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Preface


August 1970, on the beach of Fort-Mahon, a small town in the north of France. As I do every year, I’m spending my vacation there with my sister and my parents. This is where I “meet” Einstein for the first time. I have just turned thirteen and am passionate about science, especially meteorology, visiting the local weather stations. On the beach, often with my sister’s help, I build small sand dams on the baïnes, the pools of seawater that form when the sea recedes, with the intention of making electric power with a dynamo. One day, a boy of my age approaches; I can still see him with his little blue hat. He is holding some bulrushes he picked in the nearby sand hills. He tells me my dam will be stronger if I incorporate his rushes. I’m skeptical, but my sister convinces me that it might not be such a bad idea; he seems like a nice guy, anyway. It is a good idea. A very good idea, in fact, because we become friends and go on to see each other almost every day. My parents also befriend his parents, who are older, and his sister, who is ten years his senior. It’s during these encounters on the beach that the boy speaks to me of Einstein and the relativity of time. I am spellbound, bewitched. I don’t know now what became of the boy—I’ve even forgotten his name—but he planted a seed in my mind.

And yet very early in my childhood—I must have been five years old—I had decided, after seeing a television program, to become a doctor, to the great surprise (perhaps tinged with anxiety) of my working-class parents. I can still remember the images that marked me: the digestive radioscopy of a baby swallowing baryte. Later, fascinated by my readings of Michel Jouvet’s work on sleep, my choice would become clear: I wanted to become a neurosurgeon and work on the brain. Still, physics called to me more and more. Every year my parents would buy my textbooks in advance, and over the summer before school began I would devour the next year’s physics book, doing almost all the exercises. Of course, there wasn’t much left for me to learn during the school year, which allowed me to play cards with classmates during study hours. The theory of relativity wasn’t on the high school curriculum (except for a very modest introduction my senior year), but I was fortunate enough to have physics teachers who encouraged me, sometimes asking me to give presentations to the class. At the end of high school, I faced a dilemma: would I go into physics or continue toward my original vocation, medicine? Unable to decide, I finally enrolled in the Pitié-Salpêtrière graduate school of medicine at Pierre and Marie Curie University, also known as Paris VI.

As it turns out, I’ve never managed to make up my mind, and this book, which straddles the two disciplines, is a testimony to this fact, if not its culmination. In the end, I did indeed study medicine and—mission accomplished!—become a neurosurgeon and neurophysiologist (the term neuroscience didn’t exist yet: there was only one science of the nervous system in France, and it was called neurophysiology; other neuro-things would come later). But I missed physics, so I studied it in parallel at the same university, then moved on to nuclear physics and elementary particles in Orsay at Paris-Sud University, or Paris XI—now Paris-Saclay University—and finally to my thesis at the École Polytechnique, splitting my time with my medical studies such that my medical residency lasted eight years instead of four. It was during this time, on the threshold of my residency, that I had a decisive meeting at CERN (the European Organization for Nuclear Research) with Georges Charpak, who had not yet received the Nobel Prize. Charpak was interested in the medical applications of physics and urged me not to abandon medicine for physics, but on the contrary to place myself at their interface. Another of his arguments, albeit a less convincing one to me at the time, was that the first pages of CERN publications were often filled with about a hundred authors’ names, making it difficult to get noticed! I would be invited to CERN some thirty years later, this time to present my work on “interfaces.” I hope I was worthy of Charpak’s advice, and that this book reflects it.

It was around the same time that fortune struck, offering me an exceptional opportunity to satisfy my two passions without having to choose between them: the emergence of magnetic resonance imaging (MRI) technology. (Although it was invented in the 1970s, the first industrial prototypes weren’t available, at least in France, until the early 1980s.) What better interface could there be than this instrument, based on the noblest principles of quantum mechanics and allowing us to look at the human brain as we’d never seen it before, this time without touching it? And it was quite natural to rediscover Einstein in 1984 when I invented diffusion MRI based on one of his articles from 1905—this will be the subject of the fourth chapter of this book. Diffusion MRI has become a mainstay of medical imaging,1 installed on MRI scanners all over the world, and the subject of a considerable number of publications, books, and conferences. In the 1990s, while working in the United States at the National Institutes of Health (NIH) in Bethesda, Maryland, I worked with Peter Basser to extend the concept of diffusion MRI to that of the diffusion tensor, which made it possible for the first time to see in a totally non-invasive way the intracerebral wiring, the assembly of connections between neurons that constitutes the brain’s white matter—in a way, the cerebral web that has taken the name connectome, as we will see in detail.

But it was only more recently, when I realized that time hadn’t always been considered a fundamental element in the architecture of the brain connectome, that I came to revisit the physical theories of special and general relativity to see whether and how they could be applied to a description of the flow of nerve impulses in the connectome. I crossed the Rubicon after simultaneously reading three books I had bought at a fair at Kyoto University, where I also work: one on the geometric architecture of Japanese temples (as Japan was closed to the West for centuries, its architects had to reinvent a whole geometry and the attendant calculations); The Unconsoled, a disconcerting but brilliant novel by Kazuo Ishiguro, winner of the Nobel Prize in Literature, about a pianist who gets lost in a semi-oneiric space-time (that’s my interpretation, in any case); and a physics treatise on the theories of relativity that helped me refresh my knowledge. After some subtle, probably unconscious mixing, it appeared to me that the equations of the theory of relativity could be applied to the functioning of the brain, given that the propagation speed of the nervous influxes in the cerebral connectome has a finite limit, just as the speed of light is finite in the universe. It follows that, as in the universe, the concepts of the present and of simultaneity are only relative with respect to the anatomical-functional structure of the brain, and that time and space must be unified in a combined cerebral space-time. This four-dimensional brain space-time must also have a functional curvature generated by brain activity, just as gravitational masses give the space-time of our four-dimensional universe its curvature. This is the new theoretical framework of brain function presented in this book, showing the light it sheds on the functional characteristics of the normal brain and the symptoms of its dysfunction (the clinical expression of diseases) observed in certain neuropsychiatric disorders and states of altered consciousness.

We will consider, in the first half of the book, the rudiments of the theory of relativity and their relevance for cosmology. In particular, we’ll dwell on the cosmological constant that Einstein added to his equation of general relativity in 1917 to make it compatible with a static universe—its assumed state at the time. In the 1920s, after Hubble discovered that the universe was in fact expanding, Einstein regretted having inserted this constant, and removed it from his equation again in 1931, calling it his life’s “biggest blunder.” After the books Descartes’ Error2 and Galileo’s Error,3 then, I present Einstein’s Error. But unlike Descartes’ and Galileo’s errors, which are in fact merely reinterpretations of these giants’ visions in the context of contemporary neuroscience, Einstein’s error refers directly to his own opinion of his cosmological constant, which has an incredible story. Indeed, ironically, the cosmological constant reappeared first in the 1960s, and then especially in 1998,*1 as a fundamental element in cosmology to account for the fact, now fully confirmed, that the universe’s expansion is accelerating. This constant would go on to be linked to the presence of dark energy in the universe—about which we know nothing even though it constitutes 70 percent of its content—by Saul Perlmutter, Brian Schmidt, and Adam Riess, who received the Nobel Prize in Physics in 2011 for their discoveries. In this book we will see how the meaning of Einstein’s cosmological constant, and especially its value, remain hot topics in physics that could give us the keys to understanding the universe, the laws of nature, and, ultimately, our destiny.

