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Preface


This book follows my autobiography, titled Silicon: From the invention of the microprocessor to the new science of consciousness (Waterside, 2021), and describes the latest developments of my continuing research on the nature of consciousness and reality.


Since 2010 I have deepened the study of consciousness as an irreducible phenomenon and developed the CIP framework (acronym formed by the initials of Consciousness, Information, and Physical). In this conception, the nature of reality consists of two complementary and irreducible aspects: the semantic space of conscious experiences, called C-space, and the informational space of symbolic forms, called I-space. Symbols are created by conscious entities to communicate and explore their inner meaning for the purpose of knowing themselves ever more. Physical space, called P-space, is a virtual space experienced by those conscious entities that control living organisms. The organisms are symbolic structures that interact with the other I-space symbols and generate within themselves symbolic representations of I-space that are perceived as “reality” by the conscious entities. In this framework, consciousness exists only in C-space.


In March 2017, I received the following email from Professor Giacomo Mauro D’Ariano:


We met briefly on Vieques Island in January 2014 at the fourth FQXi conference on “Physics of Information”. On that occasion I gave a very short talk of only five minutes on the derivation of Dirac’s equation from information-theoretic principles. You gave me a very nice compliment. Unfortunately, not knowing you, I had no way of answering.


An invitation to meet followed.


In April 2017 I replied via email:


Dear Giacomo, sorry for the delay with which I reply to your welcomed e-mail. My dream is to derive physics from cognitive rather than materialistic principles. Of course, you are doing the first step, to prove that quantum mechanics is about information, hence syntax. For me, syntax is evidence that semantics must exist somewhere.


What is the meaning of the existence of a hierarchy of languages (the physical world), if no one is using them? In my opinion there is a semantic reality that consists of a parallel hierarchy of conscious entities that use particles, atoms, molecules, cells, animals, etc. as symbols for their communications. The materialist only sees the symbolic aspect, and does not realize that behind the stage there are “puppet masters”.


This is why information theory is essentially isomorphic with quantum mechanics! This is why quantum mechanics must use a probabilistic language! The meaning of a book is free even if the symbols obey deterministic laws (in terms of probability). This is why physics can only guarantee that the next book to be written will obey the laws of symbols, but cannot predict the semantic content of a book that has not yet been written. I think semantics is the real ontology. Therefore semantics is free, even if the syntax is deterministic.


These are the issues that fascinate me. And I think this is the right way to restore meaning to a universe that has been declared “pointless” by those who have forgotten that the meaning of existence resides “inside” matter. Today I would say: “It exists in a deeper reality than what manifests itself in space-time”; an interiority that is denied by a zealous materialistic fiat.


I’d love to discuss these issues with you if you’re interested. I will be in Milan around July 21, where I will be one of the presenters at an event called Campus Party. It would be a good opportunity to meet.


Thank you for expressing your gratitude for my heartfelt compliment, and congratulations on your progress in completing Wheeler’s dream. Best regards and best wishes, Federico.


A few days later, D’Ariano replied by telling me that he would be very pleased to meet for us to discuss “the ontology of information,” characterized by the phrase “software without hardware,” “which perhaps is very close to what you call ontology of semantics, which I believe you mean that it also involves the ‘observer,’ i.e., the ‘puppeteer.”’


This was the beginning of a fruitful collaboration, which a couple of years ago allowed us to understand that the pure state of a quantum system can represent the state of consciousness of the system, since it has all the crucial characteristics of a conscious experience made of qualia. This important step brought into focus the “core” of the enigma of consciousness, which made it possible to connect the philosophical notions of the CIP framework with the OPT (Operational Probabilistic Theory), the theory that D’Ariano and his collaborators had developed to demonstrate that quantum physics can be entirely derived from quantum information postulates.


This new axiom allows us to claim that consciousness is a quantum phenomenon because it has all the peculiar characteristics of a pure quantum state, i.e., it is a definite and a private state, and so is a pure state which is not clonable, i.e., cannot be copied and therefore cannot be known by any observer. Therefore, such a state, if knowable at all, is knowable only by the system that is in that state. This crucial insight reflects remarkably the phenomenology of our inner experience.


If the current idea that consciousness emerges from the functioning of the brain were correct—where the brain is thought to be like a classical computer—then a computer could be conscious. But then consciousness could be copied like we routinely copy computer programs, which is classical information. Yet we know perfectly well that our experience is in constant evolution and is private, knowable only within ourselves. Moreover, the meaning we feel always exceeds any symbolic description we may produce to describe it. Therefore, even the owner of the experience (described by quantum information) can only translate a portion of its experience into symbols (described by classical information).


Consciousness is the ability to experience through qualia and know the meaning of the experience. Qualia are the private sensations and feelings that reveal the meaning of the experience to the entity. The ability to know must therefore exist before the knowing, and knowing brings into existence what is known for the first time. Knowing therefore becomes synonymous with existing, and this “miracle” cannot be explained in simpler terms than these. If we accept this principle, the fundamental entities from which everything that exists emerges must be conscious entities similar to the monads of Leibniz.


This is the view that will be articulated in Irreducible, a title that refers to the crucial property of the conscious entities endowed with free will that emerge from One, the totality of what exists, and cause the continuing creation and evolution of the universe.


