both teachers
and students will come to experience science education as a
fascinating journey—rich in knowledge, beauty and wonder.

My heartfel gratitude goes to Sibel Erduran for her generous
and inspiring foreword; to Olivia Levrini for her warm writing,
so imbued with epistemic emotions; to Paola Fantini for her
insightful reflections and illuminating suggestions; to Sara Mo-
resco for her evocative metaphors; to Simonetta Simoni and all
the friends who read the manuscript for their valuable commen-
ts, generously shared. Finally, I thank Beppe Feltrin for his clean
graphic design.



PERSPECTIVES ON SCIENCE

Images of Knowledge

What is science for us? This question may at first seem
surprising, even unwarranted. One might answer that science
simply “is”, regardless of what we think. Our personal beliefs
may have subjective weight, but they don’t change the nature of
science itself. Yet, as we will see, an alternative perspective—one
that places this very question at the heart of its reflection—was
developed over the course of the twentieth century.

The answer matters less than acknowledging that the que-
stion itself is legitimate. By listening inwardly, we can uncover
convictions and deeply held certainties that carry significant
emotional weight and resist being treated as objects of scientific
scrutiny. These beliefs shape how we respond to questions about
whether we can truly know reality and how such knowledge is
attained. They thus hold epistemological significance: Yehuda
Elkana refers to these as “images of knowledge”*

Some images of knowledge are both widespread and deeply
ingrained among scientists and science educators. Foremost are
epistemological realism—the belief that science uncovers true
reality, untouched by our senses, languages or culture—and
rationalism—the belief that human reason can know reality
exactly as it is.

2 Y.Elkana, 4 programmatic attempt at an anthropology of knowledge, Harvard Uni-
versity Press, Harvard, 1987.
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Over centuries, these images of knowledge have guided
scientific thought. Galileo, above all, believed in the mathema-
tical order of the universe. His famous metaphor of the “grand
book”, proposed in his Saggiatore (The assayer), articulates this
conviction vividly—an undemonstrable certainty that under-
pins all of science. We might call it a meta-scientific certainty.

Philosophy is written in this grand book, the universe, which
stands continually open to our gaze. But the book cannot be
understood unless one first learns to comprehend the language
and read the letters in which it is composed. It is written in
the language of mathematics, and its characters are triangles,
circles and other geometrical figures, without which it is
humanly impossible to understand a single word of it. Without
these, one wanders about in a dark labyrinth.?

The pioneers of modern cosmology—Johannes Kepler and
Isaac Newton—shared a deep faith in the world’s harmonious
rationality. As Edgar Morin suggests, their remarkable pro-
ductivity may have been fueled by this very conviction.*

Alongside the belief that science uncovers timeless natu-
ral truths—independent of cultural context and observer—
another view emerged in the twentieth century: Ernst Von
Glasersfeld’s “constructivism”>

This term may seem odd, but its meaning s straightforward:
we humans are not passive mirrors reflecting the world. Our

3 G. Galilei, Zhe assayer (1623), tr. by S.Drake in S.Drake (ed.), Discoveries and
opinions of Galileo, Doubleday & Co., New York, 1957.

4 E.Morin, Science avec conscience, Fayard, Paris, 1990.

S E.Von Glasersfeld, Introduction to radical constructivism, in P. Watzlawick (ed.),
The Invented reality. How do we know what we believe we know?, Norton, New York,

1984.
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minds interpret sensory data and build linguistic models of re-
ality—hence “constructivism®. These models are inevitably sha-
ped by cultural context and personal beliefs.

The mirror image of knowledge is so implicit that it often
goes unquestioned. But, once made explicit, its nature as a
hypothesis becomes clear: it can be supported as plausible but
cannot be definitively proven. Proponents of constructivism
find themselves in the same condition—they cannot affirm the
truth of their own point of view. But they can examine their as-
sumptions and deepen understanding through reasoned debate
rather than formal proof.

For example, modern science shows that our senses mislead
us. Yet our instruments—even the most advanced ones—are ex-
tensions of those same senses. If our tools inherit sense fallibili-
ty, how can we be sure we truly know the world? And if our sen-
ses can be wrong, why assume that our minds are always right?
After all, it seems that evolution has shaped our brain primarily
for survival and everyday functions.

Are we not part of the world ourselves? If so, how can
we claim to observe it from above, from the outside, with an
objective gaze? These are the questions posed by Mr. Palomar,
Italo Calvino’s contemplative philosopher of the everyday.

Following a series of intellectual misadventures that do not
deserve to be remembered, Myr. Palomar has decided that his
principal activity will be looking at things from the outside. But
how can one look at something without involving the self? Whose
eyes are looking? Usnally, one thinks that the self is someone who
is standing at the window of his eyes, looking out at the world
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stretching out in all its vastness before him. So: there is a window
that looks out on the world. On that side, there is the world; and
on this side? Always the world: what else could there be? With a
small effort of concentration, Mr. Palomar manages to move the
world from out there and place it at the window. Then, outside
the window, what remains? The world is there too, which for the
occasion has split into the world that looks and the world that is
looked at. And he, also called “T”, that is, My. Palomar? Isn’t he
also a piece of the world looking at another piece of the world?

From a constructivist standpoint, science is collection of
interpretations of the world, not its direct mirror.” It bears the
imprint of its cultural context, the underlying epistemic images
and the passions, fears and certainties of those who create it.*

Facts and Theories

If science is a cultural construction, then facts themselves
take on a different meaning. The statement that facts exist
objectively, independent of the theories that frame them,
belongs to a classical view of knowledge. Philosopher Nelson
Goodman offers a striking example that challenges this idea.

Who made the constellations, like the Big Dipper? Was it
Nature? It would be more accurate to say that Nature created the
stars, but not the constellations. The constellations arose from the
way we divided the celestial sphere, assigning names to specific
stellar patterns. But I would argue that not even the stars were

6 1.Calvino, Mr. Palomar (1983), tr. by W.Weaver, Harcourt Brace Jovanovich, San Diego,
1985.

7 C. Geertz, Interpretation of cultures, Basic Books, New York, 1973.

8 E.H. Hutten, The origins of science. An inquiry into the foundations of western
thought, George Allen & Unwin, London, 1962; M. Polanyi, Personal knowledge. To-
wards a post—critical philosophy, University of Chicago Press, Chicago, 1974.
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made by Nature. They too are the fruit of our selection of particles
in the universe, which we call “stars”. In this way, descriptions
and other symbolic representations of reality construct the world.’

As epistemologist Norwood Hanson famously put it, facts
are “theory—laden”!® They are described using languages, that
are themselves historical creations.

To build knowledge, one must “delimit problems, close the ho-
rizon, create a universe of discourse”.!! Scientific activity proceeds
by defining and selecting facts, discarding those deemed irrele-
vant and constructing new ones through sharp questions posed
to Nature. These processes unfold primarily in the laboratory,
where scientific theories guide our inquiry into reality—and
are, in turn, put to the test by it. Measurements may support
a theory for a time or expose its limits, in a dialogue that never
ends. In this way, science carries on an endless conversation with
the elusive world of phenomena.'?

Those unfamiliar with science often imagine laboratory work
as simply a matter of making measurements with the appropria-
te instruments. But the laboratory is a far more demanding and
creative space, where instruments are chosen, modified and de-
signed to yield data that can be clearly interpreted in the light of
the theory that prompted the investigation.

9  N. Goodman, Ways of worldmaking, Hackett Publishing Company, Indianapolis,
1978.

10 N.R. Hanson, Patterns of discovery. An inquiry into the conceptual foundations of
science, Cambridge University Press, Cambridge, 1958.

11 M. Ceruti, Constraints and possibilities (1986), GORDON AND BREACH, LON-
DON, 1996.

12 A.F. Chalmers, What is this thing called science?, Open University Press, Lon-
don, 1982.
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From this perspective, objectivity—an attribute long
claimed by science—is better understood as shared knowledge
emerging from an ongoing process of dialogue, conflict and
convergence among scientists and scientific communities, while

each of these is engaged in a dialogue between theories, facts
and data. 13

Irreducible Levels

Traditionally, scientific knowledge is pictured as a pyramid,
with each discipline resting on more foundational ones. Biolo-
gy, for instance, relies on chemistry, which in turn depends on
physics—the study of matter’s most basic building blocks. But
this view ignores that scientific concepts are, in principle, irre-
ducible from one discipline to the next. Take chemical affinity:
while it can be grounded in quantum physics, within chemistry
it has its own meaning and scope not reducible to the physical
level. Likewise, biological notions such as function, species, or
evolution cannot be fully explained in terms of chemistry.

Each science speaks its own language: as biophysicist—epi-
stemologist Henri Atlan notes, what characterizes each level is
“the organization of that level described in its own language” ™
And we lack a language that can seamlessly connect one level to
another. New disciplines—say, biochemistry—create new arti-
culations but face the same wall of irreducibility, the same lack
of a language to connect levels.

13 E. Morin, Science avec conscience, Fayard, Paris, 1990.

14 H. Atlan, A rort et 4 raison. Intercritique de la science et du mythe, Seuil, Paris,
1987.
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Irreducibility reappears even within a single science when we
shift across space-time scales. A vortex, for instance, is made up
of water molecules. Yet for those molecules the dynamic structu-
re of the vortex holds no meaning—they “know nothing” of the
swirling form they collectively create. As we will see, the famous
debate over thermodynamic evolution—spanning the late 19th
and early 20th centuries—hinged on this very clash of scales:
thermodynamic versus molecular level of description.

Science, then, is a constellation of knowledge domains, each
irreducible to the others. Every domain depends on a chosen
standpoint—on the space-time scale and the viewpoint we

adopt.

Forms of Knowledge

Within this framework, everyday knowledge is not simply a
rough version of unified, certain science. Instead, every cogniti-
ve activity constructs its own description of the world—its own
model of reality.

Everyday knowledge is largely non-verbal and intuitive,
emerging from our embodied interaction with the environ-
ment. When expressed, it becomes a narrative construction of
reality, shaped as much by plausible motives as by causal links.

Scientific knowledge is built through methods different from
those of common sense. Yet even common sense is inspired by
its own epistemic images and cognitive drives, which meet—

15 R. Serra, G. Zanarini, Complex systems and cognitive processes, Springer Verlag,
Heidelberg, 1990.
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and often clash with—other knowledge forms. As we will see,

this is especially evident in science education.'

We often assume that scientific and everyday knowledge ad-
dress the same facts. On that premise, science education tends
to adopt what Mauro Ceruti calls “z remediation strategy™, re-
placing a rougher view with a more rigorous one. But the facts
themselves may differ, because each arises within a distinct dis-
cursive domain.

From a constructivist perspective, we cannot claim that real-
ity—in—itself possesses physical, chemical, or biological proper-
ties that only science can truly grasp, sweeping aside the opacity
of other ways of knowing. Instead, specific epistemic approach-
es— emerging within particular cultural contexts— define such
properties along with the methods of analyzing and quantifying
them.!

These reflections suggest that all forms of knowledge—sci-
entific or otherwise—are cultural constructions aimed at inter-
preting the complexity of experience. In this light, the sharp di-
vide between “true” scientific knowledge and “rough” common
knowledge dissolves. As Mauro Ceruti writes, “the dream of es-
tablishing a clear and distinct demarcation between science and

16  R.Driver, The construction of scientific knowledge in school classroom, in R. Millar
(ed.), Doing science. Images of science in science education, The Falmer Press, Abingdon,
1989.

17 M. Ceruti, Constraints and possibilities (1986), Gordon and Breach, London,
1996.

18  R.Driver, The construction of scientific knowledge in school classroom, in R. Millar
(ed.), Doing science. Images of science in science education, The Falmer Press, London,
1989.
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non-science is over”.”” The implication for education is profound:
cach new knowledge must engage with previous knowledge not
just for accuracy, economy or predictive power, but for personal

relevance as well.?

Opver time, scientific communities have developed distincti-
ve ways of engaging with reality, continually refining their craft.
This process is complex and varied, with differences between one
science and another. Yet, among their “family characteristics“*!
are creativity, imagination, guiding research questions, theore-
tical modelling, definitions of quantities to be measured, repro-
ducible methods and empirical challenges to theories. Cultural
influences, technological advances and socio-economic drivers
also play a role in shaping of sciences.

The celebrated scientific method reflects how science likes to
picture itself—not how it always works in practice. Sociologists
of science have shown a wide gap between the idealized method
and the intricate, multifaceted practices of working scientists.

Bruno Latour, after years immersed in “/aboratory life”, argues
that science grows out of “a mass of ad hoc hypotheses, analogi-
cal reasoning, generalizations of experience and formalizations”
The maverick epistemologist Paul Feyerabend, with his rallying

19 M. Ceruti, Constraints and possibilities (1986), Gordon and Breach, London,
1996.

20 S. Kapon, A. Laherto, O. Levrini, Disciplinary authenticity and personal rele-
vance in school science, Science Education, 102, 2018.

21 S. Erduran, Z.R. Dagher, Reconceptualizing the nature of science for science edu-
cation. Scientific knowledge, practices and other family characteristics, Springer, Dor-
drecht, 2014.

22 B. Latour, S. Woolgar, Laboratory life. The construction of scientific facts, Sage
Publications, Beverly Hills, 1979.
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cry “anything goes”, emphasizes the same freedom and method-
ological pluralism.”

None of this denies science’s distinctiveness. On the con-
trary, its cognitive process is unique: rational theories, reproduc-
ible experiments and intersubjective exchanges are more central
here than in any other realm of knowledge. They are part of a
passionate quest to explore the mystery of the world.

Unfortunately, for various reasons—competition for fund-
ing, race for priority, military relevance of certain research top-
ics—scientific activity may sometimes unfold in an atmosphere of
fierce rivalry and guarded secrecy. This obscures the rare but vital
testimony of the scientific community as a space of mutual recog-
nition, acceptance and selfless collaboration toward shared goals.

Technoscience

Science—this intricate weave of interpretations of the
world—carries with it a profound capacity to master nature.
And science itself, in its development, draws upon this very
capacity. Scientific experiments, in their relentless pursuit of
knowledge, increasingly rely on new techniques grounded in
previously established scientific understanding.

Consider, for instance, electron microscopy: it combines re-
fined knowledge of electromagnetism with sophisticated tech-
nological innovation and abstract mathematical formalism.
Even earlier, Galileo’s observations of the Moon’s surface would
have been impossible without the telescope—an instrument
born from the theoretical study of optics.

23 P. Feyerabend, Against method, Verso Books, New York, 1975 ; P. Feyerabend,
Farewell to reason, Verso Books, New York, 1987.
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From its very beginnings, then, the relationship betwe-
en science and technology—between science and its applica-
tions—has never been strictly linear, as is often claimed by those
who draw a sharp distinction between pure and applied scien-
ces. Instead, it is a circular relationship, in which also funding,
both public and private, plays a decisive role.

Toward the end of the twentieth century, the term
“technoscience™ was introduced to name this interdependence
of science and technology: a science increasingly relying on
instrumental inventions born from its own discoveries, and an
unbridled technology driven by economic power—so much so
that it comes to demand explanations from science for what it
has already successfully produced. Think of genetic research, or
of artificial intelligence.

The most striking example of technoscience is the atomic
bomb. The uranium and plutonium bombs dropped on Japan in
1945 were both scientific experiments in the emerging field of
nuclear physics and technological inventions born of science-in-
spired innovation. The outcome was deliberately pursued and
financed by political power through massive investment, and
was achieved by means of an unprecedented interdisciplinary
techno-scientific organization. From the standpoint of tech-
noscience, it was a triumph—yet one that opened up dramatic
ethical questions.”