Armed with this knowledge, we will then be able to envision how this constant, Einstein’s error, might intervene in our quest to understand our brain: the cerebral cosmological constant could indeed represent the interactions between multiple cerebral space-times—that is, between our brains, and thus our social interactions, in time and space. From there we will return to cosmology to examine the most advanced scenarios suggesting that our universe may also be one among many.

As you can see, this book sits at the frontiers of what we know about physics and neuroscience, moving back and forth, with mutual borrowings, between these two universes: the cosmos and our brain; their energy and their matter, whether dark, gray, or white. In a crescendo, it alternates between the fundamental questions of physics and those of contemporary cosmology and reviews our knowledge of the functioning of the brain, drawing in particular from the revelations of neuroimaging, before combining these concepts in order to explore the brain connectome.







*1. This was the publication year of the work of Perlmutter, Schmidt, and Riess on the value of the cosmological constant in an accelerating universe in expansion (see Chapters 5 and 9).



Structure of this book


As it follows the physics of the universe and the biology of the brain from their emergence at the dawn of the twentieth century to their most contemporary advances, this book leads us little by little into the heart of relativistic cerebral space-time, a revolutionary concept inherited from Einstein and born of a true fusion of physics and neuroscience. Beyond introducing this concept, the book demonstrates how the concept can shed new light on the functioning of our brain and our relationships with others, and give us an opportunity to better understand its disorders and mental illnesses. It ends with a presentation of the great instruments that are or will soon be at our disposal to conquer the universe, our brain, and ultimately our destiny.

By way of introduction, Chapters 1 and 2 give an original and often epistemological view of the key concepts of physics and neuroscience that appeared at the beginning of the twentieth century: the relativity of time, space-time, the neuron, and the anatomical-functional organization of the brain. Chapters  3 and 4 flesh out this knowledge and its development from then to the present, showing how those concepts have evolved, the better to understand those to be introduced in Chapters 7 and 8. Chapter 3 illustrates in particular how the cosmological constant appeared and was then withdrawn by Einstein, who called it his life’s biggest blunder, even though others had already understood its importance. Chapter 4 presents recent results obtained by neuroimaging, in particular functional MRI and diffusion MRI, to explore the dynamics of the brain connectome.

Chapter 5 is entirely dedicated to contemporary cosmology, reviewing our current knowledge of the universe, illustrated by the results of the most recent work on dark matter and dark energy, the Big Bang, and black holes. We’ll see how the cosmological constant has reappeared and the central place it occupies today in physics, at the heart of the connections between the infinitely large and the infinitely small, and between the cosmological model of the universe and the Standard Model of matter—a merger, initiated by Einstein, of gravitation and quantum mechanics. This chapter will allow us to sketch the early development of recently established concepts that are taken up in greater detail in Chapter 8, both for the brain and for the physical universe, such as the holographic principle and its link with information theory.

The heart of the book, the space-time of the brain connectome, is presented and developed in Chapters 7 and 8. Chapter 7, no doubt the most innovative, shows how a derivation of the theory of special relativity can be integrated into brain anatomy and function in the connectome—the set of brain connections—and how general relativity can be borrowed to describe the dynamics of this brain space-time influenced by its activity, whether normal or pathological (attention, consciousness). Chapter 8 goes even further, merging concepts from the physics of the universe, cosmology, and neuroscience. The cosmological constant, Einstein’s error, is shown to be able to represent the cognitive and social relations among individuals, along with their dysconnective pathologies (schizophrenia, autism). There are ceaseless exchanges between neuroscience and physics, in both directions: Chapter 8 deals with the “multiverse,” or multiple universes.

Two chapters have a special place. Chapter 6 is a transition, showing how our brain distorts the information perceived by our senses, potentially leading to a biased knowledge of our environment and of the world, and therefore of our physical models. It highlights the notions of duality and relativity, now common in physics but not yet fully developed in neuroscience. And Chapter 9 concludes the book with a view of the large-scale instruments now in development to explore and better understand our universe and our brain: telescopes, particle accelerators, and giant MRI scanners.

While readers are invited to read the chapters in order, they can of course decide to read the physics chapters (1, 3, 5) in a row, then those on the brain (2, 4), or vice versa. Those chapters are there to refresh or complement their existing knowledge, even though it’s not required. The heart of the matter begins in Chapter 6.

This book is intended for readers with little scientific knowledge but a genuine desire to understand our universe, our brain, and what they have in common—readers ready to tackle complicated but exciting concepts. Throughout the book they’ll find metaphors, analogies, and anecdotes, some personal, that illustrate epistemology, concepts and their genesis, their experimental validation, and their extrapolation outside of science, sometimes in art. Some passages may appear rough, and surely they are. It is the nature of science to require reflection, sometimes deep reflection, but this reflection can be rewarding. Such passages are often enhanced with explanatory footnotes. The red-framed boxes are intended for readers who wish to know more about concepts often mentioned too briefly. Other boxes, which have a blue background, can be skipped without affecting the general understanding of the book upon a first reading. Students, teachers, and researchers will also undoubtedly find them of interest, as they present essential notions of physics, cosmology, and neuroscience in a somewhat unusual way, covering a wide range of subjects, allowing those readers to update their knowledge on the most contemporary topics. Bibliographical references can be found in notes compiled at the end of the book. The ideas presented in Chapters 7 and 8 are very innovative, sometimes even provocative, in both neuroscience and physics; they still require much investigation and validation to be widely accepted in our communities, but they are quite stimulating, opening the mind to many questions. And if readers’ efforts to understand are in vain, the fault is mine, not theirs: I apologize in advance. If, on the other hand, they are led even once to put the book down to puzzle through a concept I have introduced—and all the better if they experience a moment of inspiration therein—my work will be fully validated.







CHAPTER 1

How time was put in its place




In this chapter we will see how Einstein’s seminal 1905 papers lead to the concept of space-time and set the stage for the theory of special relativity. Breaking with the physical theories of the time, Einstein postulates that the finite speed of light propagation is a universal constant. As a result, time and simultaneity—like space—become relative to the observer.




May 1905, a suburb of Bern, Switzerland: this is where Einstein has just moved from his apartment in the center of Bern with his wife, Mileva, and their one-year-old son, Hans Albert. Einstein is still a mere employee of the Swiss Federal Patent Office, his hopes of finding an academic position in Zürich having been dashed by his professors due to poor grades and personal conflicts (it must be said that he didn’t speak highly of them). It is from this office that Einstein will publish several papers this year, four of them at six- to eight-week intervals, on the nature of light, molecular diffusion, electromagnetism, and space-time relativity—papers that will change the course of physics and ultimately of the world. We can say, then, that his small office constitutes the most advanced department of theoretical physics in Europe (and in the world, for that matter, European science still being the science epicenter where many American students come to be trained). So when Laue, Max Planck’s assistant in Berlin, comes to meet Einstein in the summer of 1907, he will go to the University of Bern, only to be redirected to the patent office. There he will pass a young man at the end of a corridor and continue on his way, even though the young man was Einstein coming to greet him.1