One is a Whole, both in potentiality and in actuality, irreducibly dynamic and holistic, that desires to know itself to self-realize. From One emerge monads, or consciousness units, i.e., parts-whole that are inseparable from One and in continuous evolution. These units communicate with each other to know themselves, thus realizing the intention and purpose of One they all share. Therefore, there is becoming in the universe, and the future is not predictable, not even by One.


This view is in full agreement with what quantum physics has already revealed to us. Therefore the idea of producing a Theory of Everything (ToE) that can predict the future of the universe is contrary to the deepest message of quantum physics. This does not mean that the search for a theory that reconciles quantum physics with general relativity is not desirable; quite the contrary. The new vision, however, shows us that the most reasonable ToE is a theory in which consciousness and free will have always existed and in which the universe—that is, One—is open because its evolution is the evolution of its knowing. The ToE can only tell us the characteristics of the outer world as symbolic correlations of the inner world of meaning.


It is becoming ever more evident that unconscious matter cannot produce consciousness, while conscious entities can produce phenomena that behave like unconscious matter. “More” cannot come out of “less,” though the opposite is clearly possible. Crucially, when consciousness and free will are irreducible properties of nature, the evolution of the physical universe can no longer be the work of a “blind watchmaker,” but the result of cooperating and intelligent conscious entities that have always existed and are the ultimate cause of the universe’s eternal becoming.


In this book there is a crucial distinction between conscious and unconscious knowledge that is generally neglected in the scientific literature since consciousness is considered epiphenomenal. This confusion is further facilitated by the lack of appropriate words in the English language to discriminate the two. In the Italian language there are two verbs, conoscere and sapere, instead of only “to know.” Conoscere is a deeper form of knowing than sapere because it refers to the knowing that is based on experience and comprehension, whereas sapere can describe the knowing by heart of someone who repeats what he does not understand. In the Italian version of this book I have consistently used conoscere with the meaning, “conscious knowledge,” and sapere to mean “unconscious knowledge,” even though in their common usage the two verbs are often used interchangeably. In the English version, I have consistently translated conoscere as “knowing” and sapere as “knowledge.” This distinction is essential to discriminate between the symbolic-only knowledge of computers or brains and the semantic knowing of a conscious entity.









Introduction


The search for truth must be the ultimate goal of any science.


—Augustin-Louis Cauchy, Seven General Physics Lessons


I am a physicist, inventor, and entrepreneur. I was born in Vicenza, Italy during the Second World War in a Catholic family and I received a Laurea degree in physics from the University of Padua in 1965, summa cum laude.


In 1968, I moved to Silicon Valley, California to work at Fairchild Semiconductor, where I developed the original silicon gate MOS technology, the process technology that made possible microprocessors, dynamic random access memories (DRAM), non-volatile memories, and CCD image sensors, the key components of the information revolution. In 1970 I moved to Intel where I designed the world’s first microprocessor, the Intel 4004, and for five years I led the team that created the 8008, 4040, 8080, and other components that have revolutionized information technology.


In late 1974 I founded Zilog, the world’s first company entirely dedicated to the microprocessor market, thus starting an entrepreneurial career that occupied the rest of my professional life. Zilog’s first microprocessor, the Z80-CPU, became a bestseller and is still in production today (2022).


During the second half of the 1980s, I became interested in artificial neural networks and founded Synaptics to develop analog chips capable of emulating neural networks using floating-gate transistors. At that time, neural networks were considered a bad idea by the artificial intelligence (AI) experts. Twenty-five years later, however, they became the only practical solution to the recognition of complex patterns, a very difficult problem.


Up to the age of 40, I lived doing what most of us do: I sought happiness outside myself, convinced that to be happy I would have to fulfill everything the world prescribes to that end. I buried myself in work and deeply repressed any interference that might distract me from my objectives, thinking that the harder the goals, the more happiness they should bring me if I succeeded.


I rushed to check all the boxes on my imaginary “happiness list,” pushing down any inner turmoil. I didn’t want to be distracted from my goals for any reason. I told myself that to be happy, I had to first get to the end of that list.


I was hostage to a kind of hypnotic trance and I had embraced the competitive and consumerist vision that dominates our society. I had lost the connection with my emotions and my inner reality. I had fallen into the trap most of us fall into.


Looking back, I’m sure that, if I hadn’t reached the bottom of the list, I would have continued to struggle until my death, without ever realizing that I was confusing an imaginary happiness with a real one.


It was only because I crossed the finish line and took a break from the race that I was able to look inside myself. What I found was a deep suffering that I pretended not to feel. My first reaction was: What’s wrong with me? How is it possible not to be happy when I have achieved everything that should make me so?


As Simone Weil says: “Suffering is a door that we can choose to go through and then we learn something, or we refuse to open, and then nothing is added, rather, it takes everything away from us.”


The Search for Truth


While studying neuroscience I wondered if it was possible to build a conscious computer. If materialism were right—as I then thought—the answer had to be yes. Therefore I explored all possible ways I could think of to achieve such a goal, reflecting deeply on the attributes of awareness. It didn’t take long to recognize the big obstacle: the complete lack of understanding of the nature of sensations, feelings, and emotions, what philosophers call qualia. No matter how hard I tried, I could not find any way to convert the electrical signals of the computer into qualia, because qualia belong to a different kind of reality with no apparent connection to symbols. It was like trying to transform the feeling of love one feels for a child into a computer program.