24 D.E. Channell, 4 history of technoscience. Evasing the boundaries between science
and technology, Routledge, London, 2017; B. Bensaude-Vincent, Les vertiges de la te-
chnoscience, La découverte, Paris, 2009.

25 K. Bird, M.J. Sherwin, American prometheus. The triumph and tragedy of J. Ro-
bert Oppenheimer, Knopf Doubleday, New York, 2005; G. Anders, C. Eatherly, Bur-
ning conscience. The case of the Hiroshima pilot Claunde Eatherly, Pickle Partners, New
York, 2015.
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Technoscience is both a driver of economic growth and an
instrument of global competition. It serves many ends: pub-
lic health and collective well-being, certainly, but also the en-
richment of the few and the development of ever more lethal
weapons. These pursuits can have devastating consequences:
resource depletion, environmental destruction, poverty, cat-
astrophic failures in the reckless attempt to dominate Nature
and exploit it for profit and power—without reflection on sus-
tainability.

The German playwright and poet Bertolt Brecht drafted his
Life of Galileo under the shadow of the Bomb. This masterpiece
offers a stark meditation on science—what we would now call
technoscience—under power.

In his enforced solitude after the recantation, Galileo is vis-
ited by Andrea—a former pupil—who still reveres his master’s
unbroken dedication to research also in the forced isolation of
Arcetri. But Galileo, unexpectedly, casts a critical eye on his
own relentless passion for science—on his ambition to pursue
knowledge. For knowledge, once born, slips beyond the control
of its creators, who are powerless to determine its fate or steer its
applications towards the good of humankind.

In his pivotal monologue, Brecht’s Galileo turns his critical
gaze upon himself.

Galileo - To what end are you working? Presumably for the
principle that science’s sole aim must be to lighten the burden
of human existence. If the scientists, brought to heel by self-
interested rulers, limit themselves to piling up knowledge for
knowledge’s sake, then science can be crippled, and your new
machines will lead to nothing but new impositions. You may in
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due course discover all that there is to discover, and your progress
will nonetheless be nothing but a progress away from mankind.
Between you and it may one day become so wide the abyss that
your cry of triumph at some new achievement will be echoed by a
universal cry of horror. As a scientist I had a unique opportunity.
In my day astronomy emerged into the market place. Given this
unique situation, if one man had put up a fight, it might have
had tremendous repercussions. Had I stood firm, the scientists
could have developed something like the doctors’ Hippocratic
oath, a vow to use their knowledge exclusively for mankind’s
benefit. [...] For a few years I was as strong as the authorities.
And handed my knowledge to those in power for them to use, fail
to use, misuse, whatever best suited their objectives. I betrayed my
profession. A man who does what I did cannot be tolerated in the
ranks of science.*®

The judgment on his own scientific activity that Galileo—pa-
radoxically, the very Galileo who is secretly working on his scien-
tific masterpiece, the Discourses and demonstrations concerning
two new sciences—voices in the monologue is without appeal.
“Your cry of triumph at some new achievement—he says, addres-
sing Andrea—will be echoed by a universal cry of horror”. And he
continues, speaking of himself: “I betrayed my profession. A man
who does what I did cannot be tolerated in the ranks of science’.

This severe assessment brings to the surface a central ethical
problem, expressed with piercing clarity. In Galileo’s case, the
aim of Church authority was less to defend religious orthodoxy
than to safeguard the social order. It therefore aimed to not use
science, but to belittle it, to conceal it. In his Director’s Notes,
Brecht emphasizes that “in this drama, the Church stands for

26 B.Breche, Life of Galileo (1956), tr. by J. Willett, Bloomsbury Publishing, Lon-
don, 2015.
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established power: as characters, the Church dignitaries should re-
semble our bankers and senators””

Technoscience advances without ends of its own: it is at the
disposal of “those in power” who finance and direct it. According
to Brecht, Galileo submitted to power well before his recanta-
tion—already in the days of the Venetian Republic, when he of-
fered his telescope to the authorities, suggesting (in exchange for
generous funding) that it could help spot enemy ships from afar.

At the close of Galileo’s bitter monologue, Andrea departs
for Holland, carrying with him the precious manuscript of the
Discourses. Galileo’s parting words are a warning: “Be careful,
as you cross Germany with the truth under your cloak’ Perhaps,
Brecht suggests, only in a new world—a yet-to-exist “Holland”—
might it become possible to practice a science wholly devoted to
lightening “the burden of human existence” But until that day co-
mes, what does it mean the warning to carry the truth under the
cloak across Germany? Keeping that question open, even today,
is both necessary and unavoidable.

Literary works like Brecht’s masterpiece can play a vital role
in a science education open to reflection—attentive not only to
knowledge itself, but also to what knowledge entails: its entan-
glement with technology, economics and power, together with
the ethical dilemmas it raises.?

27  S.Giles, M. Silberman, T. Kuhn, J. Willett (eds.), Brecht on theatre. The develop-
ment of an aesthetics, Bloomsbury, London, 2014.

28 K.Bird, M.]J. Sherwin, American prometheus. The triumph and tragedy of J. Robert
Oppenheimer, Knopf Doubleday, New York, 2005.



BOOKS AND NATURE

Book of Nature

In Book One of his De rerum natura (On the nature of the
universe), written over two thousand years ago, the Latin poet
Lucretius offers a striking analogy: the world and a linguistic
text. For Lucretius, the world is composed of countless atoms
of different types, and each cluster of atoms forms a “word”.
Small rearrangements of atoms transform one atomic “word”
into another—as changing just a few letters alters the meaning
of a word.

Lucretius illustrates in his verses this analogy between the
combination of atoms and the combination of letters. Fires and
firs (ignis and lignum, in Latin) are two entirely different real-
ities, created by different combination of atoms. Exactly as the
two words “fires” and “firs”, that have a similar spelling, but very
different meaning and sound.

Now do you see the point I made before,

that often it’s a matter of importance

how these atoms combine, in what positions

they are held, what impulse they give and take,

and that these same by quite small mutual changes
can make both fires and firs? As the words themselves
consist of elements a little changed

when we say fires or firs with different sounds.

(Book 1,907 — 914)%

29 Lucretius, On the nature of the universe, tr. by R. Melville, Oxford University
Press, New York, 1997.
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For Lucretius, the world’s readability is guaranteed by this
analogy—by the resemblance between the unknown and the
known. He proposes a kind of grammatical atomism with its
own rules of combination: in fact, atoms of different types have
different shapes, which facilitate or prevent bonding. The atom-
ic “words”, then, combine to form ever larger structures, giving
rise to everything we see around us, including ourselves. From
such an intuition—an atomism akin to that of language—mod-
ern chemistry would eventually emerge.

But if the world is structured like a language, one wonders
what the semantics of such a language might be. Every language
is made to speak about the world: but what does the world speak
of, if it is itself a language? Lucretius does not pose this question,
and likely would have considered it poorly posed. For him, the
analogy is purely formal: the world has no intrinsic meaning,
for it was formed by chance. What matters to Lucretius is his
conviction that, beneath the opaque surface of reality, lie laws
governing the motions and combinations of immortal atoms
creating ever-changing forms. The linguistic analogy serves as a
rhetorical tool to illuminate the “nature of the universe”.

Centuries later, Galileo revived a similar image: the world as
a book. For him too, the task of science was to discover the abso-
lute and impersonal laws of the world. But for Galileo this book
had meaning: he believed God had written it in mathematical
language so that humankind could decipher its laws and admire
the creation.
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In The assayer, Galileo contrasted the open book of Nature
with his opponents’ dusty tomes, insisting that mathematics is
Nature’s own language, bestowed by God upon mankind.

But his conviction soon collided with Church authority. If,
as Galileo insisted, two truths cannot conflict, how could the
mathematical book of Nature reveal a heliocentric cosmos that
Scripture seemed to deny? His theory, after all, conflicted not
only with several biblical passages but also with common sense.

Galileo then advanced his own reading of Scripture: written
for ordinary people, in everyday language and imagery, without
any intent to teach astronomy. In doing so, however, he chal-
lenged the Council of Trent’s decree that only the Church may
interpret sacred texts.

Cardinal Roberto Bellarmino urged Galileo to treat helio-
centrism as a mere hypothesis, useful to “save the appearances”™
This cautious stance was in fact adopted by the scientists of the
Collegio Romano, Galileo’s contemporaries, who accepted Ty-
cho Brahe’s intricate cosmology to accommodate observational
data without challenging the authority of the Church.

But, for Galileo, Nature is an open book that God inscribed
with mathematical laws. On this theological foundation rests
his faith in the truth of science. His recantation, therefore, is not
a change of heart—it is a formal surrender to power. His reading
of the “grand book” will continue in secret.

30 R.Bellarmino, Letter to Father Foscarini (1615), in S. Drake (ed.), Discoveries
and opinions of Galileo, Doubleday & Co., New York, 1957.
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Books on Nature

The Galilean option, however, is not the only one. From a
constructivist perspective, Galileo’s metaphor can be turned
on its head. Scientists do not read the book of Nature: they
write books 07z Nature—ceaselessly, inexhaustibly. Each book
sets forth a particular model of the world, framed in a specific
language and shaped by rules shared by a scientific community.
Henri Atlan captures this with a striking image: the truth that
science pursues without end is nothing but one of reality’s orna-
ments—ijust like the truths glimpsed by myth and art.

Scientific truth is an ornament of realiry. It enlightens us,
certainly, and we fashion it for precisely this purpose — like a

lantern, or a splendid chandelier. Reality itself is not true; it is
simply content to be.

In the books on Nature that scientists incessantly compose,
we find not only concepts and theories, but also a broader cul-
tural dimension: the images of knowledge, the scientific theo-
ries in dialogue with one another, the role of science in society,
the scientific and personal lives of scientists. For this reason,
books on Nature must be read closely: they must be interpreted.

Interpretation, however, poses a difficulty that has long stood
at the centre of the humanities.” To grasp a text’s relationship
to its context, to the culture of its time and to the singularity of
its author, the reader adopts a vantage point that is more readily
available to him than to the author. The reader can reflect on
what the author took for granted and therefore never examined.
In this sense, reading becomes a creative act.

31 H.G. Gadamer, Truth and method (1960), Continuum, London, 2004.
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Explanation and Understanding

Paul Ricoeur invites us to conceive of reading as a dialectic
between explanation and understanding: explanation attends to
the literal meaning of the text, while understanding is the inter-
pretive moment that illuminates and deepens that explanation.?”

In a scientific text, the author’s primary intention is usually
to communicate a theoretical result or an experimental finding,
These elements should therefore guide a first reading.

But matters grow more complex once we recognize that the
author may have multiple intentions. For instance, in presenting
a result, he may also be endorsing a broader worldview—or chal-
lenging a long-entrenched theory. Moreover, intentions are not
always explicit and may not even be fully conscious. They can
emerge through argumentative strategies, rhetorical figures or
word choices. Hence the need for close analysis: features that ap-
pear marginal may prove decisive for understanding. The read-
er thus becomes an active participant in constructing meaning,
drawing on personal culture, associations and intuitions.

This approach recalls musical performance, which transfig-
ures a score into sound— weighing notes, harmonic structures,
rhetorical style and historical context. All these elements are
integrated in the performer’s interpretation, where explanation
and understanding meet creatively.

Likewise, a scientific text reveals multiple layers: its concep-
tual architecture, the cultural motifs of its time, even personal
aspects—such as the author’s passion for research. Each layer in-

32 P.Ricoeur, Du texte 4 [ action, Seuil, Paris, 1986.
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vites a distinct perspective: history of science, cultural sociology,
psychology of knowledge. Yet they must be woven together, so
the text may come alive in its historical, cultural and personal
depth, in a creative dialogue with its readers.
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An Inaugural Lecture

Instead of turning to a specialized research paper—addressed
to colleagues and written in the technical idiom of its field—we
will consider a work of science communication: Ludwig Boltz-
mann’s 1900 essay On the principles of mechanics.>® It takes the
form of an inaugural lecture, in line with academic custom at the
time: it was delivered not only to students and fellow scholars,
but also to a wider public. More precisely, it opened Boltzmann’s
course in Theoretical Physics at the University of Leipzig,

A comprehensive analysis of the lecture would be prohibi-
tively long, so we will confine ourselves to key passages that illu-
minate the core of Boltzmann’s theoretical stance, his image of
science and his intimate relationship with it.

From the very beginning, the Austrian physicist— standing
at the threshold between the nineteenth and twentieth
centuries—announces what will become his central theme:
the triumph of the mechanical conception of the world. As we
will see, Boltzmann uses the term “mechanics in a remarkably
capacious sense, one that enables him not only to celebrate its
power to explain physical phenomena but also to extend its
reach to biological evolution and even to human thought. His
reflections on the limits of thought eventually broaden into

epistemological considerations.

33 L. Boltzmann, On the principles of mechanics (1900), in Theoretical physics and
philosophical problems (1905), tr. by B. Mc Guinness, Reidel, Dordrecht, 1974.
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The Triumph of Mechanics

Let us begin with Boltzmann’s opening lines—what the an-
cient rhetoricians would have called the Proemium: the strategic
overture meant to capture the audience’s attention.

When we propose to introduce new guests into the home we have

long inhabited, we are accustomed to adorning the entrance

door with festoons. I was called to this ancient and venerable

University to lead you into the vast and imposing edifice of
theoretical physics. The entrance gate through which we enter this

building is analytical mechanics. It is no wonder that I wish to

display this science to you with all its most beautiful decorations,

with which it has been adorned not by me, but by the greatest
minds throughout the centuries.

At a first glance, a scientific reader might dismiss this as
courteous preamble. Yet an author’s intentions often emerge
through structure, imagery and tone.

Here Boltzmann casts himself as the host of the “vast and
imposing edifice” of theoretical physics, ready to welcome his
guests through a festooned portal: the gateway of a “home”
(Heim, in Boltzmann’s German text)—an abode of hospitality
and celebration set within a venerable University and prepared
for a triumphal occasion.

The lecture quickly moves from this poetic overture to a bold
proclamation of mechanics’ supremacy.

The definition of mechanics is quite simple: it is the theory of the
laws that govern the world of bodies.

The word “/aw” is used so habitually in science that its me-
taphorical weight often goes unnoticed: the tacit assumption
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that the cosmos resembles an idealised civil society governed by
inflexible statutes.

Some of Boltzmann’s contemporaries—Ernst Mach and
Robert Musil among them— rejected this quasi-juridical
worldview, accusing it of smuggling in a “superstition” that

3 Here we see how

mistakes correlation with causation.
unexamined and effortless the metaphor of a juridical order

becomes part of a supposedly “simple” definition.

A knowledge of these laws is required for the operation of many
machines. [...] The ability to think in mechanical terms is of
supreme utility in all spheres of practical life, and it also has a
Jformative influence on intellectual life as a whole.

The first sentence recalls the etymological root of “mechan-
ics™s the ingenuity of human artifice. The second extends the
claim: mechanics is not merely technical know-how but a cast of
mind with transformative power.

An individual who thinks in mechanical terms treats every
mechanism, from the simplest to the most complex, with both
reverence and respect. And this is worthwhile, because the
mechanism fulfills the desires of its master, whereas one who
is ignovant of mechanics does not even comprehend in which
direction to turn a screw.