Genesis of the annus mirabilis articles

The way these articles were written and published in 1905, in the Annalen der Physik, deserves consideration. The first article on relativity,2 just like the one on the photoelectric effect that would earn Einstein the Nobel Prize in 1921,3 contains no experiments—and for good reason: he didn’t have a laboratory, and relied only on thought experiments—and therefore no data, a far cry from today’s big-data frenzy. Nor are there quotations or bibliographical references. Nonetheless, Einstein must have had access to scientific literature, first at the Polytechnic Institute of Zürich, where he studied from 1896 to 1900, then at the patent office and, by the same token, the University of Bern. He complained to a colleague that the library was closed during his free time (there were no photocopiers back then, of course). He was surely a very selective and critical reader, and he was obviously abreast of the latest theoretical developments of the time, as we shall see. He must have known more than some of his professors, which may have annoyed them. Of the Michelson–Morley experiment, which was fundamental in establishing the invariance of the speed of light (more on this later in this chapter), Einstein would say fifty years later that it had only an indirect effect on his thinking. On the other hand, the paper was written in German, and its title (“On the Electrodynamics of Moving Bodies”) had little to do with its content, which was quite iconoclastic, challenging dogmas taken as givens, notably on the nature of light, space, and time. Still, fortunately, the article was published (it seems Planck was a reviewer). Another world... this wouldn’t even be thinkable nowadays. There is much to say about the standard format of contemporary scientific articles in terms of “materials and methods, results, discussion, references,” about the system of peer review, about conservatism and fashion in science—but all of that is another matter into which I’d rather not venture. Moreover, Einstein is obviously the only author; physics papers today can have dozens. There is only one acknowledgment at the end of the article, to his neighbor and friend Besso!

Nonetheless, Einstein didn’t start from scratch. Henri Poincaré and Hendrik Lorentz undoubtedly played a very important role in his intellectual process. Lorentz, whom Einstein revered, had produced a general theory of electromagnetism, then very much in vogue, predicting the mass of the electron and introducing an ad hoc local, non-physical time by adding a mathematical term to classical time. Poincaré, in his large synthesis of physics intended for a general public, La Science et l’Hypothèse4—which Einstein would quote positively later on—summarizes the three important questions of the moment: how are we to interpret the results of the Michelson–Morley experiment, the speed of light having been found to be independent of the direction of movement of the Earth, which drags the luminiferous aether, the diaphanous medium thought to be the medium of light (more later)? How can light pull electrons from metals (the photoelectric effect)? And how do we explain the random motion of pollen grains and dust in Brownian motion?


By the beginning of the summer of 1905, Einstein had solved these three problems in a radical way by linking them, mentally, to the incoherence of the physical theories of the time.

1) There is no need to postulate the existence of a luminiferous aether if we consider the speed of light a universal constant, time becoming relative.

2) Light is made up of packets, the quanta of light (later called photons), which are both particles and waves. This proposal would put an end to three centuries of vacillation between wave and corpuscular visions, and already stood in direct opposition to Lorentz’s electromagnetic theory and Newtonian mechanics—not that Einstein necessarily knew it yet.

3) Brownian motion is intimately linked to the diffusion motion of atoms and molecules under the effect of heat, which should make it possible to estimate atoms’ size and thus prove their existence;5 the atomic and molecular theory of matter, supported by James Clerk Maxwell and Ludwig Boltzmann, had not yet been accepted by most scientists. (In Chapter 4 we will return at length to diffusion and Brownian motion, the subject of the thesis6 Einstein later defended on April 30, 1905.)



These three articles didn’t appear out of the blue, or as the product of complex calculations. They were the result of a maturation—dare I say a maceration—of intellectual concepts over several years. As seen by Einstein, science consists in refining everyday thinking in a critical way. In his view, a concept is based on the unconscious ordering of series of images in memory that have emerged from sensory experiences of the external world, ultimately converting our sensory perceptions into knowledge. Creation by thinking is nonverbal; the words (i.e., the equations) come later, “laboriously,” after the mental images. Einstein knew how to use thought to place himself outside of the common anthropocentric reference points, visually imagining the experience of an object traveling at the speed of light or an atom tossed about by Brownian motion. Once the concept emerged, as he himself explained about relativity, it took him only four to six weeks to write and submit his paper.7




Successes and failures of the principle of relativity

By the end of the nineteenth century, the principle of relativity of space (and motion) had been postulated, without demonstration, by Galileo (Dialogue on the Two Greatest Mysteries of the World, 1632), rejecting Aristotle’s conception of an immobile earth at the center of the universe. In Principia, three volumes in Latin published in 1687, Isaac Newton extended it by distinguishing absolute and relative reference points, which are indistinguishable according to the laws of mechanics, but time remained absolute regardless of the nature of the reference point. Sitting in an ideal, vibration-free high-speed train (such as the French TGV or the Japanese shinkansen) at night with your eyes closed and noise-canceling headphones in your ears, it’s not possible to know whether the train is stationary or traveling at 290 km/h, so long as it’s not turning, braking, or accelerating. If you drop a ball, it will fall vertically to the ground. There’s no way to know whether you’re moving or not. The space defined with respect to you (your frame of reference in this so-called uniform rectilinear motion) is indistinguishable, as far as the laws of physics are concerned, from the space defined by a stationary observer on a train station platform. Of course, the observer on the platform sees you passing by at high speed—but once you’re convinced that you are stationary aboard your train, you can just as easily imagine that the platform is moving backward at a very high speed with the observer on it! It’s only because you know (or think you know, from experience) that the platform is a priori immobile that you have difficulty making this purely cognitive leap. And yet you’ve surely had the experience of believing your train was starting to move when in fact it was another train, next to yours, that was leaving (in the opposite direction)! Our senses deceive us—or, more precisely, our (cognitive) perception of the signals coming from our senses is biased by our past experiences or our expectations (see Chapter 6). Another example: if you hadn’t been taught, you wouldn’t know by yourself that the Earth is round, even less that it rotates (around itself and around the Sun), since you don’t see or feel any of this; worse, the Sun gives the impression that it rotates from its rise to its set. Until Copernicus, it seemed obvious from observation of the sky that the Sun, and in fact all stars, revolved around the Earth. We will have the opportunity several times in this book to return to this concept of duality and relativity of our points of view, a fundamental issue. The reference frames in uniform rectilinear motion are therefore relative (interchangeable) to each other, whatever our brain may think. Time, on the other hand, is the same for everyone: it’s 3:47 p.m. whether you’re on the train or on the platform. When you arrive, it will be 5:49 p.m. on your TGV as well as at the departure and arrival stations. Time is therefore absolute. As a result, if you run at 20 km/h inside the car, in the same direction as the train moving at 290 km/h, the observer on the platform will see you running at 310 km/h (and you will see the observer on the platform moving at 310 km/h in the opposite direction). If you run in the opposite direction of the train’s motion, this speed will decrease to 270 km/h. The speeds add up (or one is subtracted from the other).

Alongside Newton’s laws of motion, which form the basis of classical mechanics, electromagnetism had emerged to explain the effects of electric current and magnets governed by Maxwell’s four equations (1861), which are behind the functioning of our TGV’s electric motors. The nature of light, meanwhile, remained a mystery: was it a wave or particle? In Maxwell’s equations there appears a universal constant, c, that links the electrical (permittivity) and magnetic (permeability) properties of the media in which the electromagnetic waves propagate. When this value was found to coincide with the speed of light in a vacuum (fixed since 1983 at 299,792,458 m/s), it appeared quite natural to Maxwell that light must be an electromagnetic wave. But there had to be something in which it propagated, a medium for its propagation, like air for sound. Around this hypothetical medium, called luminiferous aether, Lorentz developed his electromagnetic theory (1892) as an extension of Maxwell’s. This theory also predicted the existence of charged particles (the future electrons) carrying this propagation. However, it remained to establish that this aether existed, which was at the origin of the experiment performed by Michelson and Morley in the United States in 1887.