I also sensed that the cause of my despair was deeply connected with the mystery of consciousness and that further motivated me to try to understand. My situation placed this enigma at the center of my midlife crisis and led me to an experience of unexpected, unsolicited, and spontaneous awakening, which made me realize that consciousness is fundamental and beyond matter.


From that point on, I embarked on a new path of searching for truth, which led me to investigate all aspects of reality, even those that I previously had taken for granted and would have never thought of taking into consideration. I realized that just as I had uncritically accepted religious dogmas as a child, I also had accepted those of science, replacing the old dogmas with the new ones.


My awakening experience has already been described in my autobiography, entitled Silicon: From the invention of the microprocessor to the new science of consciousness, first published in Italy in 2019 and in 2021 in USA [1]. For the convenience of the reader, I report the experience below with minimal changes.


The Awakening


In December 1990, while I was at Lake Tahoe, California with my family during the Christmas holidays, I woke up around midnight thirsty. I poured myself a glass of water from the refrigerator in the kitchen and, sipping it, I moved into the adjacent living room to contemplate the lake, now dark and mysterious.


I went back to bed and while I was waiting for sleep to return, I suddenly felt a powerful rush of energy emerge from my chest like nothing I had ever experienced before and could not even imagine possible. This alive energy was love, yet a love so intense and so incredibly fulfilling that it surpassed any other notion I previously had about love. Even more surprising was the fact that the source of this love was me.


I experienced it as a broad beam of shimmering white light, alive and beatific, gushing from my heart with incredible strength. Then suddenly that light exploded. It filled the room and expanded to embrace the entire universe with the same white brilliance. I knew then, without a shadow of a doubt, that this was the substance out of which everything that exists is made. This was what created the universe out of itself. Then, with immense surprise, I recognized that I was that light!


The whole experience lasted perhaps a minute, and it changed me forever. My relationship with the world had always been as a separate observer perceiving the universe as outside myself and disconnected from me. What made this event astonishing was its impossible perspective because I was both the experiencer and the experience. I was simultaneously the observer of the world and the world. I was the world observing itself! And I was concurrently knowing that the world is made of a “substance” that feels like love and that I am that!


In other words, the essence of reality was revealed to be a “substance” or nous that knows itself by self-reflection, and its self-knowing is experienced as an irrepressible and dynamic love full of joy and peace.


This experience contained an unprecedented force of truth, because it felt true at all levels of my being. At the physical level, my body was alive and vibrant like I had never felt before. At the emotional level I perceived myself as an impossibly powerful source of love, and at the mental level I knew with certainty that everything is “made of” love. For the first time in my life I had experienced the existence of another dimension of reality, a dimension that previously could only be known intellectually by reading about it, but not by living it: the spiritual level in which a person is one with the world.


It was a form of direct knowing, stronger than the “certainty” offered by logic; a knowledge from the inside rather than the outside, which simultaneously involved all aspects of my consciousness: the physical, emotional, mental, and spiritual levels.


I like to think that I have experienced my nature both as a particle and as a wave, to use an analogy with quantum physics that is impossible to comprehend with ordinary logic. The particle aspect was the ability to maintain my identity despite experiencing myself as the world (the wave aspect). But my identity was also part of the world, because I felt myself to be the world with “my” point of view. So now I think that my identity is like one of the infinite points of view with which One—the totality of what exists—observes and knows itself. In other words, each one of us is a point of view of One, a part of One indivisible from It that contains Its essence and, as such, is eternal.


That experience made me understand that, as the famous Lebanese aphorist Kahlil Gibran said: “Spiritual awakening is the most essential thing in human life, it is the only purpose of existence.” That experience has completely changed my life and has retained its original intensity and clarity over the years. Even today it continues to have a powerful impact on my life.


Key Questions


Live the questions now. Maybe in the future, gradually, without noticing, one day away, you will live the answers.


—Rainer Maria Rilke, ‘Be Patient’


The encounter with my spiritual nature began a path of personal investigation into the nature of my consciousnes, the only one I can experience and know. Driven by the desire to understand and reconcile the ineffable unitive experience of awakening with everyday reality, I worked intensely on myself for the following 20 years, during which I continued to carry out my professional activity, first as CEO and then as Chairman of Synaptics.


During that time I thoroughly explored my hitherto neglected inner reality, and tried to integrate it with the outer reality, living in and out of the world at the same time, so to speak: “in the world but not of the world.” I also understood that the experience of the outer world is based on the reproducibility of shared events, while that of the inner world is strictly private and can be known by others only to the extent that we communicate it.


This inner work was the source of many intuitions and spontaneous transformations of thoughts and attitudes which gradually led me to an integration and harmonization of the two worlds, changing me profoundly. The most evident aspect has been the almost complete disappearance of a type of restlessness and mental anxiety that had always been part of my inner landscape.


I then began to question the theory that describes us as biological machines similar to computers because, based on the known laws of physics, we should be completely unconscious, just like our computers are. In fact, the taste of wine, the scent of a rose, the color orange, and the love for a son should not exist, because no scientist can explain how electrical or biochemical signals can produce these qualia. The fact that each of us feels them, and “knows” because of them, is indisputable, and this falsifies the idea that current physical theories are complete, i.e., they describe all of reality.