Such surprising statements would never appear in a scientific
paper. But it is precisely in a more personal text like this that
we will encounter the author’s worldview—one imbued with
emotion: “reverence and respect”. Those who know the laws of

34 E. Mach, Knowledge and error. Sketches on the psychology of inquiry (1908),
Reidel, Dordrecht, 1976; R. Musil, The man without qualities (1930-43), Secker &
Warburg, London, 1960.
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mechanics and treat mechanisms with care may become their
“masters”. Knowledge is power—power over Nature through
the discovery of its deterministic, universal laws, and power of
mechanics over every other science.

A Military Enterprise

When a nation achieves significant advancements compared
to its neighbours, it tends to acquire a degree of hegemony over
them, often leading to their subjugation and enslavement. The
same phenomenon occurs within scientific disciplines. Acoustics,
naturally and without resistance, was the first.

The metaphor is overtly martial: mechanics must conquer—
achieving dominance not only over Nature but also over other
scientific disciplines, compelling them to yield to its authority.
Such ambition reflects along-standing dream of many physicists:
to establish physics as the foundation of all scientific knowledge.

Let us now consider more closely Boltzmann’s claim that
acoustics surrendered “without resistance” to the assault of me-
chanics. He likely alludes to the German scientist Hermann
von Helmbholtz, whose research made possible a mechanical un-
derstanding of the propagation of acoustic waves in air, offering
profound insight into the physical nature of sound.”

Yet sound itself—the object of acoustics—is not merely air
vibrations: it is also a perception. Helmholtz, both a physiologist
and a physicist, also probed the anatomy of the ear. He studied

35 H.Von Helmholtz, Oz the sensations of tone as a physiological basis for the theory
of music, Longmans, Green & Co, 1885, Facsimile by Dover Editions, New York,
1954.
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the inner ear’s structure and was able to explain the physiological
roots of sensations such as tone, timbre, consonance and
dissonance.

Helmholtz even extended his analysis into music theory,
which undoubtedly has physical and physiological foundations.
Yet—as is always the case when moving between levels of scien-
tific inquiry—concepts such as note, interval, tonality and har-
mony carry meanings in music theory that cannot be collapsed

into their physical or physiological foundations.*®

Boltzmann—an enthusiastic pianist, once a pupil of Anton
Bruckner—might well have confirmed this irreducibility. At the
same time, however, such an admission would have diminished
the grandeur of the triumph of mechanics to which he devoted
his lecture.

The Conquest of Heat

The campaign in the territory of heat theory was initiated by
mechanics with the hypothesis that heat is a movement of a body’s
smallest particles. This campaign proved victorious, because the
described hypothesis provides a very clear picture of the entity

called heat.

With this triumphant return to military metaphor, Boltz-
mann condenses in a few lines a matter that had long tor-
mented—indeed, haunted—his scientific life. This terse declara-
tion reads like a victory bulletin—leaving unspoken the battles,
wounds and losses of the field. Here we encounter a silence, a

36  W.A. Sethares, Tuning, timbre, spectrum, scale, Springer Verlag, Berlin, 1998.
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repressed issue that demands deeper insight. To grasp the true
import of these words, we must briefly revisit the core themes of
Boltzmann’s “campaign in the territory of heat theory””’

Continuing the rhetorical image, one might say that the war
to conquer thermodynamics was declared at the very outset of
Boltzmann’s academic career. In 1866, at just twenty-two, he
entered the scientific stage with a paper titled The mechanical
meaning of the second law of thermodynamics, in which he wrote:

e aim of this paper is to provide an analytical and fu enera
Th th t d ytical and fully g /
proof of the second law of thermodynamics, demonstrating the
theorem of mechanics that corresponds to it.>*

Thermodynamics—unlike classical physics—places at its
very centre the internal energy of bodies, solid or fluid, which
is revealed through their temperature. With a striking change
of perspective, what physics had long regarded as a flaw—the
loss of energy through friction—becomes, in Joule’s experiment,
a transformation: mechanical energy is converted into the hid-
den reservoir of a body’s internal energy. But such an increase
in internal energy can also arise otherwise: by simply placing
the body in contact with another at a higher temperature. Thus,
alongside the mechanical way for altering internal energy, there
emerges the thermal one: a flow of “heat”. The first law of ther-
modynamics gives formal voice to this double possibility.

37  E. Broda, Philosophical biography of Ludwig Boltzmann, in E.C.D. Cohen, W.
Thirring (eds.), The Boltzmann equation. Theory and applications, Springer, Wien,
1973.

38 L.Boltzmann, quoted in S.G. Brush, The kind of motion we call heat, North Hol-
land, Amsterdam, 1976.
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Yet that law is silent about something that daily experience
makes unambiguous: the one-sided character of energy transfer
along the thermal pathway. Mechanical processes may be re-
versed in direction; thermal processes, never. We never see ener-
gy flowing spontaneously through the thermal pathway from a
colder body to a hotter one.

That simple statement may be taken as the most elementary
formulation of the second law of thermodynamics—the only
scientific law that speaks in the language of impossibility, in-
scribing a negation rather than an equality.

In the century of steam engines, when the conversion of
internal energy into mechanical work became the axis of in-
dustrial power, a new conceptual tool was required: a way of
reckoning the irreversibility of thermodynamic processes, and
thereby measuring the efficiency of energy production. For such
processes inevitably entail, alongside usable work, the flow of a
portion of energy through the thermal pathway from a hot to
a cold body—a residue of energy less available to serve practi-
cal purposes. To give this irreversibility a precise mathematical
form, Rudolf Clausius introduced in 1865 a function he called
“entropy”. Like temperature, this is a state function, whose varia-
tion depends only on the initial and final states of a process.

The structure of entropy makes it possible to write the
asymmetry of energy exchanges through the thermal pathway into
the very fabric of theory: its increase is a measure of irreversibility.
To a transfer of energy Q through the thermal pathway between
a body at temperature T and its environment corresponds a
variation in body’s entropy AS = Q/T: positive or negative,
depending on whether the body absorbs or releases energy, and
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always weighted by temperature. Hence, in an isolated system
made of two bodies at different temperatures placed in contact,
the spontaneous transfer of energy through the thermal pathway
always produces a net increase of global entropy.

From this perspective, the second law of thermodynamics
may be reformulated: in an isolated system, entropy never de-
creases. It remains constant if the system is in thermal equilibri-
um, and grows if the system is not—since the very approach to
equilibrium is due to a flow of energy between its parts through
the thermal pathway.

Classical thermodynamics looks at the macroscopic level. It
requires no microscopic hypothesis, and neither does the con-
cept of entropy. Yet, from a physical point of view, a question
cannot be avoided: how to root thermodynamics in mechanics,
and how to explain the scandal of the second law, which seems
to defy the very foundations of physics? This was the challenge

Ludwig Boltzmann chose to confront.*’

To follow the unfolding of Boltzmann’s thought, one must
begin with a question. What is, from the standpoint of physics,
the energy that manifests itself through temperature—the form
of energy that Boltzmann and his fellow scientists call “bear”?
What is its mechanical secret?

A first step came in 1857 by Rudolf Clausius—the same who
would introduce entropy eight years later—in a book titled Zhe

39 O. Darrigol, Aroms, mechanics and probability. Ludwig Boltzmann’s
statistico-mechanical writings, Oxford University Press, Oxford, 2018; S.G.
Brush, Statistical physics and the atomic theory of matter, Princeton Universi-
ty Press, Princeton, 1956.
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kind of motion we call heat.* He started from the hypothesis that
matter is composed of indivisible minimal particles. Though ex-
perimental evidence was lacking in Clausius’s day, this idea had
ancient roots. Even Lucretius glimpsed a microscopic structure
of matter as he observed a sunbeam with fresh eyes.

Consider sunbeams. When the sun’s rays let in
pass through the darkness of a shuttered room,
you will see a multitude of tiny bodies

all mingling in a multitude of ways

inside the sunbeam, moving in the void,
seeming to be engaged in endless strife,

battle, and warfare, troop attacking troop,
and never a respite, harried constantly

with meetings and with partings everywhere.
From this you can imagine what it is

for atoms to be tossed perpetually

in endless motions through the mighty void.
(Book I1, 114-124)

Building on this hypothesis, Clausius proposed that internal
energy is simply the energy of motion—the kinetic energy—of
these “tiny bodies”, called atoms. This does not exclude the possi-
bility that other forms of energy, such as the energy of chemical
bonds, may also contribute to internal energy. Yet these forms
of energy lie beyond the scope of thermodynamics in Clausius’s

formulation.

In the following years, crucial advances came from the En-
glish physicist James Clerk Maxwell. Temperature was defined
through a statistical relation as proportional to the average ki-
netic energy of the atomic particles of an ideal gas (a gas of iden-

40  S.G. Brush, The kind of motion we call heat, North Holland, Amsterdam, 1976.
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tical, pointlike atoms undergoing perfectly elastic collisions).*
This marked the first time that a statistical—and, eventually,
probabilistic—perspective entered the core of physics.

In Maxwell and Boltzmann’s time, statistics primarily re-
ferred to the compilation of aggregate indicators from detailed
data of interest to the States (hence the name). Yet probability
theory, often linked to gambling, also played a role. These “high-
ly immoral” studies, as Maxwell jokingly called them, had sur-
prising consequences: for instance, mathematical game theory
helped formalize the idea of a fair contract, laying the ethical
foundation for modern insurance practices.®

At the heart of Maxwell’s theory lies a key assumption, drawn
from statistics: the chaotic motion of atoms in an ideal gas must
yield a regular, ordered equilibrium energy distribution. Since in-
dividual particle motions could not be tracked, this distribution
could not be built from empirical frequencies, but had to be de-
rived a priori from the ideal gas model. Starting from statistical
considerations on equilibrium, Maxwell calculated this distri-
bution in 1859: a continuous function that gives the fraction of
atoms AN/N whose kinetic energy lays between E and E + AE.

This is the path that Maxwell began to chart and that Boltz-
mann would develop further, in his effort to conquer the “zerri-

tory of the theory of heat”*

41 S.G. Brush, Statistical physics and the atomic theory of matter, Princeton Univer-
sity Press, Princeton, 1956.

42 1. Hacking, The taming of chance, Cambridge University Press, Cambridge,
1990.

43 S.G.Brush, Statistical physics and the atomic theory of matter, Princeton Univer-
sity Press, Princeton, 1956.
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At first, still working with the ideal gas model, Boltzmann
attempted to construct an explicit expression for entropy. But
this attempt was shattered by a central objection: the reversible,
deterministic behaviour of idealized particles could not give a
microscopic foundation to a thermodynamic law describing ir-
reversibility.

Following this impasse, in 1877, Ludwig Boltzmann had a
brilliant insight—one that deserved, quite literally, to be carved
in stone. The difficulty, he realized, lay not in the proof, but in
the formulation of what needed proving. The second law, he
proposed, should be framed not as a strict impossibility, but as
an overwhelming improbability.

Considering again the ideal gas, he imagined that atoms
could occupy only discrete energy levels, multiples of a basic
“quantum” (a purely mathematical device, with no physical sig-
nificance at this stage). The total number of atoms and total en-
ergy are fixed, and the atoms are distributed among the energy
levels. Every distribution, characterized by specific energy levels
occupancy numbers, has an 4 priori probability, proportional to
the number of ways in which it can be realized, due to the per-
mutations between the atoms themselves.

Boltzmann thus arrived at a probabilistic definition of entro-
py, expressed in his now-famous formula S = k log W, where S
is entropy, W the probability of the energy distribution and k a
constant, later named Boltzmann’s constant.

The logarithm enters here for a good reason: entropy is addi-
tive for independent systems, while probability is multiplicative
(the joint probability of two independent events is the product
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of their probabilities). The logarithm transforms the product
into a sum, making entropy an additive measure of multiplica-
tive probabilities.

When Ludwig Boltzmann’s tomb was erected in Vienna’s
Central Cemetery—a monumental tomb, as befitted a great
Viennese—the German physicist Max Planck proposed that the
marble block should bear only this elegant formula.

Thermodynamic equilibrium, Boltzmann claimed, corre-
sponds to the most probable energy distribution. This energy
distribution that maximizes log W coincides—moving to the
continuous limit—with the distribution obtained by Maxwell.
But it should be emphasized that, in Boltzmann’s view, equilib-
rium is simply a state that has a higher probability than others,
even if immeasurably higher. He goes beyond Maxwell’s posi-
tion: Boltzmann entropy, in fact, can also be calculated for ener-
gy distributions outside equilibrium.

Like classical thermodynamics, Boltzmann’s theory predicts
that the energy flow through the thermal pathway within an
isolated system consisting of two bodies at different temperatures
should lead, towards equilibrium, to an increase in the overall
entropy. But here, this is a probabilistic assertion: the increase
in entropy is overwhelmingly likely—the reverse is not strictly
impossible. More generally, in an isolated system far from
equilibrium entropy should rise, as the second law predicts. Yet,
according to Boltzmann, this tendency is not an absolute: it is a
matter of probability.

44 S.G.Brush, The kind of motion we call heat, North Holland, Amsterdam, 1976.
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Boltzmann entropy was calculated with reference to an ideal
gas, but its scope is much broader. Carlo Rovelli suggests under-
standing its deeper meaning in terms of “blurring”.

Our vision of the world is blurred because the physicalinteractions

between the part of the world to which we belong and the rest

are blind to many variables. This blurring is at the heart of
Boltzmann’s theory. From this blurring, the concepts of heat and
entropy are born. [... The entropy of a system depends explicitly

on blurring. It depends on what I do not register, because it
depends on the number of indistinguishable configurations.

[-..] This does not mean that blurring is a mental construct; it
depends on actual, existing physical interactions.®

A rigorous understanding of probabilistic entropy demands
a rather advanced mathematical treatment. For this reason
Boltzmann—secking to convey the essence of his theory in ac-
cessible terms— sometimes shifted from energy distributions
to spatial distributions, which are more intuitively graspable.
Here, he could have defined a “space entropy” based on the dis-
tributions of elements of a system across “quantized” space cells.
But in this case Boltzmann limited himself to proposing a sim-
ple, evocative image: a set of black and white balls inside an urn,
shaken or rotated like those used in lottery drawings.

Imagine a large number of white balls, to which black balls are
added, identical in every respect except for colour. Initially, let
us suppose that the white balls are on one side and the black on
the other. But if the urn is shaken, or if the balls are subjected to
some influence constantly altering their relative positions, after a
while they will be found mixed. The same happens in the case of

a body hotter than its surrounding environment.

45 C.Rovelli, The order of time (2017), Penguin, London, 2019.
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Different degrees of mixing between black and white balls
correspond to different spatial distributions, each with its own
probability, determined by the number of permutations yield-
ing that configuration. When the number of balls is large, the
probability of a disordered state far exceeds that of an ordered
one. Hence, the system tends to evolve from order toward dis-
order—not because the reverse is impossible, but because it is
vanishingly improbable.

Boltzmann claimed that an initial state of order might, given
enough time, reappear. It is even conceivable, he noted, that a
random mixture could spontaneously segregate—white balls to
one side, black to the other—just as a shattered glass might, by a
sort of “probabilistic miracle”, reassemble itself.*

The shift from entropy in terms of the probability of ener-
gy distribution to entropy in terms of the probability of spa-
tial distribution of a system’s elements managed to make the
concept far more intuitive. The word “entropy” has crossed the
boundaries of science, entering with ease into common lan-
guage. Its increase denotes a passage from order to disorder—
to a state from which it is very difficult, though not impossible,
to return.

In this dialogue, taken from a Woody Allen film, it is the
unexpected kiss between the charming Melodie, married to the
physicist Boris, and her friend Randy that brings with it the
sense of a troublesome increase in entropy.