The Michelson–Morley experiment


In this experiment, a ray of light is divided into two perpendicular rays by a semi-reflecting mirror and sent to two reflecting mirrors placed at equal distances on two arms of eleven meters long (Figure 1.1). This device is called an interferometer because the reflected rays re-cross upon returning after their reflection, producing interference patterns, colored stripes—as we can see by looking at a motor oil stain on the surface of water. The pattern of these figures results from the superposition of light waves from each segment with a wavelength of less than one millionth of a meter, allowing the detection of very small differences between the two reflected rays. As the Earth moves in space at the speed v of 30 km/s, rotating around the Sun and therefore in the supposed ambient aether, there should be an aether wind. We expect, then, in accordance with the relativity principle of Newton’s mechanics, that the light (which moves at the speed c in the aether) is slowed down in its round trip along the arm pointing in the direction of the Earth’s movement against the aether wind (even if on returning from the mirror the ray has the wind at its back). On the other hand, in the perpendicular direction, the propagation of light shouldn’t be affected. This should result in a baseline interference pattern, which is recorded. Six months later—some experiments are long, as we will see often in this book—the Earth is on the other side of the Sun and has therefore reversed direction. The light propagating along the arm aligned with the direction of the Earth’s movement now has the aether wind at its back, which should make it go faster and produce a different interference pattern. However, no difference was observed. The article reporting the most famous experimental failure in history was published in the American Journal of Science8 (the Journal of Negative Results didn’t exist yet).

[image: Image]

Figure 1.1. Michelson–Morley experiment. The light beam is divided into two arms, which are reflected by mirrors A and B. The two beams then meet at a detector, producing colored interference patterns that are very sensitive to any difference in path (distance or time) between the two beams. Despite the high sensitivity of this interferometer to minute differences in the speed of light as a function of the direction of the Earth’s movement, no difference was found, suggesting that light was not propagating in a physical medium called luminiferous aether.







Obviously something was wrong, either with classical mechanics and Galileo’s and Newton’s principle of relativity or with Maxwell’s and Lorentz’s electromagnetic theory. Einstein showed that in fact they were all wrong, which was rather radical. Lorentz tried to save his theory (to which the aether was central) by cobbling together a local time with a mathematical term, one that forewent physical reality in order to cancel out predicted but unmeasured effects—a good way to validate a theory, after all! He also dared to introduce a contraction of lengths in the direction of the Earth’s movement, including that of the interferometer arm, to explain the observed lack of difference in the speed of light according to the season. In fact, he was very close to the goal, having introduced the necessary ingredients and even written part of the equations that Einstein would use for the theory of relativity (the Lorentz transformation, which is in fact the Lorentz–Poincaré transformation because the latter had initiated it)—but he was blinded by his stubbornness about the aether.

For Einstein, it was necessary to unite the two points of view, mechanical and electromagnetic, with that of optics (as a science of light), which was considered “mission impossible” at the time. In his paper,9 thirty pages of breathtaking depth and vision, he overturns the perception of our senses and postulates that the speed of light must be a universal constant and that there is no need for an aether, ruining Lorentz’s theory (and giving a real physical meaning to his mathematical artifice of local time without existence). Worse, at the end of his paper Einstein estimates the mass of the particle predicted by Lorentz, the electron, without using his theory of electromagnetism. In passing he abolishes the privileged absoluteness of time, making it as relative as space, depending on the reference frame, in order to accommodate Maxwell’s equations of electromagnetism.





Light illuminates time

Einstein knew from his other article, on the photoelectric effect and the particle nature of light,10 that there was something incoherent in Maxwell’s equations—which considered only light’s wave aspect—that explained why the physicists of the time were unable to develop an electromagnetic theory integrating Newton’s principle of relativity. He opens his article on relativity11 with a remark on this matter, then continues with the simple observation of the currents produced by a dynamo. (This is the only experiment reported in the article, showing that it doesn’t take much when you ask the right questions.) In a dynamo, such as we used to find on bicycles, such as the one I used for my experiments on the beach of Fort-Mahon, a magnet turns inside a coil of conducting wire, which produces a current (this is Faraday’s 1831 experiment). This simple object is therefore at the crossroads of mechanics and electromagnetism: the faster the magnet turns, the stronger the current. Here again, Einstein uses thought to occupy the perspective of the magnet or the wire, using Maxwell’s equations. Seen from the wire, the current comes from the rotating motion of the magnetic field produced by the magnet.*1 For the magnet, the current in the wire comes from an electric force*2 appearing therein because of the electric field produced by the rotating magnet—two points of view, a field and a force, for a single phenomenon, the relative motion of the magnet and the wire. This was twice too much for Einstein, who was perplexed by the way Maxwell’s model treated electricity and magnetism as two phenomena depending on the observer’s point of view (wire or magnet, motion or not).

To solve the problem, Einstein first refuted the concept of the aether, about which nothing was measurable. Instead, he genially—if perhaps naively—postulated that if the observed speed of light remains constant, whatever the direction of measurement, it must be... a constant: universal, fixed, and independent of the observer. Not only was light made of particles (cf. his article on photoelectrics and light quanta12), but their speed remained the same whatever the movement of the Earth (or the laboratory where the measurement was made). The speed of light and that of the moving body could no longer be added! On the other hand, to reach this conclusion, time now had to be relative and depend on the observer.


Physics was shaken up by what seemed to announce a schism with Galileo. In fact, on the contrary, this bold statement made it possible to respect and even generalize Galileo’s principle of relativity: the laws of physics (including the speed of light becoming a constant) are the same in all uniformly moving reference frames. It was by considering the relationship between the nature of time and that of light that Einstein would reconcile these two a priori contradictory visions in a revolutionary framework at the borders of mechanics, electromagnetism, and optics (and, we might add, philosophy). The main purpose of the article on relativity,*3 then, was to solve the apparent incoherence of Maxwell’s equations: hence the title about “electric charges in motion.” But it was also about the revolutionary concept of the relativity of time. Not many people understood this connection back then: as Professor Heinrich, dean of science at the University of Bern, wrote by way of rejecting this paper for Einstein’s thesis, and thereby his eligibility for an assistant professorship: “We think that your conclusions about the nature of light and the connections between time and space are rather radical, and that your hypotheses belong more to art than to physics.”

The key here is to realize that time is accessible to us only through clocks, whatever their nature. How can we be sure of the equality of a duration, or of the simultaneity of events occurring in different places, without some kind of clock? Poincaré had already spoken of a link between the synchronization of clocks and light signals. The question of time standardization was a major one at the end of the nineteenth century, with the advent of trains and rapid transit in general, meteorology, and telecommunications. And Einstein, working in a patent office—a Swiss one, at that, facing a train station with a big clock—was certainly aware of these technical discussions about clocks and time measurement.