We are repeatedly told that we are biological robots, while the intense personal investigation that occurred after my awakening revealed otherwise, through many other extraordinary and spontaneous experiences of consciousness.


I felt that, rather than a body, we are spiritual beings temporarily imprisoned in a physical structure similar to a highly sophisticated drone. But if we allow ourselves to be convinced by those who insist we are only our mortal body, we will end up thinking that everything that exists originates only in the physical world. In that case we will not even ask ourselves questions about the nature and purpose of our creative impulses and emotions. In so doing we will also avoid investigating the meaning of our life which, as I now understand, is the most important part of our human existence and experience.


In summary, if we believe that the inanimate matter can explain all of reality, we will support an assumption already falsified by the fact that we are conscious.


As I progressed in my study, I gradually realized that, if we hypothesized that consciousness and free will are irreducible properties of nature, the scientific vision and narrative of reality would radically change and legitimize a profound spirituality, with unexpected consequences for both science and spirituality. But how could such a drastic change occur?


In my opinion, science should try to answer all our fundamental questions, not eliminate from reality what it cannot explain. I therefore decided to devote myself full-time to the scientific study of consciousness, and, in 2011, I created with my wife the Federico and Elvia Faggin Foundation to support basic research on consciousness starting from the premise that it is a fundamental and irreducible aspect of reality. The stakes are too high not to seriously consider the hypothesis that consciousness may exist before matter, or perhaps simultaneously with it.


The New Science of Consciousness


If we start from consciousness, free will, and creativity as irreducible properties of nature, the whole scientific conception of reality is overturned. In this new vision, the emotional and intuitive parts of life—ignored by materialism—return to play a central role. Aristotle said: “To educate the mind without educating the heart means not educating at all.” We cannot let physicalism and reductionism define human nature and leave consciousness out from the description of the universe.


The physicalist and reductionist premises are perfect for describing the mechanical and symbolic-informational aspects of reality, but they are inadequate to explain its semantic aspects. If we insist that these assumptions describe all of reality, we eliminate a priori what distinguishes us from our machines and we erase our consciousness, our freedom and, above all, our humanity from the face of the universe.


If, on the other hand, we take our inner world seriously and begin to investigate it with love and determination, we will discover a new Weltanschauung that promises a creative and cooperative future for humankind, full of profound satisfactions. Life cannot be defined only by mere biological aspects, but, above all, by the triumph of the spiritual nature of the universe which silently guides us.


Quantum physics is already telling us that the universe is holistic and creative, and the new developments in quantum information theory justify, as we will see later, a new and revolutionary theory of consciousness and free will.


From my perspective, the only possible way to explain how the universe can create life and consciousness is that the universe is itself alive and conscious from the outset. If you take this hypothesis seriously, the entire conception of reality is transformed, with enormous consequences that point to a brilliant and fulfilling future. Creativity, ethics, free will, and joyful love can only come from consciouness. The immense mechanical intelligence, beyond the reach of the human brain, that comes from the machines we have invented will then add tremendous strength to our wisdom. Otherwise our technology will be used against humankind by those who promote the materialistic vision of the survival of the self-proclaimed fittest.









PART ONE


If this science, which will bring great benefits to man, does not help man to understand himself, it will end up turning against man.


—Giordano Bruno, Of the Infinite, Universe, and Worlds









1


The Nature of Physical Reality


In science everything is always different from what it would seem according to common sense.


—Bertolt Brecht, Life of Galileo


What Is the World Like?


Today we are still grappling with this question, which human beings have always asked themselves. For centuries it was believed that the world consisted of earth, water, air, and fire in various proportions.


Only in the last hundred years, with the advent of quantum physics, have we made great strides in understanding the nature of reality. We have in fact discovered that matter, which seems solid and compact, is instead made of vibratory energy!


During the last 20 years we have then understood that everything is made up of quantum information. However, there is still no theory capable of giving us a vision of the world that is consistent with both general relativity and quantum physics. In this book I put forward the hypothesis that the universe has been conscious and had free will forever. Therefore, nothing is as it appears: Not only is the world much different than we imagined, but reality is even more unbelievable and fantastic than we ever thought possible because the evolution of the universe reflects its ever-increasing self-knowing.


At the Dawn of Science


Homo sapiens lived a nomadic existence for millennia. Then, about 10,000 years ago, with a flash of intuition, they learned to “domesticate” vegetation. This led to the birth of agriculture and caused human beings to settle in ever larger communities, giving rise to different professions and specializations.


At a certain point, the need to permanently document fleeting verbal agreements promoted a very important invention: writing.


The first Sumerian cuneiform script dates back to about 5000 years ago and the first religious-spiritual-philosophical text, the Rigveda, is about 3500 years old.


Writing also allowed us to record thoughts and ideas to be able to later reflect on and further develop them, an otherwise nearly impossible task given the dynamism and limited memory capacity of our mind. Furthermore, the written thoughts could be faithfully copied and shared with many other thinkers, and thus spread beyond the fading boundaries of words which persist only for a few seconds around the space in which they are pronounced. Writing was a necessary step in the development and perfecting of cooperative thinking, logic, and rationality.


About 2500 years ago, Greek philosophers developed rational thinking to a level never reached before. The philosophical-mathematical ideas of Pythagoras provided the foundations of physics and mathematics, which two centuries later brought us Euclid’s Elements, the text that founded axiomatic mathematics. However, it took almost 2000 years to see the birth of experimental science, thanks to the awakening of humankind during the Renaissance, which brought us a new consciousness. Science and mathematics allowed us to regain freedom of thought, after a long period in which it was not legitimate to question the religious dogmas that dominated every act of daily life.