46 L, Boltzmann, 4 German professor’s trip to El Dorado (1905), Physics Today,
45,1992.
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Melodie - Oh, my God...

Randy - What are you thinking?

Melodie - Entropy...

Randy - Entropy?

Melodie - Yeah, entropy. Boris explained it... It’s why you can’t get
the toothpaste back in the tube...

Randy - You mean... once something happens, it’s difficult to put it
back the way it was?”

Boltzmann extended his vision to the cosmos as a whole.
If the universe began in a state of order, he argued, mechani-
cal forces would tend to dismantle that order. Yet, due to the
probabilistic nature of entropy, the original regularity could—
in principle—return. Perhaps, he speculated, the breakdown of
order in one particular world is nothing but a fluctuation within
a greater universe. Here again, we encounter a striking conso-
nance with Lucretius’s cosmology.

When you review the whole past length of time
existing measureless, and think how mixed
and various are the motions of the things,

you'll easily believe that the same seeds,
of which we are now made, have oft’ before

been placed in the positions they are now in.
(Book 111, 854-858)

The Arrow of Time

What, then, does time become in this perspective? Accord-
ing to Boltzmann, the image of a precise and immutable arrow
of time arises from our prolonged experience of everyday phe-

47  W. Allen, Whatever works, 2009.
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nomena—such as the spontaneous transfer of energy from a
hotter body to a colder one. But these processes, he argued, are
the most probable, not the only possible. It is our everyday expe-
rience, then, that constructs the image of irreversible time—of
<« . »

thermal time”.

Theidea of thermal timeis that the notion of time, too, comes from
the fact that we interact only with averages of many variables.*®

This conception casts a shadow of illusoriness over lived
time. Boltzmann once wrote:

We will look upon the irreversible character of time as a simple
appearance, due to the narrow and particular point of view
within which we find ourselves.”’

Boltzmann’s views were met with discomfort and misunder-
standing among his contemporaries. In more recent times, Karl
Popper rejected them in stark terms.

I think Boltzmann’s idea is dizzying in its beauty and audacity.
ButIalso think it is completely unsustainable, at least for arealist.
It makes unidirectional change an illusion, the catastrophe of
Hiroshima an illusion. Thus, our world becomes illusory, and
with it all our attempts to know it better

Indeed, when we pause to reflect on this revolutionary con-
ception of time, it is difficult not to be disconcerted.

Boltzmann has shown that entropy exists because we describe the
world in a blurred fashion. He has demonstrated that entropy

48  C.Rovelli, Reality is not what it seems (2014), Penguin, London, 2016.

49 L.Boltzmann, quoted in S.G. Brush, The kind of motion we call heat, North Hol-
land, Amsterdam, 1976.

50 K. Popper, Unended quest, Oxford University Press, Oxford, 1976.
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is precisely the quantity that counts how many are the different
configurations that our blurred vision does not distinguish
between. Heat, entropy andthelowerentropy of the past are notions
that belong to an approximate, statistical description of nature.
The difference between past and future is deeply linked to this
blurving. [...] It’s a conclusion that leaves us flabbergasted: is it
really possible that a perception so vivid, basic, existential—my
perception of the passage of time—depend on the fact that 1
cannot apprehend the world in all of its minute detail? On a kind
of distortion that's produced by myopia?'

Albert Einstein boldly embraced Boltzmann’s view. To his
lifelong friend Michele Besso—who often raised questions
about time’s irreversibility—he consistently replied in this vein,
as in a letter of October 8, 1952.

My dear Michele, [you ask me] whether, from the standpoint of
fundamental lawfulness, there exists a direction (an arrow) of the

“unfolding of time’. [...] L am firmly convinced that the arrow has

to do only with the initial conditions.>

And, writing to Michele’s family on the occasion of his death,
Albert—"*a believer in physics"—reafhirmed his conviction of the
illusoriness of time.

Michele has preceded me a little in taking leave of this strange
world. That means nothing. For us believers in physics, the
separation between past, present and future has only the meaning
of an illusion, albeit a tenacious one.”

51 C.Rovelli, 7he order of time (2017), Penguin, London, 2019.

52 A. Einstein, Letter of October 8, 1952, in A. Einstein, M. Besso, Correspondence
1903-1933, Paris, Heymann, 1972.

53 A. Einstein, Letter 0fMarc/J 21, 1933, in A. Einstein, M. Besso, Correspondence
1903-1933, Paris, Hermann, 1972.
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Taken in isolation, this final remark could be read as noth-
ing more than an affectionate reassurance—an invocation of an
eternal present in which death does not exist. Yet, in the light of
Albert’s earlier correspondence with Michele, it appears as an-
other confirmation of Boltzmann’s position on the singularity
and fragility of irreversible time. In a universe wider than our
own world, our irreversible time becomes an illusion, if we as-
sume it to be the time of the entire universe.

To better grasp these revolutionary claims inspired by Boltz-
mann’s insights, a reflection may help us: different images of
time characterize our ways of looking at the world—our ways
of interacting with it. On this point, Michel Serres invites us to
look at our watch with two different gazes. Two distinct images
of time immediately present themselves to the mind: the cycli-
cal, orientation-less time marked by clocks—a kind of time of
which one could almost say that it does not exist—and the irre-
versible time of decay and degradation, which is the time of life.

Take your watch in your hand. It marks five—thirty in the
morning; dawn has yet to arrive. The watch indicates this hour
Just as it did yesterday morning, just as it will tomorrow, and just
as it has for all the mornings that have witnessed the dawn for
millennia. [...] The watch is correct: within its twelve—hour cycle,
time appears cyclical. It is as stable as the solar system itself. The
watch does not measure the passage of time; rather, it divides stable
intervals according to the steady, “pizzicato-like” rhythm of its
escapement mechanism. Were its hands to move counterclockwise
instead, nothing of true significance would change. |[..]
Now take your watch again. The leather strap is cracked, with
a small piece even missing; the dial is speckled with rust; one or
two numerals have faded—no longer twelve, but eleven or ten.
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The glass is etched with scratches, worn by accidental impacts or

the absentminded brush of a fingernail. Turning it over, one can
even see the faint darkened trace left by a match carelessly struck
against it. Yes, my watch tells the time—not only on its dial, where
it predicts the arrival of dawn just as it has since the mornings of
my youth, but also in its very material, in its wear, in the long

history etched into its use.>*

Different points of view correspond to different images of
time, none reducible to the other. For example, reversible, geo-
metric time fits microscopic descriptions. The study of macro-
scopic systems, by contrast, calls for a different image of time—
especially in the case of complex systems, where, as we will see,
the emergence of macroscopic structures of order is investigated.
Their birth and death appear to unfold in a temporal dimension
irreducible to the unessential, reversible time of microscopic de-

scriptions.

Causality, memory, traces, the bistory of the happening of the
world itself can only be an effect of perspective: like the turning of
the heavens; an effect of our peculiar point of view in the world...

Inexorably, then, the study of time does nothing but return us to

ourselves.”

So, is it truly possible to definitively solve the mystery of time
through an objective scientific theory? To explain an experience as
enigmatic as that evoked by Michel Serres’s watch, whose steady
pulse—unconcerned by the arrow of time—meets the irreversible
and limited time of existence? As we shall see, even Ludwig Boltz-
mann found himself faced with a question like this.

5S4 M. Serres, La distribution, Minuit, Paris, 1977.
55 C.Rovelli, The order of time (2017), Penguin, London, 2019.
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Life Mechanics

After proclaiming victory in his “military mmpzzign” within
physics, Boltzmann boldly advances into the realm of life.

Even a cursory glance shows that the laws of mechanics are not
confined to inanimate Nature. The eye, down to its smallest
details, is a pinhole camera; the heart, a pump.

The mechanistic interpretation of life has deep roots in the
European scientific and philosophical tradition, from Descartes
through to the radical materialism of the French Enlighten-
ment. Think of La Mettrie’s L’ homme machine™, or of the in-
tricate mechanical automata that once astonished and delighted
salon audiences.

But Boltzmann presses further still: he aspires to conquer the
most precious and seemingly inaccessible dimension of living
beings—the mind.

Mechanics can be applied to the mental sphere far more deeply
than it appears at first glance. Who, after all, has not observed
events that seem to confirm the mechanical nature of memory?
During a period when I was working for weeks on Hertzian
mechanics, I intended to begin a letter to my wife with the words
“Mein Herz”. But, before I realized it, I had written the word

with the ending ““tz“instead.”’

Here a slip of the pen is presented with a touch of irony as
evidence of the “mechanical nature of memory”. Yet, from our
historical vantage point, we cannot help but read it differently.

56 J. Offray de La Mettrie, Man a machine (1748), Hackett Publishing, Indianap-
olis, 1994.

57  In German, Mein Herz means My heart.
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That same year, Ludwig Boltzmann left Vienna for Leipzig to
take up a new university chair, while Sigmund Freud published
The psychopathology of everyday life, dedicating two rich chap-

ters to slips of the tongue and the pen.’®

A few years later, in his Introductory lectures on psychoanalysis,
Freud elaborated on this point. Such slips, he argued, are not
meaningless or mechanically determined errors, but “serious
psychic acts” He offered here a deeper reading, resisting any
reduction to the mere persistence of a recently entertained

thought.

On the evening of August 9, 1882, Sigmund Freud was writ-
ing a letter to Martha Bernays, his future wife. Suddenly, his
pen slipped, and a blot of ink stained the page. Perhaps it was
just the symptom of a long day’s fatigue. Yet Freud read into
it: the blot spoke to him of love, but also jealousy, rivalry and a
half-concealed desire to hide those very feelings.

Regarding Boltzmann’s slip, Freud might—playing with
words—have suggested that its true meaninglay not in the mind
but in the heart of the writer. For our part, it is enough to note
that the dynamics of the mind—conscious and unconscious—
cannot be fully reduced to the neural, “mechanical” substrate.
One should keep in mind, however, that many neuroscientists
today embrace reductionist views that Boltzmann himself
would probably have endorsed.®

58  S.Freud, The psychopathology of everyday life (1901), The Standard edition of the
complete psychological works of Sigmund Freud, vol. 6.

59  S.Freud, Introductory lectures on psychoanalysis (1917), The Standard edition of
the complete psychological works of Sigmund Freud, vol. 17.

60 N. Cartwright, 4 philosopher looks at science, Cambridge University Press, Cam-
bridge, 2022.
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In Praise of Darwin

We must also recall the most splendid mechanical theory ever
conceived in biology: Darwin’s theory.

Ludwig Boltzmann is not alone in his admiration for
Darwin: Ernst Mach, among others, is a convinced Darwinian.
Yet, the fervour with which Boltzmann embraces Darwin’s
“splendid mechanical theory” is unmistakable. Especially striking
is his attempt to reconcile strict mechanical determinism—
which renders the duration of life and history itself irrelevant—
with a theory so deeply historical as Darwins. He pursues
this reconciliation by broadening the meaning of the word
“mechanics” into a general principle of causal, reductionist
explanation across all levels.

It aims to explain the entire diversity of plants and the animal
kingdom based on the purely mechanical principle of heredity.
The explanation of the exquisite beauty of flowers, the vast
variety of forms in the insect world and the precise construction
of organs in the bodies of humans and animals—all of this now
Jalls within the domain of mechanics.

It is striking to find such determinism in a scientist who
elsewhere challenged the inevitability of entropy growth.
Boltzmann’s stance can be understood when it comes
to the mechanisms of heredity. But he overlooks other
essential dimensions of Darwin’s theory: the complexity and
unpredictability of interactions with the environment and the
ability of life—born out of unforeseeable circumstances—to
turn the second law of thermodynamics to its advantage: by
absorbing energy, creating order and exporting disorder to
the surrounding world. Through evolution—punctuated by
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creativity, struggle and fleeting triumphs—Ilife has found ways
to bypass the overwhelming probability of decay and disorder,
opening new pathways for its continuation.

For Boltzmann, even beauty loses its mystery under his
strictly mechanical reading of biological evolution. Darwin’s
theory can certainly explain how flowers evolved as devices to
attract insects, and how their forms facilitate pollination. But
could it explain the human experience of beauty when contem-
plating flowers, if they evolved solely for the reproductive benefit
of plants and insects?

Darwin, unlike Boltzmann, does not conceal his aesthetic
emotion—an emotion irreducible to explanation. He closes his
On the origin of species with luminous words.

There is something grandiose in this conception of life, with its
many capacities, which was initially given to a few forms or to
one, and which, as the planet continues to turn according to the
immautable law of gravity, has evolved and is evolving, starting
from such simple beginnings, to create infinite forms, extremely

beautiful and wonderful.®!

For Boltzmann, Darwin’s theory goes even further: it can
account for the very features of emotional life.

Thus, we come to understand how the intensity and power of our
emotional life have developed: pleasure and pain, hatred and
love, bappiness and despair. Just as we cannot free ourselves from
bodily ailments, so too must we accept the full spectrum of the
passions. However, we learn to understand and endure them.

61  C.Darwin, Oz the origin of species (1859). A modern rendition by D. Dudzevi-
ch, Indiana University Press, Bloomington, 2014.
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“Understand and endure”: here, intellectual pride leads Boltz-
mann to observe the passions from a distance, almost as if they
were evolutionary leftovers. One is reminded of Einstein’s re-
mark: “The vanity of the hopes and efforts that ceaselessly sweep the
majority of mankind into a frenzied race through life has always
deeply struck me”. He sought instead to detach himself “from the
sphere of the immediate, in order to strive towards the intellectual
possession of things”*

A common thread binds these great physicists: the aspiration
to construct a science that enables to understand—and thus to
endure—passions, by elevating us to the “intellectual possession
of things”. Once again, the echo of Lucretian poetry resounds.

A joy it is, when the strong winds of storm

stir up the waters of a mighty sea,

to watch from shore the troubles of another.
No pleasure this in any man’s distress,

but joy to see the ills from which you are spared,
and joy to see great armies locked in conflict
across the plains, yourself free from the danger.
But nothing sweeter is than this: to dwell

in quiet halls and lofty sanctuaries

well fortified by doctrines of the wise,

and look thence down on others wandering
and seeking all astray the path of life.

(Book I1, 1-12)

Once again Boltzmann returns to Darwin, emphasizing nat-
ural selection, which favours traits that enhance survival. Yet he
observes that every living being bears traces of its past: obsolete
organs, outdated instincts, archaic modes of thought. For Boltz-

62 A. Einstein, Aulobiographical notes, in P.A. Schillp (ed.), Albert Einstein:
philosapher-scientist, Tudor, New York, 1949.
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. 3 . .
mann, humanity’s task—perhaps unattainable—is to complete
the evolution of thought itself.

Our innate impulses often, so to speak, overstep their proper
bounds. For instance, in newborns, the instinct for sucking is
more pronounced than all others. It is therefore unsurprising
that this impulse surpasses all others in intensity and becomes a
source of embarrassment when, later on, the child — now capable
of reasoning — is unable to relinquish it for an extended period.
[-..] Similar phenomena manifest in the purely intellectual
sphere. For example, we constantly strive to break down concepts
into their simplest elements and to explain phenomena through
already known laws. This activity, highly useful and necessary,
becomes such an ingrained habit that it produces the compelling
illusion that even the simplest concepts must themselves be
further broken down into their constituent elements, and that
Sfundamental laws must be reduced to even more basic principles.
Questions such as the definition of the concept of number, the
cause of the law of causality, and the nature of matter, forces and
energy arise vecurrently and irresistibly, even among those with

philosophical training.
Questions like these have animated inquiry for centuries—

before and after Boltzmann. Yet, for him, they are “a compelling
illusion”.