For Einstein, the measurement of time was reduced to simultaneity, i.e. the visual correspondence (or the correspondence by any means involving light, including radio waves) of an observed phenomenon and the state of a clock. Because of the finite value of the speed of light, two events that are simultaneous in one frame of reference are no longer necessarily simultaneous in another; simultaneity becomes relative, and time doesn’t flow the same way in each frame of reference.


Let’s return to our train, adapting the example given by Einstein himself (along with its clocks, Switzerland is known for the precision of its trains). Suppose the train is traveling at a speed close to that of light and that a flash of light is emitted exactly in the center of your car as it passes the platform on which an observer is standing. Thanks to a system of reflecting mirrors, you can see that the light from the flash has reached the ends of your car simultaneously, since they’re at the same distance from you and since the speed of light is finite and independent of the train. The situation is quite different on the platform: because the train is moving fast, the flash will first reach the end of your car opposite the direction of the train’s motion, as it approaches the center, and then the other end moving away from it. For the observer on the platform, the two ends of your car are not lit up at the same time: the simultaneity is broken (see Figure 1.2)! It would be preserved, when seen from the platform, only if the propagation of light from the flash were instantaneous and the speed of light infinite, which is not the case.*4 The observer will also deduce that the center of your car is in fact closer to the rear end than it appears, and therefore that your car is a priori shorter than you think: the lengths shrink. As a result of this effect, the wheels of your train will also look funny. At the bottom, their speed is zero when they touch the rail, and they remain circular. But they will be shortened at the top because their speed makes them contract. If you now emit two light flashes at an interval of ten seconds, the observer on the platform will perceive the second flash after a longer interval than the first one because you will have moved forward, on your train, between the two: the observer will thus have the impression that time passes slower for you on the train than it does for him on the platform! As a result, the time at which you arrive in the station will be later than the one displayed on your watch (but, in the real world, given the speed of a TGV compared to that of light, the effect is tiny and cannot be invoked to explain the long delays sometimes observed in the arrival of some trains!).
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Figure 1.2. Effect of the existence of a speed limit on time and length.


To better illustrate how a speed limit can influence the course of time, let’s greatly lower this speed limit, which will serve us later in this book (Chapter 7). Suppose our government has decreed that the physical speed in our country cannot exceed 300 km/h under any circumstances. Let’s go back to our TGV traveling at 290 km/h: you won’t be ticketed by a police officer on board the train if you run at 20 km/h, but for a Galilean policeman on the platform you’ll be traveling at 310 km/h and thus in violation of the law. This is where Einstein comes to your rescue. According to his theory, because there’s a speed limit of 300 km/h, your speed relative to the platform is no longer 290 + 20 = 310 km/h (which would be impossible according to the rule), but (290 + 20) / (1 + (290 x 20) / (300 x 300)) = 291.2 km/h!*5 How is this possible? It’s because, as we’ve seen, time doesn’t flow the same way on the train and on the platform. The closer you get to the speed limit (in this case 300 km/h), the slower your time seems to pass to someone watching you from the platform. Seen from the platform, then, 3.9 hours pass while only one hour goes by for you. But that’s not all: the lengths also contract as you approach the speed limit, in the same ratio: 20 kilometers is seen from the platform as only 5.12 kilometers. This is because, to measure a length—for example that of the car you’re sitting in—the Einsteinian policeman on the platform has to look at both ends, which he can’t do simultaneously. Time is involved in determining lengths. Your speed on the train will therefore no longer be 20 km/h in relation to the platform but, to a first approximation (the exact calculation is a bit different), 5.12 / 3.9 = 1.2 km/h—meaning you won’t be fined. Note that these effects are symmetrical: the length of the platform (which appears to you to move backward at 291.2 km/h), let’s say 400 meters (the length of the station platforms is standardized in France!), will appear shorter to you on the train by the same factor, i.e. approximately 100 meters! With such a decree, a three-hour Paris–Marseille trip would be dispatched by the TGV in 46 minutes. The French railway authority could even claim to make its passengers younger: 2.2 days per year for a passenger with a subscription for twelve annual round trips. It would also save on train wear and tear: 1,120 hours per year instead of 4,380, supposing this TGV makes two round trips per day. By pushing its trains to the speed limit of 300 km/h (continuously, over the whole trip), it would keep them from aging at all. Indeed, the light that comes to us from the depths of the universe arrives with photons that haven’t aged a bit, as fresh as when they were emitted several billion years ago, because time doesn’t pass for them. They’ve only been redshifted, which Einstein didn’t know and which led to his error. But let’s not get ahead of ourselves.

The equations of Einstein’s relativity do not require, physically, that the limit speed be that of light: they are compatible, mathematically, with a completely different value.


This is an important point, one that is usually overlooked and that we will take up again in Chapters 3 and 7. Here we have taken 300 km/h as a speed limit in order to give a concrete example of what we can imagine using common sense. But in our universe, this physical limit corresponds to the speed of light (300,000 km/s). The relativistic effects become apparent, on time and length, only when we approach this speed, which is still a far cry from that of the TGV (and the improvements imagined in the previous paragraph are hardly to be expected in the near future). However, when we consider the satellites above our heads, this effect is not negligible at all, and must be taken into account, for example to correct the location obtained with GPS signals. The error, about 7 microseconds per day, can result in an accumulated error of 2 kilometers per day on Earth—enough to miss a target (as we’ll see later, gravity also has a relativistic effect on time, but in the opposite direction, of about 45 microseconds, corresponding to 14 kilometers, per day).

In summary, the existence of a physical speed limit (as suggested by the invariance of the speed of light in space) requires that time be considered relative, i.e. dependent on the observer’s point of view, in particular if he is in motion—just as it is for space. This is the fundamental principle of relativity introduced by Einstein.





Space-time


In sum, we’ve seen that not only are time and simultaneity relative, but the length (and thus the shape) of the objects we observe is too. The truth becomes multiple and relative, beyond facts and observations, challenging the very foundations of our perception and cognition: what you see isn’t always what you get!

The conclusion of the relativity paper13 describes a way to estimate the mass of the electron that dispenses with Lorentz’s erroneous electromagnetic theory. As a bonus, it points out that the apparent mass of the electron must now depend on its velocity, and thus on its energy. This overview on mass contains the premise of the next 1905 paper,14 which in only three pages establishes a link between mass and energy. Starting from the length contraction and time dilation of moving objects imposed by the speed limit of light, Einstein shows—with a truly trivial calculation—that if a body loses a quantity of energy E (or L in the paper) in the form of radiation, its inertial mass becomes lighter by E / c², which he generalizes by concluding that the body’s inertial mass is in fact a measure of its energy. Inverting and extending this principle to any mass at rest (this is where the genius comes in, even if it would take him another two years to articulate it15), Einstein deduces that E = mc², a principle of equivalence between mass and energy that he calls “amusing and attractive.” Of course, he couldn’t have foreseen that some forty years later this equation would be anything but amusing, changing the fate of the inhabitants of Hiroshima and Nagasaki, and that of the whole planet.