The scientific method was born with the innovative and courageous ideas of Copernicus, Galileo, Newton, and many others. By using observations, mathematical reasoning, and carefully crafted experiments to validate rational hypotheses, the scientific method allowed unprecedented progress in our understanding of the world.


Just like matter transformed by writing could faithfully reflect our ideas back to us, the same matter could also reveal its functioning to curious and sharp-witted minds who knew what questions to ask and what experiments to invent. Mathematics, then, made it possible to precisely formulate the abstract models followed by matter.


During its four centuries of existence, physics has immensely clarified our ideas about how the physical world functions, and it also provided the theoretical foundations for the development of many other scientific disciplines and technologies that have profoundly affected our life and the planet.


Physics is rooted in the experimental proof of the predictions made by its mathematical theories, which must be verified (or falsified) by experiments before they are accepted. Over the years, the physical world has revealed an ever-increasing complexity and has required the use of highly sophisticated and abstract mathematical theories, to the point where physics today resembles applied mathematics rather than the experimental physics of the nineteenth century. Nonetheless, the experiment has the last word, no matter how elegant or rational is the mathematical model. If the experiment fails, the beautiful theory must be changed or abandoned. In fact, Einstein said: “No amount of experiments will prove that I am right; a single experiment can prove that I was wrong.”


This pragmatism led to constant progress, especially when new experiments showed inexplicable anomalies with existing theories. In a sense, the process is similar to the variation and selection principle used by life, because the theory surviving the selection made by many experiments becomes the winning one.


Until the late nineteenth century, classical physics provided the basic concepts and laws that fueled the industrial revolution. During the 1930s and 1940s, it also gave birth to the information age, based on the extraordinarily fertile idea of the computer. Computer technology then blossomed thanks to the solid-state microelectronics that emerged from quantum physics, the physics of the twentieth century, applied to crystals. Each era “rests on the shoulders” of the previous ones, and the new one is transforming our way of living even more rapidly than the industrial revolution that preceded it.


The Worldview of Classical Physics


In the early sixteenth century, Copernicus’s heliocentric system found direct experimental confirmation in the work of Galileo Galilei, who turned the newly invented telescope to the sky and discovered four satellites orbiting Jupiter, and the phases of the planet Venus. His experiments provided incontrovertible evidence that not all celestial bodies revolve around the Earth, as was believed according to the Ptolemaic system.


Galileo gave us the first clear demonstration of the scientific method, stating that the physical world follows natural laws that can be expressed with the language of mathematics, an idea that dates back to Pythagoras. He also stated that mathematical theory must be tested experimentally, and that the final verdict must be based on the supreme authority of repeatable experiments. He was also the first scientist to postulate the invariance of physical laws in any reference frame that moves with uniform motion (called inertial frame). Galileo also experimentally derived F = m∙a, the empirical mathematical law that describes the accelerated motion of terrestrial objects.1


Isaac Newton, born the same year in which Galileo died, conceived the idea that the physical laws valid on Earth should also apply throughout the universe. His bold conception allowed him to formulate the law of universal gravitation and to extend the principles of Galileo’s mechanics with precise definitions of space, time, mass, force, and energy. Starting from a purely mathematical theory, Newton then proved Kepler’s empirical laws describing the motion of the planets around the Sun. To this end, Newton also invented a new field of mathematics called differential calculus. This work provided the first example of how to do theoretical physics, that is, how to do science starting from a general mathematical theory. From such theory any particular case could be derived by specifying some parameters and the initial conditions of the system: an exceptionally fruitful paradigm.


The success of Newton’s mechanics provided the theoretical basis for a technology that was no longer purely empirical but also based on solid mathematical foundations, thus leading to and fueling the industrial revolution.


The scientific method became the new methodology for investigating nature, and changed the traditional way of thinking. With it, rationality and experimental evidence superseded speculative and intuitive thinking, not to mention the respect (or fear) of authority that characterized previous practice. Scientific positivism became the new creed, founded on reductionism, materialism, and the absolute faith in mathematical logic, considered free of internal contradictions. This vision allowed us to mathematically study with great success many complex systems by reducing them to the sum of their parts.


A New Way of Thinking


The intellectual euphoria that characterized the early nineteenth century can be succinctly described by Pierre-Simon Laplace’s famous statement in the Introduction to his Essai philosophique sur les probabilités of 1814:


We can consider the present state of the universe as the effect of its past and the cause of its future. An intellect that at a certain moment knew all the forces that set nature in motion and the positions of all the elements of which nature is composed, if this intellect were also vast enough to subject these data to analysis, it could embrace in a single formula the movements of the largest bodies in the universe and those of the smallest atom; for such an intellect nothing would be uncertain and the future like the past would be present before his eyes.


This position of extreme determinism and reductionism was called “Laplace’s demon” and was also used to claim that free will is an illusion. This point of view is still prevalent today among most scientists and philosophers, despite the indeterministic, probabilistic, and holistic character of quantum physics. I will return to these crucial points in later chapters.