A step further, and we find it inexplicable and mysterious that
we ourselves exist—or that anything at all exists—and we find it

difficult to rid ourselves of this problem.

He calls these questions meaningless, nonsensical: we must
“rid ourselves” of them, because they are symptoms of thought
that has exceeded its “proper bounds”.

Here the tone becomes intense, even dramatic. For these
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questions touch the very meaning of life, and seem almost im-
possible to silence. In another essay from the same collection,
Boltzmann exclaims:

If all these questions are indeed meaningless, why can we not
simply let them go? What must we do to finally silence them? So
Jar, I do not know where to find illumination, and thus I live in
a truly Faustian sentiment. Indeed, it is Faust who says: “All joy
is taken from me. I cannot believe I know anything for real, nor
that I could teach it to others”.

Merely Images

We now witness a true coup de théitre — unexpected in a de-
fence of mechanics, yet comprehensible in light of these dramat-
ic, unanswered questions.

I imagine that individuals of refined sensibility will react with
horror to these final remarks, fearing that all that is great and
noble may be reduced to a lifeless and insensate mechanism, and
that all poetry may vanish. However, it seems to me that this fear
arises from a complete misunderstanding of what I have stated.

With this unexpected move, Boltzmann anticipates an ob-
jection—perhaps one he had already encountered. But in what
sense was he misunderstood?

Our ideas of things are never identical to the nature of things
themselves. Ideas are merely images, signs that necessarily
represent only one aspect and can therefore do nothing more
than imitate certain modes of connection among the things
they signify, without in any way touching upon their essential
character.
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Boltzmann’s epistemology has been widely studied.® He de-
scribes scientific knowledge as consisting of models—signs that
cannot access reality’s essence. But this does not resolve the ten-
sion, in this text, between his fervent defence of mechanics and
its demotion to a “mere image”.

Yet, if we recall the development of Boltzmann’s entropy
theory, this statement appears less surprising: the discrete treat-
ment of energy was a fundamental artifice, essential to calcu-
lations, yet with no physical justification, “without in any way
touching the essential character” of things.

In 1900, Max Planck applied Boltzmann’s theory to the study
of electromagnetic radiation, assigning to energy quanta values
proportional to the radiation’s frequencies. His theory was suc-
cessful, but he was not able to give a physical meaning to this
choice. And precisely because his aim was physical truth rather
than a workable model, the question of the physical meaning of
energy quanta long tormented Planck.®

In 1905, Albert Einstein explained the photoelectric ef-
fect using quantized energy. A few years later, physics came
to treat quantization no longer as a mathematical hypothesis,
but as a physical reality. This claim, however, did not satisfy
Einstein: he regarded quantum theory as “z mere provisional

63 A.D. Wilson, Boltzmann’s Bild theory of knowledge in historical context, Physis,
28, 1991; C. Cercignani, Ludwig Boltzmann: The man who trusted atoms, Oxford,
New York, 2006.

64  ].L. Heilbron, The dilemmas of an upright man. Max Planck and the fortunes of

German science, University of California Press, Berkeley, 1986.
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expedient”. But at the same time he could not accept that his
theories were no more than images of the world.*

To illuminate Boltzmann’s thought further, we may turn to
a metaphor found in another of his essays.

Many problems are like the question once posed to a painter about
which painting he kept hidden behind a curtain. He replied:
“The curtain is the painting”. Is the veil that hides the nature of
things from us not like that painted curtain?

In this short, bitter parable may lie the secret of Boltzmann’s
philosophy: the melancholic awareness that mechanics, which
he defends with such passion, might itself be nothing more than
a “mere image”—a picture attempting to represent Nature. Like
a painter of perfect trompe-/ veil, the scientist, even as he strives
to depict reality faithfully, must resign himself to the opacity of
the veil that separates him from it.

If we properly understand the mechanistic image — applying it
only where appropriate— the exaltation of the soul is not thereby
hindered. However, we must recognize that even the most noble
ideas and conceptions are themselves nothing more than images.

A radical skepticism seems to permeate this conclusion. But
Boltzmann’s epistemology resists neat classification. With his
characteristic wit, Einstein once remarked:“I# is inevitable that
to the systematic epistemologist the scientist appear as an unscru-
pulous opportunist”.’

65  A. Einstein, Autobiographical notes, in P.A. Schilpp (ed.), Albert Einstein: Phi-
losopher—Scientist, New York, Tudor, 1949.

66 A. Einstein, Reply to criticisms, in P.A. Schillp (ed.), Albert Einstein: Philoso-
pher—scientist, New York, Tudor, 1949.
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In the end, this dialogue with a seemingly minor text by Lud-
wig Boltzmann opens a window not only onto his scientific con-
victions, but also—more profoundly—onto his worldview, with
all its tensions and emotional depth. It also allows us to place his
thought within the broader culture in which it emerged.



- Rizzoli Institute Library, detail, Bologna, 2022.
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Conceptual Changes

The concepts and reflections presented so far aim to foster
a renewed approach to science education—personal, profound
and passionate. To that end, in addition to our earlier reflections
on constructivism and on the mutual irreducibility of different
world descriptions, we now turn to several conceptual changes
that have occurred within science. We will address complexity,
information-centred perspective and computer simulation, con-
sidering how these developments can reshape science education.

Complexity

The word “complex” evokes what cannot be reduced to simple
elements, what resists decomposition, what defies explanation
without losing its essence. What is complex cannot be reduced
to its basic elements without irreparably losing something essen-
tial. Think of interweaving or fabric: a fabric is made of threads,
but possesses patterns and textures that are not properties of the
threads alone, and which unravel if the weave is undone. What
is complex is not merely complicated—in the etymological sen-
se, even. In fact, the word “complicated” comes from the idea of
something folded, crumpled or tangled that may be unfolded
and simplified.

Complexity challenges the reductionist ideal of classical
science—the tenet that all systems can be explained by breaking
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them down into their parts—as well as our habitual way of

thinking.

At the heart of this new outlook is the idea of complex
causality, which often replaces the linear and unidirectional
model in which causes precede effects, small causes yield small
effects, and large causes yield large effects. As we will see, the
study of complexity also emphasizes circular relationships
among different levels of description.®’

Compared to classical thinking, this perspective can be diso-
rienting. It is not easy to accept a meaningful circularity betwe-
en levels of description—one that fosters understanding rather
than trapping us in a vicious circle.

To grasp the need for complex thinking, let us first focus on
some physical systems of everyday experience: a candle flame,
a smoke ring, a train of clouds. How can we explain the birth
of their changing forms? How can we imagine their elementary
components coordinating to create an overall dynamic order?

The approach of complexity answers with the concept of
self~organization: the idea that dynamic order can be under-
stood from circular interactions across levels of description. The
word “organization” evokes intentional order, the outcome of
a design. But here, self-organization “emerges” from global dy-
namics, without a blueprint.®®
67 E. Morin, The challenge of complexity (A. Heath—Carpentier ed.), Liverpool
University Press, Liverpool, 2023; C.S. Bertuglia, F. Vaio, Nonlinearity, chaos and
complexity, Oxford University Press, Oxford, 2005; M. Andretta, M. Compiani, R.

Serra, G. Zanarini, Introduction to the physics of complex systems, Pergamon Press,

Oxford, 1986.

68 MM, Waldrop, Complexity. The emerging science at the edge of order and chaos,
Simon & Schuster, New York, 1992; S. Chibbaro, L. Rondoni, A. Vulpiani, Reduc-
tionism, emergence and levels of reality, Springer Verlag, Heidelberg, 2014.
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Among many examples®”, consider a fluid in a container
heated from below. As the temperature increases, convection
currents appear: molecules move up and down, and the surface
begins to ripple, as seen in near-boiling water or hot oil.

Under the right conditions—fluid properties, container
shape, temperature gradient—these ripples self-organize into
the honeycomb pattern of Bénard cells.””

This is remarkable: in physics, we usually expect heating to
increase disorder. But here, heating gives rise to spontaneous,
self-organized structure. The emergence of this high-level order
can be understood as the result of collective behaviour of count-
less molecules, at a space-time scale far beyond: Bénard cells are
billions of times larger than the molecules and last much longer
than their interactions.

Our image of this process is circular: the cells are made of
molecules, and the molecules themselves move along flows
shaped by the very cells they constitute. Thus, complexity invites
us to rethink our ways of knowing, by recognizing the generative
role of circular dynamics.

The complexity approach itself first emerged in molecular
biology, where intertwoven organizations at different levels were
seen as the key to understanding life. In particular, morphoge-
nesis—the development of living organisms from a fertilized
cell—can be interpreted as an extraordinary self-organization,

69  D. Baranov, From birds to photons: collective phenomena in materials science,
Science in School, 74, 2025.

70  E.L.Koschmieder, Bénard cells and Taylor vortices, Cambridge University Press,
Cambridge, 1993.
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unfolding through incessant molecular activity.” As the biolo-
gist Henri Atlan once said, this self-organization lies “between
crystal and smoke”.”?

Even many everyday situations appear fascinating when ob-
served through this lens. Think of an anthill, a self-organized
complex system that everyone has seen many times, though few
have stopped to reflect on it. Still fewer have viewed it through
the prism of complexity.

The individual insects do not follow explicit organization-
al rules, nor do they possess general knowledge of their social
system or the anthill’s structure. Instead, they modify their be-
haviours—and even their physical structures—based on local
chemical interactions. Yet, we can say that the anthill is present
in their behaviours: the very anthill that emerges from those be-
haviours.”

In such systems, a surprising but common property of com-
plexity becomes visible: emergent structures are often robust.
A rock suddenly interrupting a line of marching ants doesn’t
stop them for long. Soon—thanks to individual tireless explora-
tions—a new path emerges. In complex systems, major distur-
bances may have limited effects.

Yet, the opposite may also happen. An ant procession can be-
gin with the exploratory movement of a single ant, then grow

71 H. Maturana, F. Varela, Autopoiesis and cognition, Reidel, Dordrecht, 1980.

72 H. Atlan, Entre le cristal et la fumée. Essai sur l'organisation du vivant, Seuil,

Paris, 1979.

73 B.Holldobler, E.O. Wilson, 7he ants, Harvard University Press, Harvard, 1990;
A.S. Byatt, Angels and insects, Knopf Doubleday, New York, 1992.
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and self—organize through the microscopic contributions of
many others, feeding back on individual behaviours. In complex
systems, small causes may have large effects.

We also encounter what Edgar Morin called “hologrammatic
complexity””* For instance, consider a living being, in which any
cell contains information on the entire organism. Or think of
a human organization, in which each member has his image of
the organization itself.

In many complex systems, we meet a paradox: the whole
is both more than the sum of its parts—because organization
emerges, but is also less than the sum—because only one of
many possible organizations takes form, channelling and limi-
ting the potential of the parts. A complex system appears thus,
simultaneously, more and less than the sum of its parts.

Let us now pause briefly on cerebral processes. Billions of
interconnected neurons collectively process incoming stimuli,
store information, and generate signals for other neurons. And
all this unfolds within a remarkably small space, at speeds asto-
nishingly high, given the relative slowness of the chemical pro-
cesses that structure neuronal dynamics.

From this elaboration, higher-level organizations emer-
ge, which in turn feed back onto the neurons. Thoughts, both
conscious and unconscious, arise from these neuronal organi-
zations, yet they show a life of their own at a higher level. They
are living realities that struggle, assert themselves, and shape the
very neuronal organizations that sustain them, while in a cir-

74 E.Morin, The challenge of complexity (A.Heath—Carpentier ed.), Liverpool Uni-
versity Press, Livcrpool, 2023
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cular relation neurons also contribute to bringing them forth.”

This example leads us to consider complexity also within
the psychological, social, economic and historical sciences. In
these fields, the awareness of complexity is older, sharper and in-
escapable—though it is constantly threatened by the tendency
toward simplification. Here too, the need is evident for adopt-
ing multiple levels of description, interrelated yet irreducible to
one another. Alongside the relationship between thoughts and
neural dynamics, we might think, for instance, of the circular
relations between social trends and individual behaviours; be-
tween market fluctuations and investor decisions; between the
outbreak of wars and the cultural, economic, social, technologi-
cal and political dynamics of the time—dynamics that, through
complex causal relations, contribute to those tragic outcomes
and are in turn shaped by them.

In many cases, laboratory activity is not possible in these
sciences—historical sciences, in particular, come to mind. And
yet, even here, new facts continually emerge, as new perspectives
allow fresh meanings to data and information, pose new questions
and demand new theories. Here too, the gaze of complexity allows
us to move beyond simple causality.

Understanding complexity is crucial when facing the major

challenges of our time: food crises, economic collapse or climate

76

change”® It is often assumed that these problems require

75 P.S. Churchland, TJ. Sejnowski, The computational brain, MIT Press, Cam-
bridge, 1992; R. Serra, G. Zanarini, Complex systems and cognitive processes, Springer
Verlag, Heidelberg, 1990.

76  F. Kapmeier, A.S. Greenspan, A.P. Jones, ].D. Sterman, Science-based analysis for
climate action: how HSBC Bank uses the En-ROADS climate policy simulation, System
Dynamics Review, 37, 2021.
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straightforward solutions—but the field of action is embedded
in uncertainty, randomness and complex causality. Actions
may spin out of control, produce unintended effects or generate
outcomes opposite to those intended—even if the analysis was
sound and the intervention thorough.

At the same time, limited actions can yield unexpected, wi-
despread consequences: a protest can ignite a revolution, a single
interview can shake global markets. Scientific innovations, too,
may arise as local events, then enter their social, economic and
ecological contexts—and are reshaped in turn: influenced, mo-
dified and pushed to evolve, giving rise to huge economic and
social consequences. This underlines the responsibility of each
individual, even in difficult and discouraging contexts.””

In short, complexity demands complex thinking.” This does
not reject reductive and local approaches to knowledge: it values
them as a first step, but insists on critically analysing and rein-
tegrating them into a broader frame. It accepts the coexistence
of diverse, even contradictory models, seeing them as born from

complementary perspectives that can enrich one another.

Complex thinking highlights the recursive circularity
between different levels in physical, chemical, biological,
economic, social and cultural systems. It acknowledges that
emergent properties at a given level of description cannot be
simply reduced to the properties of other levels. It recognizes
the centrality of feedback loops, in which not only does cause

77 Z.Bauman, Liguid times. Living in an age of uncertainty, Polity Press, Cambri-
dge, 2007.

78 E.Morin, La connaissance de la connaissance, Seuil, Paris, 1986.
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act upon effect, but effect also acts upon cause—producing
regulation or imbalance.

It constantly keeps in view the impossibility of studying a
system in isolation from its environment. It values the “holo-
grammatic” image of many systems, both physical and cultural,
in which the parts are in the whole and the whole is also present
in the parts. It works with a transdisciplinary perspective, capa-
ble of critically engaging with the viewpoints and contributions
of different disciplines.

Information

In the late nineteenth and early twentieth centuries, a new
image of science began to take shape, marking a radical shift in
perspective. In this information-centred view, science is no lon-
ger concerned with the world 77 izself, but with the information
that human beings are able to form about it.

More generally, the informational approach holds that the
description of any system is given by the information another
system (also a human observer) has about it—by the correla-
tions that link the two.”