If we forget its title (“On the Electrodynamics of Moving Bodies”), then, the main article on the theory of relativity is in fact the presentation of a theory of space and time, which would be coupled shortly thereafter into space-time, a concept that actually comes from Hermann Minkowski, Einstein’s math teacher from his years in Zürich. Very impressed by the relativity paper, Minkowski said, “I would never have believed that Einstein was capable of this.” Following the premises just introduced by Poincaré linking geometry and physics, Minkowski elaborated between 1907 and 1908 (publication in 190816) a geometrical representation, a veritable visual imagery, to account for the way light makes it possible to connect the three dimensions of space to the dimension of time, the four dimensions literally merging to create a new reality. (Mathematically, this merging is obtained via a metric tensor*6 defined by Minkowski to describe how small variations along these dimensions interact within the framework of differential geometry.) It was in this new four-dimensional space-time, instead of the former three-dimensional space, that the Galilean principle of relativity was to be applied. Unfortunately, Minkowski, who died in 1909, was unable to appreciate the importance of this vision, on which Einstein would build his theory of general relativity from 1912 onward (see Chapter 3).


MINKOWSKI SPACE-TIME


Let’s examine Minkowski space-time in some detail here, as we’ll return to it in Chapter 7. In Minkowski space-time, each point corresponds to an event occurring at a given position and time. To represent this four-dimensional space-time on a two-dimensional figure (rendered in Euclidean perspective), we must mentally compensate for the inevitable absence of one or two dimensions. Minkowski’s first diagram presents two axes, a vertical one for time (in fact ct, or c × time, which corresponds to a distance) and a horizontal one representing a spatial dimension (e.g. the X-axis). This diagram is so famous that I happened to find it one day, on a trip to Asia, as the cover of an album (Six Piano Studies by Philip Glass, performed by Bruce Brubaker) available to listen to on the plane! Naturally, I wasted no time listening to it.
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Figure 1.3. Minkowski’s original diagram. This was developed to illustrate in two dimensions the notion of four-dimensional space-time from the theory of relativity.


If we use two dimensions for space and play with perspective, we can represent spheres as circles. Figure 1.4 shows an example of such a diagram, centered on an event E. The vertical axis corresponds to time, but treated as a spatial dimension. Space is reduced to a dimension representing, in perspective, the two dimensions X and Y of a plane; the Z dimension is not represented. This deletion of the Z dimension reduces the four-dimensional space to a three-dimensional conical figure representing a propagation front in the XY plane of space that converges toward the origin and moves away from it. (In the four complete dimensions, it’s not a circular front but a spherical one, converging toward the event and moving away from it.) Each event is in fact associated with two cones, one for the past and one for the future, whose angle of opening with the vertical is fixed by the maximum possible speed, i.e. that of light. The events are linked in space-time by world lines. For a given event, only the lines that remain within the cones of that event are causally related (in the past or the future). A perfectly vertical line corresponds to an immobile object (remaining in the same position as time passes). The time along this line is indeed the “proper time” associated with the event. The more the line deviates from the vertical axis, the slower time passes. At the extreme, for a line at 45° from the vertical on the edge of the cone (which corresponds to the speed of light), the proper time no longer passes. On the other hand, the world lines never go back down, always advancing in the direction of time. It’s the principle of causality that guarantees that the past always precedes the future, even if the speed of the past–future succession depends on the slope of this line (see also Chapter 7).

To put it another way, the cones represent the set of (spatiotemporal) locations of events that can send a signal to or receive a signal from E. The cones of each event E thus define a very important causal partition of all other events with respect to E. All events on and in the future cone (upper half) can be influenced by E because they can receive signals from it. All events occurring in this region occur after E and constitute its absolute (causal) future. Conversely, events on or in the past cone (lower half) of E precede it and constitute its absolute (causal) past. No events in the region outside the cone can influence or be influenced by E, but they can be simultaneous with it. This region therefore corresponds to the causal present of E. Indeed, events that occur simultaneously with this event can’t be physically connected (hypersurface of the present), as this would imply an infinite propagation speed. This observation is a crucial demonstration that, because of the finite speed of light, space can’t be considered a three-dimensional Euclidean space where time and simultaneity are identical for all points, which would correspond to flattened cones. Note, however, that in this space-time the axis of time (here vertical) is the same for all the cones, which are thus parallel to one another. The axes are straight and perpendicular, as in our three-dimensional (Euclidean) space, but now in four dimensions. This is why this space-time is called flat: it presents no inclination (curvature) of the cones, as will be the case later with the theory of general relativity (see Chapter 3).
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Figure 1.4. Event cones in Minkowski space-time reduced to three dimensions: two for space (horizontal) and one for time (vertical). Events associated with points in space and time are surrounded by cones that connect them, via world lines, to other events, defining each event’s past and future. The opening of the cones is determined by the speed limit c in space-time (speed of light, red dotted line) and the world lines are constrained within these cones (causality, impossibility of going back in time). Event E3 can thus succeed event E2. On the other hand, no world line can link events E1 and E2.


Surprisingly, these thoughts on space and time emerging at the dawn of the twentieth century, the Belle Époque, concerned more than just physics. In philosophy, Henri Bergson viewed physical time as objective data linked to space (as in its measurement with the hands of a clock), opposing it to the duration of consciousness. On the artistic front, multiple images by the pioneers of cinema made it possible to represent time in film, in the form of successive perspectives or shots, as in Eadweard Muybridge’s Dropping and Lifting of a Handkerchief (1885), or superimposed, as in Étienne-Jules Marey’s Chronograph of a Fencer.
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Figure 1.5. Picasso, Les Demoiselles d’Avignon (1907).


But someone else was about to introduce a revolution, this time in painting, breaking through the spatial constraint of perspective that had prevailed since the Renaissance. Through his circle of friends at the Bateau-Lavoir in Montmartre (“la bande à Picasso”), Pablo Picasso had heard Poincaré’s ideas on time and geometry through Maurice Princet, who had read his book La Science et l’Hypothèse, and whose mistress, Alice Géry, was also a close acquaintance of Picasso’s in 1905. According to Poincaré, an object can be represented as a succession of points of view, of perspectives, implicitly involving the temporal dimension. When we look at the same head from the front and in profile, we perceive that it’s the same person. To achieve this, we must make an unconscious mental rotation of this head. Now, a rotation is an operation of space and time: the passage from head-on to profile is not instantaneous, not even mentally, and it’s impossible for us to see both representations at the same time. The Egyptians may have solved this dilemma in part by drawing heads in profile on bodies viewed from the front, but Picasso went much further. A painting is a two-dimensional reduction of three-dimensional space; how to represent the fourth dimension, time, as well? One solution was to make several successive paintings representing different times of day with the same perspective (as cinema had begun to do, and as Claude Monet did with Les Meules in Giverny and La Cathédrale de Rouen). Paul Cézanne’s approach, following Bergson’s vision, was to join on the same canvas several views of a landscape or a scene that he had memorized over a long period, as he did for Les vues de L’Estaque. Picasso’s solution was much more radical: he decided to represent his figures, geometrically, both in full frontal and profile perspective, which he did for the first time (after a considerable number of attempts and several hundred sketches, which can be seen as genuine research studies) in 1907 with Les Demoiselles d’Avignon (Figure 1.5) with the squatting demoiselle on the right, thus creating a “spatial simultaneity.” Thus was cubism born, and with it the materialization of a new space beyond the visual, accessible to the painter’s hand. Georges Braque understood this very quickly.