The nineteenth century marked the maturation of classical physics with the development of thermodynamics, statistical mechanics, and electromagnetism. The latter was a completely new field of physics about which, just a century earlier, almost nothing was known. The discovery of electromagnetic waves as oscillations of an “energy field” marked the triumph of classical theoretical physics. The unsuspected existence of these waves was first predicted by James Clerk Maxwell’s equations in 1865, and experimentally verified by Heinrich Rudolf Hertz in 1887.


Electromagnetism changed our fundamental ideas about the nature of the physical world, previously considered essentially mechanical, and heralded a new world full of unsuspected technological and application possibilities.


At the end of the nineteenth century, classical physics dominated the scientific view of the world that can be summarized as follows:


 1. The physical world is all that exists (naturalism) and its existence is independent of the observer (realism).


 2. Physical reality is created by the interactions of “particles” of matter in space and time (atomism). These particles are imagined as Democritus’s atoms: irreducible, indestructible, hard, microscopic, separate, and ontological objects.


 3. Space and time are independent and absolute. They are the stage on which particles of mass and electricity interact. Mass particles move in space and time following gravitational and other mechanical forces, while the movements of electrical particles follow Maxwell’s equations and produce an electromagnetic field that influences and is influenced by all other electrical particles.


 4. The behavior of a complex system can be completely described as the sum of the behaviors of all its parts (reductionism).


 5. If we know the initial conditions of all the particles of a system, we can, at least in principle, predict all the past and all the future evolution of the system (determinism).


 6. We live in a static and closed universe in which entropy (disorder) is constantly increasing.


 7. One can observe the world without disturbing it.


 8. Mathematics can give us a true and comprehensive description of reality.


 9. The evolution of all living species follows the Darwinian principle of random variation and natural selection.


10. The nature of mind and matter was debated primarily by philosophers. Cartesian dualism claimed that mind and matter are completely different “substances,” while materialism claimed that only matter exists (monism). For the materialist, the mind is simply one of the functions performed by the brain.


The materialist was convinced that classical physics would be able to fully explain the nature of life and consciousness, using the same method and the same assumptions that had produced the enormous amount of knowledge and progress witnessed in the previous two centuries.


The End of Classical Physics


In one of his splendid books, Thornton Wilder said that the bridge of San Luis Rey—an ancient, aerial, beautiful bridge, the most beautiful in all of Peru—was apparently part of the things that last forever: it was unthinkable that it could break. However, one Friday at noon, all of a sudden, that bridge fell apart.


At the end of the nineteenth century, the fundamental assumptions of classical physics seemed universal truths, solid, and unassailable. The remarkable successes of science and technology had brought with them the false impression of knowing much more than was really known, backing up the strong belief that those basic ideas and principles were a reliable guide for the future. On the threshold of the twentieth century, the famous physicist Lord William Thompson Kelvin had stated: “By now there is nothing new to discover in physics; all that’s left to do is more and more precise measurements.” And this certainty (some would say arrogance) was expressed despite the presence of some anomalies that classical physics could not explain, and which would soon cause the collapse of the entire intellectual structure of classical physics.


It took a quarter of a century to explain the phenomenology of these persistent anomalies, and to do so it became necessary to replace almost all the fundamental assumptions of classical physics. This profound revision led us to special and general relativity and to quantum mechanics: a new physics that replaced determinism and reductionism with indeterminism and holism.


However, the needed change in perspective was so difficult to accept that, a century later, we are still trying to come to terms with the conceptual revolution brought about by these new theories. In particular, we still have difficulty understanding the indeterminism of quantum physics, which has eliminated the possibility of knowing the whole truth about the physical world: not only in practice, but also in principle. The interpretation of reality provided by classical physics could not have been more wrong!


In 1899 three main phenomena were unexplainable by classical physics: black body radiation, the photoelectric effect, and the Lorentz transformations.


Black body radiation refers to the frequency spectrum of the light emitted by a hot object as a function of its temperature. The anomalous behavior of this radiation2 was explained by Max Planck in the year 1900 using a mathematical device that at first seemed unjustified. Planck found that, if the exchange of energy between matter and radiation had occurred only in integer multiples of a discrete value of energy—called the quantum of energy—then the mystery would be solved, at least mathematically. In other words, Planck hypothesized that there must be a minimum energy exchange, greater than zero, and proportional to the frequency of the radiation, and that all exchanges should occur in integer multiples of this minimum. Fractional quanta were not allowed.


In 1905, a young Albert Einstein was able to explain the photoelectric effect3 by assuming that the interaction between light and matter that produces electrons is caused by “particles of light” having energy quanta provided by the Planck relation. Einstein hypothesized that light, when interacting with the atoms of matter, behaves like many particles, and not like a wave, as Thomas Young had shown almost 100 years earlier.


Einstein’s explanation contradicted the established principles of classical physics and earned him the Nobel Prize. The quantum of light was later called a photon and its implications were astounding. Hence photons were found to have a double personality because they acted both as particles and as waves: an almost contradictory and quite disturbing behavior. According to Einstein, the energy E, needed to extract an electron from an atom, had to come from a single collision with a “particle of light,” whose quantum of energy had to be equal to, or greater than, E. Furthermore, that energy could not originate from a sum of quanta in which each quantum had energy less than E; it had to be a single-event process. This intuition explained why the photoelectric effect had a threshold that depended only on the frequency of the incident light and not on its intensity.