This approach—most clearly articulated in information
theory—is especially evident in statistical mechanics. As
discussed earlier, Ludwig Boltzmann’s definition of entropy
can be interpreted as a measure of the information we have
about how atoms are distributed among energy levels. More

79 L. Brillouin, Science and information theory, Academic Press, New York, 1960.
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precisely, entropy measures the absence of information about
that distribution: Carlo Rovelli’s “blurring”.*

Not only in scientific activity, but in every encounter with
the world, the informational perspective encourages a proba-
bilistic way of thinking—one that embraces uncertainty and
models the world through likelihoods and degrees of belief.
It supports more refined judgment in estimating risks, antici-
pating outcomes, making decisions and updating beliefs in the
light of new evidence.*'

Simulation

Scientists continually write books about the world, building
models with specific aims, shaped by their dialogue with reality.
In many fields—classical biology, for instance—these models
are developed mainly through natural language, enriched by
new concepts and precisely defined terms. Even when commu-
nicating the conceptual core of a theory, natural language often
can suffice, as we have seen in the qualitative presentation of
statistical entropy and complexity.

In some sciences—especially physics and astronomy—
mathematics is indispensable. Particularly through the
development of calculus, it has provided powerful tools for
modelling reality. Differential equations, in particular, have
assumed a central role: they have even been regarded not just

80 C.Rovelli, Reality is not what it seems (2014), Penguin, London, 2016.

81 E.T. Jaynes, Probability theory. The logic of science, Cambridge University Press,
Cambridge, 2003; A. Agresti, C. Franklin, B. Klingenberg, Statistics. The art and sci-
ence of learning from data, Pearson, Harlow, 2018.
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as tools but as expressions of Nature’s own structure. This
has occurred above all in physics, a discipline that more than
any other has forged a deep and privileged relationship with

mathematics, recognized as its fundamental language.

This intimate connection has been reinforced by a process
of focus and simplification. Physics has often focused on
mathematically tractable phenomena, leavingaside, in particular,
complex systems. Mathematics, in turn, has favoured solvable
equations and analytical results.

The rise of computer science, however, has given birth to a
new branch of mathematics. Alongside the classical view, we
now have a computational perspective, centred on algorithms
that allow the study of mathematical models beyond analytic
solvability.

The study of mathematical models that are unsolvable by
analytic means proceeds through digital algorithms, whose
structure and parameters can be ecasily modified. These
algorithms discretize continuous equations, thus bypassing the
challenge of finding analytic solutions, especially with nonlinear
equations or large systems.*” Here, solutions emerge through
numerical computation, starting from specific initial conditions
and parameter values. This experimental, discrete mathematics
suggests an image of science as a building of “metaphors in
mathematical language”.®

82  ].D.Barrow, The world within the world, Oxford University Press, Oxford, 1988.

83  G. Isracl, A M. Gasca, The world as a mathematical game. John von Neumann
and twentieth century science, Birkhiuser, Basel, 2009.
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These procedures are called equation-based digital simula-
tions, because they involve discretizing equations that are de-
rived from scientific theories. The idea of simulation is not new:
it also refers to earlier analogue simulations of differential equa-
tions using electronic circuits®®, as well as “Montecarlo” statisti-
cal simulations.®

Equation-based digital simulations have grown rapidly in
both research and education. They have even been described as
a kind of virtual, “dry” laboratory**—especially valuable when
experiments are infeasible. A typical case is epidemiology, where
simulations serve both predictive purposes and policy evalua-
tion.*’

An alternative approach is offered by agent-based digital
simulations. Here, the models rest on behavioural and interaction
rules assigned to a set of elementary “ﬂgentx”. As we have seen, in
complex systems the collective dynamics of agents can generate
emergent structures at a higher level. In this sense, “the very
existence of the science of complex systems has emerged alongside
the development of the computational models it studies”.™

84 WX, Soroka, Analog methods in computation and simulation, McGraw Hill,
New York, 1956.

85 C.P. Robert, G. Casella, Montecarlo statistical methods, Springer. New York,
2004.

86  P.Kirschner, W. Huisman, Dry laboratories in science education. Computer-based
practical work, International Journal of Science Education, 20, 1988.

87 T. Kache, R. Mrowka, How simulations may help us to understand the dynamics
of COVID-19 spread. Visualizing non—intuitive behaviours of a pandemic, Acta
Physiologica, 229, 2020.

88 E. Winsberg, Science in the age of computer simulation, University of Chicago
Press, Chicago, 2020.
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Agent-based digital simulations let us build virtual complex
systems and directly observe how elementary agents coordinate
to create higher-level order—an order that in turn constrains
them. For this reason, digital simulation has been called the
“third pillar” of science, alongside theory and experiment.”

In agent-based simulation, the absence of a language capable
of articulating the relationship between levels is overcome. In
fact, it stages both levels at once: it allows us to trace the emer-
gence of self-organization at the higher level while simultane-
ously observing the behaviour of the elementary components. It
thus becomes possible to “think in levels””

Among the many complex systems amenable to agent-based
simulation, let us quote the evolving dynamics of a flock of birds.
A flock seems to possess its own individuality, like a single living
being. Yet it consists of many birds, none of which has a global
view of the flock’s shape, size or motion, but who each follows
simple local behavioural rules.

Mr. Palomar, Italo Calvino’s contemplative observer, was
fascinated by the flock’s ever-changing forms that arise from
birds’ local interactions.

In the violet air of sunset, My. Palomar watches a very fine dust
rise from one part of the sky, a cloud of flying wings. He realizes
that there are thousands and thousands: the dome of the sky
is invaded by them. What had seemed to him until now an

89 G. Parisi, In a flight of starlings, The wonders of complex systems, Penguin Press,
London, 2023.

90 U. Wilenski, M. Resnick, Thinking in levels. A dynamic systems approach to mak-
ing sense of the world, Journal of Science Education and Technology, 8, 1999.
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immense tranquil emptiness is revealed as completely traversed
by rapid, light presences. [...] The thickening and thinning of
the birds unravels like a long, zigzagging, fluttering ribbon.
Where this ribbon curves, the flock seems denser, like a swarm
of bees; where it stretches out without twisting, there is only a

punctuation of scattered flights.”!

Long observation of starling flocks has revealed some be-
havioural rules followed by individual birds: they tend to main-
tain a constant speed; align their direction with nearby neigh-
bours; preserve cohesion while avoiding collisions.

These rules can be coded into a simulation, and then
varied—changing flock size, number of nearest neighbours
or cohesion thresholds. The resulting patterns illuminate the
flock’s global behaviour, making it less mysterious, though no
less fascinating.”” As in many other cases, here simulation does
notaim to copy the real system in every empirical detail. Instead,
it tests dynamic models that capture its essential behaviours.

Equation-based and agent-based simulations stand as com-
plementary tools. When a problem is framed by equations that
defy analytic solution, the first approach is used; when the aim
is to explore a model of a complex system from the bottom up,
the second is preferred. Yet, some problems admit both formu-
lations. Predator-prey dynamics, studied since the early twenti-
eth century, is a classic case.”

91 I Calvino, Mr. Palomar (1983), tr. by W. Weaver, Harcourt Brace Jovanovich,
San Diego, 1985.

92 G. Parisi, Iz a flight of starlings. The wonders of complex systems. Penguin Press,
London, 2023.

93 E. Barelli, Complex systems simulations to develop agency and citizenship skills
through science education, Ph.D. Dissertation, University of Bologna, Bologna, 2022.
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In the equation-based view, populations are continuous
variables governed by two nonlinear equations. Numerical
simulation reveals phase-shifted oscillations—when one
population grows, the other declines, and vice versa.

In the agent-based version, a finite number of predators and
prey follow simple rules, much like birds in a flock.”* With
enough agents, the results converge on those of the equa-
tion-based model, yet the agent-based approach allows finer
analysis by modifying individual rules.

Evenneural networks—digital abstractionsof interconnected
neurons—can be seen as agent-based simulations of systems as
complex as brains.” Such networks display global behaviours
irreducible to those of single artificial neurons, behaviours
sometimes reminiscent of human cognition. The rise of artificial
intelligence shows that “more is different”.”® Vast networks with
billions of parameters appear to “think”, even if in ways unlike
ours, pushing—according to some scientists—“beyond the limits
of our intelligence””” Their impact is already evident in many
fields like logistics, resource management, flight-route planning,
medical-image analysis. In the field of forecasting, artificial
intelligence can build large-scale, effective models of the Earth
system out of enormous datasets.”®
94 U. Wilensky, K. Reisman, Thinking like a wolf, a sheep or a firefly. Learning biol-

ogy through constructing and testing computational theories, Cognition & Instruction,

24,2006.

95 C.C. Aggarwal, Neural networks and deep learning, Springer International, New
York, 2023.

96 PW. Anderson, More Is different, Science, 177, 1972.

97  N. Cristianini, The shortcut. Why intelligent machines do not think like us, CRC
Press, Boca Raton, 2023; N.Cristianini, Machina sapiens. How intelligent machines
passed the Turing test, CRC Press, Boca Raton, 2025.

98  C.Bodnar ¢t al., A foundation model for the Earth system, Nature, 641, 2025.
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Science as Artwork

The constructivist perspective offers a vision of science edu-
cation that values not only conceptual understanding but also
the worldviews that guide science, the inventiveness of theo-
ries and experiments in dialogue with Nature, the dynamics of
scientific debate, the cultural contexts in which science takes
shape and the interplay between scientific theories and every-

day knowledge.”

This innovation must contend with the inertia of official
curricula, which tend to present science as an ahistorical system
of truths delivered through academic exposition. Yet science
education can change. It can present the beauty and wonder of
science as a dialogue with the mystery of the world—without
presuming to fully grasp or master it.'” It can share the intellec-
tual fascination of science as the creation of conceptual worlds
and as an ongoing reflection upon them. It can highlight the
fundamental role of intersubjective relationships in the histori-
cal construction of shared models of reality.

World-modeling activities throughout the history of science
will be appreciated in their full richness'"': as ways of “inventing

99  R. Driver, The construction of scientific knowledge in school classroom, in R.
Millar (ed.), Doing science. Images of science in science education, The Falmer Press,

Abingdon, 1989.
100  E. Morin, Science avec conscience, Fayard, Paris, 1990.

101 O. Levrini, M. Levin, P. Fantini, Personal, deeply affective and aesthetic

engagement with science content, in: Converging perspectives on conceptual change,
Routledge, London & New York, 2018.
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»102 103

reality”""?, as metaphorical constructs'®, as aesthetic creations'™?,
as predictive tools whose power still astonishes'®. A perspective
informed by complexity will allow to perceive nonlinear and cir-
cular relationships. The development of simulations will encour-
age the creations of virtual worlds and the forecast of futures—

possible, probable and desirable.'™

Simple Theories

In primary education, the novelty introduced by a con-
structivist approach is particularly striking. Above all, it lies in
the value given to knowledge, explanations and simple theories

of boys and girls.

What matters here is not the impersonal truth of official
science, but another kind of truth: the meaning and value of
knowledge construction for every pupil. This calls for a shift in
focus from content to cognitive process: to how knowledge is
built, to the cognitive paths followed in attempts to solve pro-

102 . Watzlawick (ed.), The invented reality. How do we know what we believe we
know?, Norton, New York, 1984.

103 R.Boyd, T.S. Kuhn, Methaphor and science, in A. Ortony (ed.), Methaphor and
thought, Cambridge University Press, Cambridge, 1979.

104 J. Wechsler, On aesthetics in science, MIT Press, Cambridge, 1978.

105 E.P. Wigner, The unreasonable effectiveness of mathematics in the natural
sciences, Communications in Pure and Applied Mathematics, 13, 1960.

106 E A.Laherto, T. Rasa, L. Miani, O. Levrini, S. Erduran, Future-oriented science
education building sustainability competences. An approach to the enropean GreenComp
Jframework, in: Science curriculum for our collective future, Palgrave Macmillan, Lon-
don, 2023.
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blems. This “thinking about thinking“'", this “operational episte-

71% should be integral to science education from the very

mology

first years.

This approach can be more effective when teachers have both
the opportunity and the passion to reflect on their own concep-
tion of science, and then embody it in their teaching. From a
constructivist perspective, teachers will be more likely to wel-
come all student explanations of a given phenomenon without
dismissing them as misconceptions. Instead, they will seek to
uncover the roots of these explanations, encouraging pupils to
articulate the background of their ideas and the meanings these
hold for them. In this way, educators will also discern the emo-
tionally charged elements in pupils’ thinking.

Take, for example, the problem of floating.'” Every way of
framing a question proposes a particular gaze upon the world. If
pupils are asked whether “a7 object” will float, the framing ne-
glects whether, for them, “47 object” means their own body, that
of an unfamiliar swimmer, their grandfather’s old boat, a toy or
a stone. Behind that wording of the question lies the generaliz-
ing gaze of science.

A constructivist approach begins instead with personal expe-
rience and its limitations—not to correct or transcend them at

107  D. Fabbri, L. Formenti, A. Munari, Moving into cognitive moves, Cultural Dy-
namics, 5, 1992.

108  D. Fabbri, A. Munari, Cultural psychology. A new relationship with knowledge,
Cultural Dynamics, 3, 1991.

109  N. Grimellini Tomasini, E. Gandolfi, B. Pecori Balandi, Teaching strategies and
conceptual change. Sinking and floating at elementary school level, Annual Meeting of
the American Educational Research Association, Boston, 1990.
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once, but to acknowledge and collectively elaborate them into
broader understanding.

A statement like “an object floats if it has no holes” may func-
tion as a theory imbued with experiential truth for a boy who as-
sociates floating with boats, perhaps from stories of shipwrecks
or seaside mishaps. A girl might say “an object floats if it’s lighter
than water”: a theory equally limited, but valid for someone who
has tossed pebbles and pieces of wood into a stream. Another
boy might assert “all rigid things sink and flexible things float”,

perhaps recalling a memorable ride in a rubber dinghy.

The goal of science education in primary school is not to dis-
prove such theories, but first to recognize their partial, limited
truths, and then to encourage dialogue among them, leading to
the co-construction of a new theory. This new theory, though
still partial, will be shared: everyone will have contributed,
without feeling that their own small truth has been invalidated.
In this way, pupils will begin to observe attentively, to describe,
to build new simple theories and test them together. They will
come to experience the essential role of intersubjectivity in the
construction of knowledge.

When a discussion contradicts a girl’s theory, she can appear
saddened, or say during a discussion, “some have given in to their
classmates’ protests... but maybe some others still believe what they
think...”. Perhaps she remembers her first sea bath, and her fear
of sinking. May be she was once abruptly thrown into the wa-
ter to learn to swim, and in that moment felt at the mercy of
a threatening sea, which seemed to save or swallow bodies, at
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whim. With her hesitant words, this girl is delicately voicing a
profound pedagogical truth: the rush towards scientific knowl-
edge can be painful, even counterproductive, because it de-
mands the abandonment of personal truths judged to be wrong,

The teacher’s role is to help pupils overcome the cognitive
obstacles rooted in their fear of being overwhelmed by an alien
truth. Conceptual change, then, is not merely a shift in ideas'",
but the fruit of a passion for knowledge—knowledge that is per-
sonally meaningful, not just passively accepted on the strength

of arguments.

From the sharing and discussion of local truths will hope-
fully arise the desire for a more encompassing understanding,
the search for a “why”. Why do pumice stones, rubber dinghies
and human bodies float? Why do other stones sink? What mys-
teriously links these apparently opposite phenomena of floating
and sinking? This further step will bring boys and girls closer to
scientific practice, in which the quest for unifying explanations
plays a central role.