Our ancestors, reasoning from their observations and the immediate evidence of the senses, had placed humans and the Earth (Aristotle, Ptolemy), and then the Sun (Copernicus), at the center of the universe, in a vision that was always anthropocentric. With Einstein’s theory of relativity, the relativity of time is revealed by an observational tool such as the clock, imposing in one way or another a passage through light (or electromagnetic radiation). In quantum mechanics, another foundation of physics born in the first quarter of the twentieth century, observation also plays a fundamental role. In the famous “Schrödinger’s cat” thought experiment, a cat in a box can be dead or alive, due to a poison that may or may not have been released unbeknownst to us. The cat’s state is determined only when the box is opened. According to the principles of quantum mechanics, before the box is opened the cat is both alive and dead: the two states coexist. It is observation itself that determines the state of the cat.*7 Observation (human, and thus anthropocentric—even if Einstein, who didn’t believe in quantum mechanics—because, as he said, “God does not play dice”*8—wondered, “Can a little glance by a mouse be enough?”) always remains at the heart of our relationship to nature and to the physical world so that we may elaborate models and certain parameters.

Do these models reflect any natural reality that would exist without us if we didn’t observe it, or are they merely produced by our mind to satisfy, even flatter, our senses? This question is all the more relevant now that we know our perception is biased and are exploring the universe in search of neighbors, who may have a completely different experience that prevents us from perceiving them. Clearly, our universe is not dissociable from our brain, and our mind participates in the creation of reality. It is therefore high time to begin to look at what’s happening in our brain...









*1. Field defines the variation of a physical quantity in space. The magnetic field describes how a magnetic object experiences a force at a distance from the magnet. When iron powder is sprinkled on a sheet of paper placed over a magnet, the iron grains orient themselves, showing the field lines.

*2. A force characterizes the way an object acts on another, directly or at a distance via a field.

*3. Einstein didn’t consider his theory to be a “theory of relativity” at the time, hence the title of his article.

*4. If it helps, let’s consider another example, this time in the Wild West. Two protagonists, John and Jack, face off in a pistol duel at 340 meters apart. Each has his witness beside him. Equidistant between the two—at 170 meters from John and Jack—a referee gives the signal with a gun. The speed of sound being about 340 meters per second, the sound of the shot reaches John and Jack at the same time, after half a second. In turn they both shoot, as witnessed by the referee, who will hear these two shots simultaneously a second and a half later. But John (if he’s still alive, as the bullet might travel faster than sound) and his witness will hear Jack’s shot one second after John’s. Similarly, Jack and his witness will hear John’s shot one second after Jack’s. For them the two shots are not simultaneous, and each believes he fired first.

*5. With the theory of relativity, in the presence of a limit velocity c, the sum of two velocities v1 and v2 is not v1 + v2, but (v1+ v2) / (1 + v1v2/c²). If v1 and v2 remain small, we get approximately v1 + v2. But when v1 and v2approach c, the “sum” of the speeds only approaches c, without ever exceeding it.

*6. A tensor is a compact mathematical object used to describe how a physical representation in a given multidimensional space varies within that space. In the case of relativity, each point in space-time is associated with a tensor.

*7. If the cat is alive when the box is opened, we will see why it could be killed by a schizophrenic in Chapter 7 and still be found alive in Chapter 8.

*8. He wrote this in a letter to Max Born on December 12, 1926, as he was having difficulty accepting the probabilistic character of quantum mechanics, even though he was one of its pioneers thanks to the quantization of light (photon) in his paper on the photoelectric effect.




CHAPTER 2

Meanwhile, on the brain side




In this chapter we will explore the brain, beginning with its elementary unit, the neuron, integrated in a network of electrical and chemical connections. The functional anatomy of the brain is organized on multiple scales. Since Broca’s discoveries, the functional specialization of hemispheres and cerebral areas is well known. Within each region, the spatial organization of the brain is also observed in a specific three-dimensional architecture of neurons and their connections in successive layers and columns. This three-dimensional mosaic on the surface of the brain, the cortex, forms a kind of neural code expressing various elementary functions.




At the end of the nineteenth century, a revolution was underway in the field of neurology—neuroscience didn’t exist yet—with the emergence of neuronal theory, based on Santiago Ramón y Cajal’s 1888 discovery that neurons were cellular entities separated by narrow spaces, not a continuous network of fibers. Thus did the brain find its own quantum: the neuron.1 Before this, thanks to microscopy, the notion that organ tissues were made of cells had made progress. But the coexistence within the brain of cells and the numerous fibers (neurofibrils) visible therein remained a mystery, as the instruments of the time weren’t sophisticated enough to explore further. A breakthrough came when Camillo Golgi invented a technique of staining tissue preparations with silver, allowing the neurofibrils, axons and dendrites, to find their owners: brain cells. But Golgi wrongly saw them as nothing more than a continuous reticular network.

It was therefore Cajal who had the intuition, using Golgi’s method to observe sections of the cerebellum*1 in birds, that these cells were in fact separated from the filaments coming from other cells by small spaces that formed an interface (Figure 2.1). Several types of cells were identified based on their shape, but in all cases the network they formed was discontinuous—which Golgi, faithful to his reticular theory, didn’t admit. In spite of this difference, the two scientists jointly received the Nobel Prize in Medicine in 1906, contradicting each other in their respective speeches to the Swedish Academy. It must be said that this gap between cells and fibers was very small (about twenty thousandths of a millimeter) and not directly observable by the microscopes of the time;*2 it was thus more of a concept. In 1897, the English neurophysiologist Charles Scott Sherrington (winner of the Nobel Prize in 1932) gave substance to these junctions, naming them synapses.
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Figure 2.1. Representation of the brain. (left) The brain and visual pathways according to Leonardo da Vinci; (right) the neurons of the cerebellum drawn by Cajal. (center) The relationship between the respective sizes of the neurons and their extension within the brain.


Cajal’s cells were named neurons by the German anatomist Heinrich Wilhelm Gottfried von Waldeyer-Hartz; the filamentous extension of neurons was named the axon by Albert von Kölliker, and the fine branches of neurons on which axons terminate were called dendrites (Figure 2.1). Following his neuronal doctrine, Cajal even came to the conclusion that neurons were polarized, with signals going from the neuron body to the axons and then to other neurons via their dendrites—a prelude to the standard model of the brain, which we will see later.

Today, the number of neurons in a human brain is estimated to be close to 100 billion, though it’s probably closer to 80 billion (some dolphins have more), of which 16 billion are in the cortex (see below). There are about the same number of glial cells, but these are relatively more numerous in the cortex. Glial cells, which include astrocytes (star-shaped cells near the bodies of neurons and blood vessels), oligodendrocytes (which surround axons), and microglia, are traditionally considered logistical cells that support the function of neurons in the cortex and in white matter, but they may also play a role in local information processing.