The profound impact of Einstein’s explanation was to show that light could be understood as composed of many individual photons which did not lose their individuality once they were added.


In 1905 Albert Einstein also explained the mysterious Lorentz transformation, i.e., the fact that the objects described by Maxwell’s equations violate the simple Galilean inertial transformation when their relative speed is close to that of light. This anomaly was elegantly solved by assuming that the speed of light, c, is the same in all inertial frames of reference, i.e., those frames that move at a constant speed. The consequences of this simple assumption were devastating, because it was discovered that time and space, considered independent and absolute since Newton’s time, depended instead on the relative velocity between observer and observed. As their relative speed approached c, the time marked by a clock that was part of the observed system slowed down and the length of a stick aligned with the direction of motion was shortened, as compared to the time and length of identical clocks and sticks within the observer’s frame of reference!


This theory was called special relativity. According to it, no material object with mass m greater than zero could accelerate and reach a speed equal to c, because its mass would increase without limit as its relative speed approached c.


Einstein also discovered that the notion of simultaneity of events was not as absolute as it was thought, but was relative to the motion of the observer. For example, when an observer A sees event 1 happen before event 2, a second observer B, who moves with respect to A, could see event 1 happen after event 2! The concept of causality also lost its absolute status.


Finally, Einstein discovered that the rest mass of an object m and its energy E are proportional, according to the famous relation E = mc2. The mass of a resting particle is therefore energy confined into a microscopic portion of space. Incredible!


After 1905, physics could never be the same.


The Revelation of a New World


In 1911 Lord Ernest Rutherford discovered that the atom, considered a particle of solid and indivisible matter since the time of Democritus, turned out to be almost empty and divisible, composed of a tiny nucleus surrounded by electrons, similar to a miniature solar system. Two years later, Niels Bohr was able to explain the discrete spectrum of light emitted or absorbed by a hydrogen atom by combining Maxwell’s equations, Rutherford’s discoveries, and Einstein’s photon in a semiclassical theory. Once again the incredible fecundity of Planck’s quantum of action was confirmed by revealing a further quantum aspect of the real world, in contrast to the continuum described by classical physics.


In 1915 Einstein completed his theory of general relativity (GR), showing that the gravitational force could be explained as a geometric effect on spacetime due to the mass of objects. Consequently, when a planet orbits a star, it actually moves in a “straight line,” but since the surrounding space is “curved” by the enormous mass of the star, the planet ends up moving in an elliptical orbit around it. The physics community was stunned!


GR can be concisely described in the words of physicist John Archibald Wheeler: “Space-time tells matter how to move; matter tells space-time how to bend.” In other words, the global distribution of matter affects the local properties of spacetime, and the local properties of spacetime determine how matter moves. When matter moves locally, its global distribution changes, and this in turn changes the local properties of spacetime.


It almost looks like a “snake biting its tail,” yet the same analogy can also illustrate how electromagnetic waves propagate, because a change in the electric field causes a change in the magnetic field, and a change in the magnetic field causes a change in the electric field. These reciprocal changes occurring within the electromagnetic field, a real but immaterial “field,” cause the propagation of a wave in spacetime without the need for any physical means. At the end of the nineteenth century it was thought that waves required a medium such as air or water to propagate. Sound waves, for example, cannot propagate in a vacuum. Therefore, empty space was thought to be filled with a “luminiferous ether,” a physical medium capable of vibrating to carry light waves. A famous experiment in 1887 by Albert Michelson and Edward Morley showed instead that the ether did not exist. Einstein’s special relativity theory was in fact motivated by the desire to understand the consequences of the experimental absence of the ether.


GR expresses the existence of feedback from the whole to the parts as well as the existence of feedforward from the parts to the whole. Feedback is a top-down influence in which the global distribution of matter (the whole) determines the local properties of spacetime that inform the local behavior of matter (the parts). Feedforward is a bottom-up influence in which the local behavior of the matter determines the future global distribution of the matter that constitutes the whole.


GR contradicts the principles of classical physics, in which space and time are absolute and the behavior of the whole is determined solely by the behavior of the parts, meaning that only feedforward exists. The story does not end here, however, because the first decades of the twentieth century had many other big surprises in store.


Quantum Mechanics


In 1926 Erwin Schrödinger extended the principle of minimum action4 to the quantum reality that was gradually emerging, and his wave equation gave birth to quantum mechanics. The discrete solutions of the Schrödinger equation are called wave functions, and represent the temporal evolution of the state of a system, for example a particle. Furthermore, the square of the absolute value of a wave function defines the probability of finding such a particle in a certain region of space.


We owe this probabilistic interpretation of the wave function to Max Born, who formulated it in the same year (1926). Interestingly, Max Born and Werner Heisenberg had developed matrix mechanics in 1925, a different formulation of quantum physics, which later proved to be equivalent to Schrödinger’s wave mechanics.


Two years later, Heisenberg postulated the “uncertainty principle.” It is a mathematical relationship that shows the impossibility of measuring two “conjugate” variables with arbitrary precision, such as the position and momentum of a particle, or the energy and time of the same.5


The precious determinism of classical physics was falsified where it hurt most, because the nature of the elementary particles that should have determined everything else proved itself to be indeterministic and probabilistic. The theory no longer tells us the specific state that will manifest but only its probability. This is a different type of “indeterminism” than the one expressed by the Heisenberg principle, revealing an irreducible knowledge gap between the quantum evolution of the system and its measurement. This gap is called “the measurement problem” of quantum physics because it requires something to occur between the quantum system and the measuring apparatus—called the “collapse of the wave function”—which is not described by the theory. Much has been written about this problem, and yet there is still no solution that a majority of physicists agree upon.