By following this path, they may come to grasp the mean-
ing and value of science— without trivialization or idealization.
In particular, the girl who once feared the water may abandon
herself confidently to the sea, because she now knows, she has
understood: shared knowledge has helped her overcome fear.

Otherwise, as Galileo masterfully shows in his Dialogue con-
cerning the two chief world systems, no Salviati, though impet-

110 N. Grimellini Tomasini, J.L.A. Pacca, B. Pecori Balandi, A. Villani, C. Casa-
dio, Teaching strategies and conceptual change. The case of collisions in mechanics, En-
sefianza de las Sciencias, Numero extra, 1989.
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uous and eloquent scientist, will persuade a fearful Simplicio,
bound to the philosophies of old. The refined pedagogy of the

third character on stage, the host Sagredo, is needed.

During the Dialogue—a theatrical masterpiece as well as a
scientific one— Salviati offers powerful arguments to support
the idea that the Moon is made of the same substance as the
Earth—that it is not a perfect crystal sphere, but marked by
mountains and valleys, subject to change and decay. Yet he
cannot overcome Simplicio’s fears, his attachment to the
idealized perfection of the Moon—that according to the
philosophers of ancient Greece contrasts sharply with the
Earth’s corruptibility. Sagredo, more attuned than Salviati to
the psychological side of knowledge, perceives this difficulty
and interrupts the scientist to express empathy towards his
Aristotelian friend who, one might say, feels the Moon slipping
from beneath his feet.

Sagredo - I am in Signor Simplicio’s heart, and I see that he
Jfeels himself moved considerably by the force of these only too
conclusive arguments. But, on the other hand, the sight of the
great authority that Aristotle has acquired among the generality,
the consideration of the number of famous interpreters who have
laboured to explain his meanings [...] confuses and frightens
him greatly [...]. 1 sympathize with him, no less than with that
gentleman who, with great time, with immense expense, with
the work of hundyreds and hundreds of artisans built a most
noble palace, and then sees it, for having been poorly founded,
threatening ruin, and who, in order not to see with such grief
the walls, adorned with so many lovely paintings, undone,
the columns supporting the superb balconies fallen, the gilded
ceilings collapsed, the jambs, the pediments, and the marble
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cornices brought down, with great expense secks with chains,

props, buttresses, shoreings, and supports to repair the ruin.""!

After his emotional solidarity, Sagredo introduces a new ar-
gument, one that might even persuade the hesitant Simplicio:
corruption and death, which characterize the Earth, are insepa-
rable from generation and life. The Earth’s nobility, beauty and
worth surpass those of the idealized Moon precisely because of
its extraordinary capacity for generation, of which corruption is
but an inevitable counterpart.

Sagredo - For my part, I consider the Earth very noble and
admirable precisely because of the many and various alterations,
mutations, generations, etc. that are continually made upon it.
[-..] And what greater foolishness can be imagined than to call
Jewels, silver and gold “precious” and earth and soil “base”?
For if there should be as great a scarcity of soil as of jewels or
precious metals, there is no prince who would not spend a bushel
of diamonds and rubies and a cartload of gold to have enough
earth to plant a jasmine in a small pot, or to sow an orange seed
to sprout, grow and produce its handsome leaves, fragrant flowers

and fine fruits.
What psychological insight from Signor Sagredo! And what

splendid literary artistry: Galileo is a great scientist, but also a
fascinating writer''% In his work, science and literature are not
divided or opposed realms, but harmoniously intertwined. How
wonderful it would be to present science with such allure—even
to those who regard it with suspicion or fear!

111 G. Galilei, Dialogue concerning the two chief world systems (1632), t. by S.
Drake, University of California Press, Oakland,1953; G. Zanarini, Dialogo con Gali-
leo, Clueb, Bologna, 1983.

112 M.A. Peterson, Galileo’s Muse. Renaissance mathematics and the arts. Harvard
University Press, Harvard, 2011; P. Greco, Galileo Galilei. The tuscan artist, Springer,
Cham, 2018.
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Third Pillar of Science

In high school, many teachers and students increasingly
express frustration with science curricula that present
concepts and theories through rigid disciplinary codifications,
accompanied by neatly structured exercises. Even laboratory
activities follow this model: pre-planned experiments,
requiring students to perform measurements that merely
confirm what theory has already stated. This reductive
approach is reinforced by the prevalence of standardized tests
for university admissions or professional qualifications—tests
that often seek predefined, unambiguous answers to questions
stripped of complexity and depth.

Yet, despite these constraints and the weight of tradition,
educators and researchers worldwide are exploring new paths—
paths inspired by the perspectives of the previous chapters.'”
Through renewed approaches to education, students are begin-
ning to see science in a new light.

Behind the polished laws printed in the textbooks, they
glimpse the effort, passion and tenacity of scientists—especially
when teachers invite them to read original sources and revisit
key discoveries.

Equation-based simulations give students the chance to ani-
mate mathematical structures, modifying initial conditions and
parameters to explore compelling “what—if” scenarios: an ap-

113 M. Caramaschi, A. Cullinane, O. Levrini, S. Erduran, Mapping the nature of
science in the Italian physics curriculum. From missing links to opportunities for reform,
International Journal of Science Education, 44, 2021.
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proach especially suited to a forward-looking vision of scientific
education.'*

The study of complex systems adds another layer through
agent-based simulations. For small systems—Dbird flocks, for in-
stance, or neural networks with a limited number of units—stu-
dents can build and run their own simulations, without relying
on pre-packaged software.'” In doing so, they gain first-hand
insight into simulation as the “shird pillar” of science.

Model construction and analysis must eventually meet ex-
periments and data. From the very outset, models require the
definition of variables, the evaluation of their measurability, and
the search for available data. This points to a fundamental issue
in science: the challenge of moving from the tangled fabric of
reality to a framework of relevant, measurable quantities.

It is then essential to design laboratory situations that
genuinely engage students in experimental inquiry. When
equipment is scarce, thought experiments can provide a starting
point, leading—through collective discussion—to the design
of realistic experimental activities. These processes also sharpen
students’ ability to assess the validity and relevance of data
sourced online or from scientific literature.

114 A.Laherto, T. Rasa, L. Miani, O. Levrini, S. Erduran, Future—oriented science
education building sustainability competences. An approach to the european GreenComp
[framework, in: Science curriculum for the anthropocene, Volume 2: Curriculum models
for our collective future, Palgrave Macmillan, London, 2023.

115  E. Barelli, Complex systems simulations to develop agency and citizenship skills
through science education, Ph.D. Dissertation, University of Bologna, Bologna, 2022;
F. De Zuani Cassina, O. Levrini, Educational reconstruction of physics of complexi wit
in a creative writing classroom activity, Journal of Physics, Conf. Ser. 2750, 2024.
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When experimentation is not possible, the constructive na-
ture of science becomes especially visible. In these cases, scien-
tific inquiry proceeds through the building of models and the
development of simulations that make dynamics explorable. For
this reason too, simulation is assuming an increasingly central
role in high school science education, supported by the growing
accessibility of powerful and flexible computing tools.

Some simulations place the relationship between science
and society at the centre. For example, the on line dynamic En-
ROADS simulator, developed by MIT and Climate Interactive,
integrates a set of nonlinear differential equations to produce
future scenarios. Users can modify projections by acting on
sliders—representing actions like energy taxation or deforesta-
tion—and observe the impact on indicators such as global tem-
perature rise or sea-level change."

Many variables can be interconnected in ways that defy intu-
ition. Their relationships often can be grasped from correlations
rather than deterministic laws, and may be nonlinear. Working
with virtual worlds through simulation helps students identify
the most significant variables, understand their interconnec-
tions and study the future effects of the actions available to the
planet’s various actors. For this purpose, the deterministic vision
that so often characterizes science—and physics in particular—
may become an obstacle rather than an aid. In an apt expression,
one must learn to “break free from Laplace’s chains™"

116 F. Kapmeier, A.S. Greenspan, A.P. Jones, J.D. Sterman, Science-based anal-
ysis for climate action using the En-ROADS climate policy simulation. System Dynam-
ics Review, 37, 2021.

117 O. Levrini, M. Pictrocola, S. Erduran, Breaking free from Laplace’s chains.
Reimagining science education beyond determinism, Science and Education, 33, 2024.
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Board games based on simulators like En-Roads offer students
opportunities for group decision-making, where they can take on
different roles—scientific, managerial or political.""® In doing so,
they are directly confronted with uncertainty, complexity and
the challenge of negotiating between diverse, and sometimes

conflicting, interests and perspectives.'”’

Simulation opens a valuable space for reflection: on what is
being done, and how it differs from traditional scientific inves-
tigation."” These activities should be proposed and experienced
as “cognitive games”, to borrow Paolo Guidoni’s evocative expres-
sion.'” Framed this way, simulations can radically transform how
students experience science.

As noted, moving from models to simulations requires the
construction of numerical algorithms. Many of the pressing
problems now tackled by artificial intelligence—challenges in-
creasingly central to society—are also grounded in algorithms:
from swiftly navigating vast datasets, to optimizing delivery
routes and forecasting weather patterns.

The word “algorithm® appears more and more frequently,
sometimes carrying a troubling aura of opacity and menace.

118 F De Zuani Cassina, L. Miani, E. D’Orto, FyouTURES: board game to create
future, Fedora EU-Project, 2024.

119 L. Miani, EDe Zuani Cassina, O. Levrini, Raising awareness on the complexity
of decisionmaking through climate change education, Research in Science Education, 55,

2025.

120  E. Barelli, L. Branchetti, G. Ravaioli, High school students’ epistemological ap-
proaches to computer simulations of complex systems, Journal of Physics, Conf. Ser. 1287,
2019.

121  P. Guidoni, Perspectives and development of research in physics education, in L.C.
Mc Dermott, E.E. Redish, C.L. Koble (eds.), Thinking physics for teaching, Springer,
Heidelberg, 1993.
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Precisely for this reason, scientific education should broaden its
horizons to include a deeper understanding of these powerful,
often inscrutable tools.'??

With increasingly powerful and interactive Al systems avail-
able to students, traditional teaching faces a profound challenge.
This is why a deep rethinking of science education is urgently
needed.'” Only in a renewed school system can Al become a re-

source—a precious tool, rather than a threat.'*

As noted earlier, artificial intelligence can reveal correlations,
extracted from immense datasets. It can also hypothesize causal
relationships and build models. These capabilities are invaluable
in fields such as medical diagnosis, climate forecasting and mar-
ket analysis. But they also offer promising avenues for cultivating
a scientific approach to problems of general interest in the class-

room.'?

Science education should not be confined within the
boundaries of individual disciplines. It should cross those
borders, recognizing links and family resemblances even
between seemingly distant fields and nurturing interdisciplinary

122 A.Jean, De lautre coté de la machine, I’ Observatoire, Paris, 2019.

123 S. Erduran, O. Levrini, The impact of artificial intelligence on scientific practices:
an emergent area of research for science education, International Journal of Science
Education, 46, 2024.

124 G.-J. Hwang, N.-S. Chen, Exploring the potential of Generative Artificial Intel-
ligence in education. Applications, challenges and future research directions, Educational
Technology & Society, 26, 2023.

125 J. Pearl, D. Mackenzie, The book of why. The new science of cause and effect, Pen-
guin Books, London, 2018.
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engagement.'*

Once again, complex thinking shows its power to interweave
different perspectives: local and global, disciplinary and inter-
disciplinary, scientific and epistemological, cultural and social.

One final note concerns learning dynamics and assessment.
Traditional schooling, although conducted within a class
group, often privileges individual learning and discourages
collaboration—especially because group work is more difhcult
to evaluate. As a result, competition arises among students,
along with impatience from those with higher marks towards

those who fall behind.

In a renewed school—the one envisioned here—this would
no longer be the case. Work would be collaborative, every contri-
bution valued and greater recognition (from peers, even before
teachers) would go to those who manage to contribute and en-
gage others in the shared construction and analysis of “shadows
of reality”, to borrow Enzensberger’s fine image. The classroom,
in short, could become a small creative world without conflict,
with the teacher serving both as expert and facilitator of com-
mon work, including reflection on group dynamics.

There is a paradoxical yet vital dimension of science education
that reveals one of its deepest fascinations: it is at once a school
of simplification—secking to understand reality by building

126  S. Erduran, Z.R. Dagher, Reconceptualizing the nature of science for science
education. Scientific knowledge, practices and other family characteristics, Springer,
Dordrecht, 2014; S. Satanassi, L. Branchetti, P. Fantini, R. Casarotto, M.
Caramaschi, E. Barelli, Exploring the boundaries in an interdisciplinary context
through the Family Resemblance Approach. The dialogue between physics and
mathematics, Science & Education, SI: Family Resemblance Approach, 2023.
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the simplest possible models—and a school of complexity—
grounded in the encounter with the world’s irreducible richness.
Models are “nets cast over the world’”, in Karl Popper’s resonant
image."”’

One of the greatest risks in science education is the dulling of
wonder—the loss of the world’s mystery and beauty. Emphasi-
zing the creativity of our virtual constructs can help preserve that
sense of wonder. For we live in a marvellous world, never fully
capturable, only partially illuminated through our inquiries.

Thisvision of science education may seem fragmented, overly
complex or even disorienting to students. But it is a deliberately
complex vision, already embraced by many researchers and
educators to foster richer forms of scientific understanding
and new modes of thinking—both in school and in facing the
layered intricacies of the real world.'”

New Books on Nature

The university education of future teachers and researchers
must necessarily devote a substantial share of time to presenting
the body of knowledge codified by the scientific community.
This is essential—especially given the sheer volume of content
required to reach the frontiers of research.

Yet, alongside this immersion in established knowledge, it

127 K. Popper, The logic of scientific discovery (1934), Routledge, Milton Park,
1959.

128  S. Perlmutter, J. Campbell, R. Mac Coun, Third millennium thinking. Creat-
ing sense in a world of nonsense, Little, Brown & Co., New York, 2024.
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is equally important to reflect on what teachers and students
are actually doing. They are not reading, interpreting and
commenting on a single Book of Nature, but rather on the
many Books on Nature that humanity has written, revised
and rewritten over time. Each of these books is the result of a
dialogue with the mystery of the world, developed through the
languages devised by humankind—among which mathematics
holds a privileged place. Mathematics enables us to construct
virtual worlds and develop the “#hird pillar” of science. For
this reason, even at university level, simulations should play a
central role— accompanied by reflective engagement with their
meaning and implications.

While the focus on disciplinary content—and even on sub-
fields within disciplines—is important and inevitable, it must
go together with the awareness that some of the most pressing
problems we face cannot be adequately addressed from within
any single discipline.

At the university level it is therefore essential to create space
for interdisciplinary approaches to complex problems—some of
which demand the contribution of the human sciences along-
side the natural sciences. As previously noted, climate change
and pandemics are prime examples. But other urgent challenges
include biodiversity loss, overexploitation of natural resources
and microplastic pollution. More broadly, the very future of hu-
manity is at stake in the challenge of sustainability.'*’

129  G. Bianchi, U. Pisiotis, M. Cabrera Giraldez, GreenComp. The european sustai-
nability competence framework, Office of the European Union, Luxembourg, 2022.



- Mural, Lyon, France, 2019.



CONCLUSION

Our journey through science and science education began
with the luminous poem Semantics by Hans Magnus Enzens-
berger—and we now return to it. The image of science as a cre-
ation of virtual worlds, as the ongoing writing of books on the
mystery of the world has inspired the reflections throughout
this work.