Regional functioning of the brain

Before Cajal’s discovery, it must be said, there was little understanding of the brain. The ancients, such as Aristotle, thought emotions were matters of the heart (hence the expression we still use today), while the Egyptians went so far as to think of the brain as a vast radiator used to cool the heart (hence the expression cold blood), and discarded it from their mummies. There was also Franz Joseph Gall’s phrenology, which associated the visible protuberances on the skull with faculties said to reflect the underlying brain, such as the so-called “math bump.” However, once human dissections were permitted, the situation changed completely, and a global description of the brain could finally be established. The brain weighs about 1.35 kilograms*3 and consists of two hemispheres, left and right. Most of our organs exist in pairs: two kidneys, two eyes, two ears, two hands, etc... a redundancy of nature in case one should fail to function? On the other hand, it was later found, the two cerebral hemispheres, though apparently symmetrical, play rather different roles. These two hemispheres are connected by a medial structure called the corpus callosum. In the center of the brain we also find a hydraulic structure made of a series of cavities filled with cerebrospinal fluid, the cerebral ventricles. Leonardo da Vinci mistakenly believed that the eyes and optic nerves communicated with these cerebral ventricles (Figure 2.1). The brain is part of a larger entity, the encephalon, which also includes an emanation at its base called the brain stem, continuing into the spinal cord, where the peripheral nerves originate and arrive. The cerebellum—the “little brain” Cajal used to identify neurons—wraps around the brain stem. More than its size, the human brain is impressive for its complexity: it consists in lobes (called frontal, parietal, occipital, and temporal based on the names of the adjacent skull regions), which are themselves divided into bumps, convolutions, separated by fissures. This complexity is not found developed to the same extent in other animal species—not even great apes, who have smoother brains.

The French surgeon Paul Broca is credited with the fundamental discovery that the two hemispheres are not functionally identical.2 Although apparently homogeneous, the brain is divided into regions with different functional specificities, unlike other organs: for example, the cells of the liver all do the same work regardless of their position therein. This discovery paved the way for modern brain physiology, and is at the heart of the concept of neuroimaging, which maps the natural geography of these regions and, better still, their involvement in the sensorimotor or cognitive functions they underlie (see Chapter 4).3 In 1861, Broca, a surgeon at the Hospice de Bicêtre near Paris, he was treating an aphasic (language-impaired) patient named Mr. Leborgne, who became involuntarily famous and got the nickname “Tan-Tan” because he answered questions with a single syllable, tan, usually twice. When Tan-Tan died, Broca dissected his brain and found a lesion that allowed him to present, the next day, two major hypotheses to the Anthropological Society of Paris. First, he attributed his patient’s functional disorder to the lesion’s particular location in the brain: it was forward, at the bottom of the third convolution of the frontal lobe in the left hemisphere. Had it been located farther back, or in the right hemisphere, Leborgne might have had other symptoms, but he wouldn’t have been aphasic. Thus was born the principle, now amply verified, of a direct link between cerebral localization and function, each region being associated with a particular function (motricity, vision, hearing, language, etc.), and this organization manifesting at various scales. The region affected in Leborgne is now called Broca’s area, and while there’s no doubt today about its role in the production of language, we know that many other cerebral areas are important for language as well, and, conversely, that Broca’s area is also involved in other functions. In any case, the postulate of a regional functioning of the brain is now fully established.

Broca’s second major discovery was the specialization of the two hemispheres: language is located in the left hemisphere, which is where his twenty or so aphasic patients all had their lesions. Until this revelation, the two hemispheres were assumed to have identical functions, like our two kidneys or our two lungs. For the first time it appeared that the two cerebral hemispheres were not identical or functionally interchangeable (except in very special cases following accidents at birth, or very early in life, that result in major brain reorganization). For about 85 percent of us, language-related functions predominate in the left hemisphere; for the rest, they are in the right hemisphere, and sometimes the dominance is less clear-cut, with both hemispheres participating in language to roughly the same degree. Generally speaking, the right side of our body (arms, legs, torso) is connected to the left hemisphere of the brain, and vice versa. At what point, over millions of years of evolution, did the lateralization of the human brain appear and embed itself in our genes?*4 Is the left lateralization of language related to dexterity (the fact that most of us are right-handed and “clumsy” with the left hand)? These questions remain incompletely resolved.

Broca’s discovery opened a major gap in the understanding of brain function. Following his discovery, neurologists (in particular those of the French school of the early twentieth century, among them Pierre Marie, Jules Déjerine, and Joseph Babinski) learned a great deal from their brain-damaged patients. To learn about the function of brain regions, it sufficed to establish correlations between the functional disorders and the location of lesions visualized after autopsy. From careful, detailed observation of neurological signs—sometimes very tenuous, such as a small abnormality in the movement of the eyes, or subtle cognitive disorders revealed by complex tests—these pioneers were able to establish the location of the lesion to within a few centimeters (or even, in the brain stem, a few millimeters). Of course, this approach had its limits, the first being that brains had to be available, and not all patients died on these neurologists’ watch. On the other hand, certain cerebral regions remained silent, due either to the absence of lesions or to the absence of visible associated functional disorders. Neuroimaging would of course change this approach (see also Chapter 4),4 permitting the observation of the brains of living patients and sometimes revealing surprises, such as lesions that were not at all where they were expected.
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EINSTEIN'S ERROR

An overview of this book

Concept of space-time
With the existence of a speed limit to
the universe, time becomes relaive. This
is Einstein's special theory of relativity

(1905)

Gravity curves space-time. This i the general theory of
relativity (1915), which predicts the existence of a Big Bang.
at the origin of the universe, and of black holes.

Einstein introduced his cosmological constant in 1917 to
account for a static universe, then withdrew it in1931 following
the discovery that the universe was expanding, calling it is
Ife's biggest blunder.

Ordinary matter (galaxies, stars, humans) represents
only 4 percent of the universe. The rest is made up
of 25 percent dark matter and 71 percent dark energy.
both of unknown origin. Dark energy, responsible
for an acceleration of the expansion of the universe,
is associated with the cosmological constant now
making its comeback.

Black holes are veritable laboratories in which to test
current physical theories (relativity for the infinitely

the conquest of the cosmos
(gravitational waves, cosmo-
logical constant, black holes),
the infnitely small (particle
accelerators), and the brain
Cgiant MRI sconner).

The existence of a speed lmit for the prapagation of nerve
impulses inthe brain leads to the equivalent of a relativistic
space-time for the connectome, with a curvafure produced
by the activity of the different brain areas, Our mental tates
then correspond to “landscapes” that evolve dynamically in
the space-time of the connectome,

Node
actiy

—_—_—

\

COSMOs

farge and quantum mechanics for the infintely smafl)

and unify them.

BRAIN

Ramén y Cajal discovers the
neuron and ts connections,
the basic building blocks of
the brain

The specific three-gimensional
structure of neurons and of
their connections in each brain
area forms a kind of neural code:
with an alphabet of elementary

o funcions,

Functional MRIshows activity
in brain areas. Diffusion MRI
(based on principles esta-
blshed by Einstein in 1905
between Brownian motion
and diffusion) reveals the
communication pathways
between these areas.

The connectome brings together the networks of brain
areas and their connections, making it possibleto develop.
models of brain function.

Optica ilusions show that several points of
view are possible and compatible, depending
on our perceptual or cognitive biases, accor-
ding 103 principle of duality (close to that of
relativity). This observation calls into question
the existence of a physical reality (and of its
models) outside the one the brain gives us.

Some psychiatric conditions, such as
schizophrenia, could be explained as.
space-time anomalies of the connec-
tome.

The relativistic connectome framework underles the different
states of consciousness, normal and pathological. Adding the equi-
valent of the cosmological constant could correspond o the.
interactions betuween connectomes, ie. our social links and their
pathologies such a5 autism

This vision opens the possibility that our universe is multiple.
Several scenarios are currently under consideration in physics,
in particular the holographic prin-

ciple, which sheds light on the
inscription of information n the
brain and on wha consciousness.
could be within the connectome.
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