Wolfgang Pauli, Nobel Prize in Physics, said in his speech on 13 December 1946: “I was not spared the shock that every physicist accustomed to the classical way of thinking suffered when he first heard of the fundamental postulate of Bohr’s quantum theory.” And, in 1950, in a letter to A. Pais, Pauli wrote: “It is my personal opinion that for the science of the future, reality will be neither psychic nor physical: in some way, it will be both and neither one of them.”


In 1928 Paul Dirac combined Schrödinger’s non-relativistic equation with Heisenberg-Born’s matrix mechanics, and extended it to the relativistic case, thus creating the first quantum field theory of electrons. His equation predicted the existence of antielectrons (positrons), which were later discovered experimentally.


Physical reality was gradually revealing a completely unsuspected nature.


The End of Certainty


In conjunction with the many shocking discoveries in physics, extraordinary developments were also occurring in the field of mathematics. It was the mathematician Kurt Gödel in 1931 who delivered the coup de grâce to the logical positivism that dominated the philosophical-scientific thought at the end of the nineteenth century. Gödel demonstrated the incompleteness of mathematics, proving that classical logic was insufficient to establish the truth of all possible statements that obeyed the rules of an axiomatic system sufficiently complex to contain arithmetic.


Having proved that there are undecidable sentences, that is, sentences that cannot be formally proved to be either true or false without introducing new axioms, Gödel’s theorem eliminated the completeness and absolute certainty that mathematics was thought to have.


Another important aspect of mathematics, which is often underestimated, is that the truth of its statements is entirely based on the unproven truth of the set of axioms on which there is agreement. These axioms are in fact considered self-evident truths, accepted as such by convention because their truth cannot be proven. The presumed objectivity of mathematics is therefore based on the subjective acceptance of what is considered self-evident. It is therefore legitimate to have some doubts about the absolute certainty that we can attribute to mathematical statements, especially when they are applied to the real world.


In fact, with quantum physics the world ceased to behave in a self-evident way! How, then, can we choose the postulates of quantum physics when we have yet to solve the measurement problem? Self-evidence lost its supposed universal validity. The physicist Leon Max Lederman put it this way: “It is not the uncertainty of measurement that hides reality; on the contrary, it is reality itself that never provides certainties in the classical-Galilean sense of the term, when examining phenomena at the atomic scale.”


In the 1960s, mathematicians rediscovered and formalized another great surprise: chaotic systems. A chaotic system is a system whose behavior depends so sensitively on its initial conditions that it diverges exponentially when tiny variations of those conditions occur. Said differently, to predict the future behavior of a chaotic system, it is necessary to know the initial conditions with more precision than is possible to know, even in principle, given Heisenberg’s uncertainty principle.


This means that even simple classical systems, such as three objects in mechanics,6 can behave in a chaotic way. Before the discovery of chaotic systems, determinism was considered synonymous with predictability. Classical physics is deterministic, but now we know that determinism is necessary, but not sufficient, to guarantee predictability because chaotic systems stop being predictable after a while. Laplace’s characterization of reality was erroneously based on the idea that predictability and determinism were synonymous. Laplace’s demon, the powerful intellect that in principle could have known everything, turned out to be an illusion.


The conclusion is that any mathematical theory of physical reality is a valid model only within certain limits, and therefore it is not totally dependable. The real world outclasses any attempt to completely describe it.





1Galileo made a series of experiments with an inclined plane on which a ball was made to roll at different angles, thus varying the propulsive force acting on the ball. In this way, Galileo proved that the motion was accelerated, with the acceleration proportional to the force.


2According to classical physics, the amount of electromagnetic radiation emitted by a body in thermal equilibrium with the environment (called “black body”) had to increase without limit as the frequency increased, whereas the measured behavior tended to zero. This was such a glaring discrepancy that it was called the “ultraviolet catastrophe.” At the beginning of the twentieth century, this anomaly was a big thorn in the side of physics.


3The photoelectric effect is produced when a beam of intense light illuminates matter and produces electrons. The puzzling and unexplained behavior was the following: when the light frequency was below a certain value, there was no emission, even when the light intensity was very high. Maxwell’s equations instead predicted that the number of electrons should be proportional to the intensity of light without regard to its frequency.


4The principle of least action is central to physics and has been applied to mechanics, thermodynamics, quantum mechanics, and string theory. It is quite technical and difficult to explain correctly without high-level math. To give an intuitive but imprecise understanding, imagine a mechanical system undergoing a change from an initial to a final configuration. The principle of least action states that, of all the possible paths that a system could follow, the path taken is the one that minimizes the action, where action is defined as the path integral of the system’s energy over time.


5A detailed explanation of the key concepts and terms used by quantum physics can be found in the Glossary at the end of the book.


6The “three bodies problem” in classical physics is the following: when three objects interact gravitationally, there are regimes of initial conditions (the position and the linear and angular momentum of each object) in which the behavior can be stable, unstable, or chaotic. The behavior is actually chaotic for most of the initial conditions.
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