A renewed science education must be attuned to students’
age and school level, but in all cases it should give ample space to
model building and computer simulation, with particular em-
phasis on the study of complex systems and the exploration of
interdisciplinary issues. Equally important is a reflective engage-
ment with science itself—its cultural dimension and its role in
society through technology.

Let us close with a metaphor inspired by the Haiku, the
lightning-quick three-line poem quoted at the outset. It draws
on the Japanese art of Kintsugi—the practice of repairing
broken porcelain bowls used in the tea ceremony. In contrast to
Western tradition, Kintsugi does not conceal the fractures but

highlights them, sealing the shards with thick golden lacquer.

Idealized science may be seen as a precious porcelain bowl
embodying the secret of the world—a bowl now irreparably
shattered. Scientific culture, with its many languages—and
foremost among them the language of mathematics—is the
golden lacquer that holds the fragments together. In the
unending search for truth, each fragment reveals a partial

image of it. This is how science is built, over centuries: like a
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newly precious object. The golden lacquer, in joining the pieces,
also recalls the distance between the new golden bowl and the
broken bowl of true knowledge.

Science is a work of art, like the newly reassembled bowl
crafted by the Kintsugi artist. Science education invites us to
admire it, study it and give a contribution to shaping it—by
crafting some fragments and adding a small trace of golden
lacquer to this collective creation.



COMPLEXITY, SCIENCE EDUCATION AND
TEACHER TRAINING

Olivia Levrini

This book collects and reworks texts that have represented,
for many people engaged in reflecting on the cultural value of
physics, the traces of a way of thinking capable of opening paths,
offering new words and pointing to directions of research—and
more. For me, they meant far more than a simple intellectual
reference: they gave me language and perspectives that oriented
my scientific and personal growth in physics education research.

I encountered these texts during my university training in
physics, at a moment of epistemological crisis that, over time, I
discovered to be shared by many more students than I had imag-
ined. Exams went smoothly, yet I felt a gap between the richness
I sensed in science and the apparent epistemological neutrality
with which physics was often presented. I was looking for spaces
that would bring out scientific thinking, not only its results and
applications. It was then that, alongside reading Edgar Morin
and his Method, 1 discovered the writings of Gianni Zanarini
and, with them, the perspective of complexity.

Explaining the World, Creating Worlds with Images of
Knowledge and Science Education and other texts or lectures
marked a turning point. They gave me back the possibility of
looking at physics not only as a specialist discipline, but also as
a cultural construction capable of generating worlds, building
horizons of meaning through metaphors and combining rigor,
imagination and poetry. They allowed me to recognize that within
a physics department there exists an epistemological plurality that
often remains hidden. And they made me understand that it was
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possible to respect the rules of the game of physics while living it in
different ways: by giving importance to mathematical rigor, to the
experimental verification of hypotheses, to the social applications
of knowledge but also to the cognitive processes activated in

“dialogue with the mystery of the world".

In the 1980s and 1990s, the perspective of complexity and
the reflection on constructivism—philosophical and pedagogi-
cal—were at the centre of passionate conversations and research
that many believed could pave the way to a more inclusive and
pluralistic world. In the following decades, however, the myth
of efficiency and of immediate practical action took hold, in-
cluding in education. This myth led to privileging the search for
quick solutions—the pursuit of “how-t0”—at the expense of cul-
tural reflection on images of knowledge. Thus, in physics depart-
ments, students’ epistemological and identity crises have gradu-
ally become more frequent and, in my view, more widespread.
As a teacher in Physics Education, I increasingly collect stories
of distress linked to competitiveness and performance: stories
of loss of meaning and disorientation in studying a discipline
that, in its traditional and hyper-specialized form, struggles to
respond to today’s major challenges.

Decades later, those texts, reworked and reread, reveal their
visionary strength and reopen spaces of possibility for new
generations of students and teachers.

To this end, the reflection in the first part of the book on the
images of knowledge is especially important. There, realism—
sometimes naive, if not read critically, and still the most wide-
spread image in our educational systems—is compared with the
constructivist image. The two poles, so different in values and
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goals, open up a spectrum of possibilities broad enough to in-
clude other positions that may be fascinated by the depth of the
arguments proposed.

In the same spirit, the rich analysis of the metaphor of the
“book of nature” is precious. It frames a particularly interesting
case study showing the potential of a science education atten-
tive to the epistemic emotions that drive scientific inquiry. This
is the case of Boltzmann’s “passionate rigor”, as he pursued the
dream of founding thermodynamics on mechanical bases and
discovered how even those bases turned out to be an illusion,
“a simple image”. Today, epistemic emotions are at the frontier
of research in science education. In an era of great transforma-
tions like ours, our relationship with scientific knowledge must
be rethought starting also from our affective, as well as cogni-
tive, relation with knowledge and understanding. Boltzmann’s
case reveals a range of emotions that accompany the adventure
of knowing, often unimaginable for those who today experience
the study of physics at school.

Boltzmann’s case also represents a fundamental stage in
the reflection on the organization of knowledge developed in
the book. Faced with a reductionist vision that hierarchically
organizes knowledge into ever more fundamental levels,
Gianni Zanarini proposes a form of knowledge whose levels of
description, though connected to one another, are reciprocally
irreducible. The idea of irreducibility, together with that of
connection—which the science of complex systems invites us to
embrace—offers a new lens through which to view knowledge:
a lens for rethinking relations among different disciplines and
questioning the relationship between scientific knowledge
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and common-sense knowledge. In this vision, a particular
pedagogical perspective also takes shape: children’s ideas, rather
than being dismissed as wrong in comparison with a supposedly
superior knowledge, must be understood and valued within their
context of experience and meaning. Seen from this perspective,
learning is exploration and dialogue among different cultural
worlds, construction of shared knowledge, and not adaptation
to a pre-established model.

The formative dimension emerges strongly in the last part
of the book, which focuses on the two great revolutions that
have helped enrich the scientific view of the world: the revolu-
tion of complexity and that of information. Their educational
implications are multiple: cultural, because they value students’
knowledge from primary school onwards; methodological, be-
cause they invite us to rethink education by introducing, along-
side mathematics and the laboratory, a “third pillar” of science:
simulations.

Today, this publication is particularly valuable for teachers
because it renews the passionate reflections that accompanied
the birth of complex systems science. They can strengthen the
transformative potential of European reports which start again
from complexity thinking in order to rethink education, in-
cluding science education. Embracing complexity is today one of
the four competence areas—alongside Embodying sustainability
values, Envisioning sustainable futures and Acting for sustain-
ability—of GreenComp, the European sustainability compe-
tence framework that is helping to orient a new attitude toward
knowledge, from the perspective of co-constructing a sustain-
able worldview.
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The centrality of the science of complexity is also attested
by the Nobel Prize awarded to Giorgio Parisi “for the discovery
of the interplay of disorder and fluctuations in physical systems
[from atomic to planetary scales™: a recognition that confirms the
value of this science and its ability to offer indispensable con-
ceptual tools for addressing crucial challenges, such as climate
change and the uncertainty of our time. Starting from a critical
reflection on the underlying assumptions of different images of
knowledge, it reinforces awareness of the limits of the positivist
and technocratic paradigm, which not only is no longer sufh-
cient to interpret today’s world, but also risks closing the space
for imagining alternative paths

For all these reasons, publishing these writings appears today
more important than ever. They restore the farsightedness of a
way of thinking that, already in the 1980s, knew how to grasp
the epistemological scope of complexity, anticipating debates
that are crucial today. They offer tools and language to a new
generation of teachers and scientists seeking to realign knowl-
edge with global challenges, opening up to plural visions and
unprecedented possibilities.

This volume thus aims to be an invitation: to reread, to allow
oneself to be questioned and to find in the perspective of com-
plexity not only a theory, but a way of inhabiting the scientific
and cultural world.



- Setouchi Art Triennale, Japan, 2019.



ABOOKFORTEACHERS IN TRAINING

Paola Fantini

This book is invaluable for those who already teach, and even
more so for those preparing to embark on the path of teaching.
Gianni Zanarini opens the text with a fundamental question:
What is science for us? A question that every science teacher
should ask before entering the classroom. Reflecting on one’s
own idea of science also means opening oneself to broader ques-
tions: what we mean by learning, how we envision the develop-
ment of critical thinking, which methods we choose to adopt,
and what role we recognize in students within a shared journey
of knowledge. For this reason, I consider these pages essential,
not only as a reflection on the nature of science, but as a concrete
invitation to rethink teaching itself.

The text invites us to look at science not as a system of prin-
ciples, factual truths, and inflexible laws codified by academic
convention, but as a living part of culture, as the construction of
possible worlds. This approach encourages the creation, together
with students, of authentic, conscious and deeply human learn-
ing experiences: an education capable of cultivating complex,
critical and systemic thought, but also an intellectual disposi-
tion that is free, curious and always open to wonder.

I had the privilege of meeting Gianni Zanarini many years
ago, along my path as a teacher of Mathematics and Physics,
and from the very beginning that encounter proved to be a
gift, a constant source of intellectual and personal inspiration.
His writings—only partially reworked in this book—and the
many occasions for dialogue with him, within the framework
of collaboration between Secondary School and University,
profoundly transformed both the way I look at science and the
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way I teach it. They also left a significant mark on my school,
the “Albert Einstein” Scientific High School in Rimini. The
headteacher Giuseppe Prosperi immediately grasped the
cultural significance of a vision of science understood as a book
that scientists ceaselessly write about nature. With the active
contribution of Gianni Zanarini, lessons, conferences and
encounters were conceived and developed to weave together
science and literature, science and theatre, science and cinema
and science and music. In doing so, students were guided toward
an awareness of the complexity of knowledge, opening before
them unexpected horizons of understanding.

A science understood as the ceaseless elaboration of “shadows”
of reality, as Gianni Zanarini suggests in the Introduction, thus
becomes an integral part of culture. It encourages dialogue with
other disciplines and accompanies young people in discovering
their own place within the process of knowledge. I remember
a student, especially drawn to the humanities, saying to me:
At last I understand that physics is not just uniform rectilinear
motion”. To me, those words capture the very meaning of this
transformation: science is no longer reduced to formulas and pre-
formulated problems, but rediscovered as a cultural instrument
for interpreting and understanding the world.

In recent years, several interdisciplinary experiences have
taken shape at the “Einstein” High School, some extending
throughout the entire academic year, within the framework
of the Scientific Degree Programme (PLS) and a number of
European projects (ISEE, SEAS, Climademy, FEDORA),
in collaboration with the Physics Education Research Group
at the University of Bologna. Many teachers played an active
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role in these initiatives, and among them I would especially
like to mention Michela Clementi, Fabio Filippi, Maurizio
Giuseppucci, Sara Moresco, Luciana Morri and the current
headteacher Christian Montanari: they all embraced the
challenge and made fruitful collaboration among colleagues

possible.

These projects sought to offer meaningful responses to the
questions raised in the Introduction to the text, giving concrete
form to theoretical reflections and transforming them into au-
thentic learning experiences: “Is it possible, then, to chart a path
that, while accepting the loss of epistemic omnipotence, still illumi-
nates both the cognitive and poetic dimensions of science? A path
that doesn’t reduce science education to a discipline of simplifica-
tion, but instead fosters an appreciation of complexity? A path that
cultivates a scientific gaze upon the great questions of our time,
helping understand technology and opening new horizons?”

The projects that emerged took the perspective of complexity
seriously and proved to be genuinely interdisciplinary, fostering
a fruitful dialogue between science and other forms of knowl-
edge: a dialogue in which science is “placed within culture”,
where different forms of understanding and visions of the world
intertwine, shedding light on the epistemological assumptions
and conceptions of reality that have accompanied scientific
thought—from Newtonian mechanics to thermodynamics,
from twentieth-century physics to the study of complex systems.

I would like to dwell on a few experiences that held special
value for us: we experienced them as truly innovative because
they regenerated teaching itself and created fruitful and
unexpected collaborations among teachers. I believe they
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deserve to become an integral part of school life.

One first project led students to write stories set within
complex contexts—e.g. anthills or flocks of birds—where the
concepts of complexity science came alive: multiplicity, irre-
ducibility, circular causality, unpredictability, self-organization,
contingency. Concepts that help us interpret the natural, social
and economic systems surrounding us. We were able to observe
how encountering the perspective of complexity science can be-
come a source of new words and new forms of thought, even if,
as Gianni Zanarini points out, it is difficult to accept a non-tau-
tological circularity between different levels of description—a
circularity capable of increasing understanding without trap-
ping it in a vicious circle.

A second project led us to experiment with the collective
writingof a theatrical text on the theme of time: on the one hand,
external and objective time, the time measured by the clock;
on the other, the subjective and personal time of experience.
Students first engaged with the different conceptions of time
developed by science, from the linear and deterministic time of
Newtonian physics to the arrow of time in thermodynamics,
and finally to the open and uncertain futures of complexity
science. It was an intense experience, capable not only of
deepening their understanding, but also of offering them a way
to interpret change in an age in which the future often appears
fragile, elusive, and a source of anxiety.

These two experiences—guided by Sara Moresco—gave rise
to a dialogue between literature and science; others—guided by
Maurizio Giuseppucci—intertwined the visual arts with twen-
tieth-century science, inviting students to give visual form to
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concepts often impossible to represent except through special-
ized language. In each of these projects, we did not wish merely
to “translate” into another language the scientific concepts that
led to the major epistemological transformations of the twenti-
eth century, but rather to reinterpret them. We knew that this
passage from one domain to another would inevitably involve a
form of betrayal, yet we embraced it as an opportunity to seek
new languages and elaborate new “shadows” of reality. In this
way, scientific concepts could be reworked and enriched through
encounters with unexpected, even metaphorical meanings.

A third project involved several classes and multiple teach-
ers in a demanding yet unexpectedly fruitful process of co-de-
sign and co-teaching: it focused on sustainability and climate
change. We chose not to address these themes directly, but to
approach them through a broader path: from Newtonian me-
chanics and the solution of simple problems to the science of
complex systems, where issues do not come with ready-made
solutions, but instead require the ability to frame problems
rather than solve them definitively. The aim was to develop
transversal skills that, like the metaphor of Kintsugi evoked by
Gianni Zanarini, might become the golden lacquer capable of
recomposing fragments and restoring to them a new radiance.
Inspiration came from Calvino’s Invisible Cities: his imaginary
cities, woven from possibilities, ambiguities, and relationships,
became metaphors through which to explore sustainability and
frameworks for critically interpreting climate data while grasp-
ing their systemic interconnections.

For us, as teachers, this was profoundly liberating;: stepping
beyond the traditional lesson means placing students at the cen-
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tre of inquiry, valuing their questions and the connections they
establish among different disciplines. In this way, science be-
comes an opportunity for exploration and creativity, revealing
that knowledge is not a mosaic of separate pieces, but a living
weave of meanings to be intertwined together.

These paths opened spaces for telling other stories, includ-
ing the most intimate and personal ones. Scientific concepts,
brought into dialogue with art, literature, and philosophy, re-
vealed themselves as powerful cultural tools: capable of gen-
erating models and metaphors, of creating the golden lacquer
that holds fragments together, allowing us to inhabit the world
while developing new ways of thinking,

Explain the World, Create Worlds: this title reminds us that
our task is not to transmit truths, but to open pathways. Not to
train, but to safeguard questions. Not merely to teach how to
solve problems, but to cultivate the imagination of new possi-
bilities.

Ultimately, this is what education means: building together
with students the space in which knowledge becomes freedom,
and the future takes shape as a promise still waiting to be in-
vented.
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