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For every child who ever asked why the sky is blue

and deserved a better answer than they received.



And for the physicists who named quantum properties

after colors they had never seen.

 


Preface: Two Sciences, One Question

In 1964, Murray Gell-Mann and George Zweig independently proposed that protons and neutrons, the building blocks of atomic nuclei, were themselves built from smaller particles. Gell-Mann called them quarks, after a phrase in James Joyce's Finnegans Wake. The quarks came in different varieties, and in 1973, when Harald Fritzsch, Gell-Mann, and Heinrich Leutwyler were developing the theory of how quarks interacted through the strong nuclear force, they needed a name for the quantum property that governed those interactions. They chose a word from everyday life: color.

Not because quarks are colored. Not because the strong force has anything to do with the electromagnetic wavelengths that human eyes detect. They chose color as a label for a quantum property that, like color, comes in three primary varieties that combine to produce a kind of neutral state. Red, green, and blue quarks combine to make color-neutral protons and neutrons, in the same logical structure that red, green, and blue light combine to make white. The analogy was mathematical and convenient. It was never meant to be literal.

Except that it is, in a very specific and surprising sense, more literal than anyone intended.

The human visual system processes color in three primary channels, combines those channels through opponent processes, enforces a kind of neutrality in its representation of achromatic surfaces, and operates under a set of mathematical symmetries that bear a structural resemblance to the symmetries of quantum chromodynamics. This resemblance is not accidental in the sense of being causally connected: your eyes did not evolve to mirror particle physics. But it is not coincidental in the sense of being mathematically shallow: both systems are implementing, in their very different physical substrates, solutions to the same fundamental problem of how to represent and combine information that comes in three primary varieties under specific conservation constraints.

This book is about both systems, and about the relationship between them. It is partly an account of quantum chromodynamics, the theory of the strong force, explained as accessibly as its genuine complexity allows. It is partly an account of the neuroscience and physics of color vision, explained with the rigour that a physicist brings to a biological system. And it is, throughout, an exploration of what it means that these two systems, one operating at the scale of quarks inside atomic nuclei and the other operating at the scale of photons entering a human eye, implement recognizably similar mathematical structures.

I am a physicist by training and inclination. The neuroscience in this book has been developed through extensive engagement with the literature and through conversations with colleagues who study vision professionally. Where I have simplified or made choices about emphasis in the neuroscience sections, the simplifications are deliberate pedagogical choices rather than ignorance. The physics sections represent my home territory, and any reader who finds them more detailed should not be surprised.

The title of this book is a provocation. When you see a color, your visual cortex is performing computations that are structurally analogous to the computations that govern how quarks interact inside every proton in your body. Whether this makes color vision a form of particle physics, or particle physics a description of something as immediate and intimate as seeing red, depends on what you think the relationship between mathematics and physical reality ultimately is. That question is the deepest one this book raises, and I do not pretend to answer it. But I think asking it is one of the most interesting things a human being can do with an hour of their time.

The parallel between two scientific domains is always an invitation to ask what the parallel means. Sometimes parallels are merely notational: two different fields use the same words for completely unrelated reasons, and the similarity is superficial. Sometimes they are structural: the same mathematical pattern appears in two different physical contexts, and the appearance is a clue to something deeper. The parallel between colour vision and quantum chromodynamics, as this book argues, falls into the second category.

Two things happen when you understand this parallel. The first is that colour vision becomes more interesting than it already was: not just a biological mechanism for surface discrimination, but an instance of a mathematical structure that physics finds important enough to name a fundamental force after. The second is that quantum chromodynamics becomes slightly less abstract: the quark colour charges, which normally exist only in equations and particle physics jargon, are revealed to be related to something as immediate and personal as the colours you see every morning.

The book is divided into thirteen chapters. The first two chapters cover the physics and neuroscience of colour vision. The next four cover quantum chromodynamics. The remaining seven develop the parallel and explore its implications for our understanding of symmetry, information, consciousness, and the nature of physical reality. Each chapter can be read independently, but the argument is cumulative and the parallel is best appreciated as a developing story rather than a static comparison.
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Prologue

The Morning You Performed Particle Physics

You woke up this morning and you saw a color.

Before your first thought was formed, before memory assembled the day ahead, before language attached names to the patches of light entering your eyes, your visual cortex was already deep in calculation. Photons were striking your retinas. Photoreceptors were converting those photons into electrical signals with a fidelity that would impress any particle detector. Neural circuits were comparing the outputs of three different types of cone cells, each tuned to a different range of wavelengths, and from the ratios of those outputs they were constructing a representation of the surface you were looking at that was stable across a remarkable range of illumination conditions.

The color you saw was not in the light. The light contained wavelengths, which are physical quantities measurable with instruments. The color was in your head: a representation constructed by your brain from the raw input of wavelength-dependent photon counts, processed through a cascade of neural computations that began in the retina and extended through the lateral geniculate nucleus to the primary visual cortex and beyond. You did not see light. You saw the brain's interpretation of light.

At the same moment, in every atom of your body, a different kind of color was at work. Inside each proton and neutron of every atomic nucleus in every cell of your waking body, quarks were exchanging gluons with a ferocity and frequency that makes the most powerful accelerator on Earth look sedate. The quarks came in three types of color charge: red, green, and blue. The gluons carried not just force but color, transferring color charge between quarks and ensuring that at all times the proton remained color-neutral, a balanced combination of the three primary colors of the strong force.

This is not a metaphor. Or rather: the word color in quantum chromodynamics is borrowed from the physics of light and color vision, but the quantum property it names is real, the mathematics is real, and the structural parallel between the two color systems, the one in your retina and the one in your nucleons, is genuine and deep.

The quarks in your body do not know that your visual cortex uses three primary channels to encode wavelength information. Your visual cortex does not know that it shares a mathematical language with the strong nuclear force. But they are both implementing, in their radically different physical contexts, solutions to the same class of problem: how to represent and process information that comes in three varieties, subject to conservation constraints, in a way that produces stable, neutral composite states from the combination of primary components.

This book is about that parallel, and about what it tells us about the relationship between the physics of the very small and the biology of the very personal. It is about why physicists chose to name a quantum property after color. It is about what color actually is, in both its physical and its quantum-field-theoretic sense. And it is about the extraordinary fact that when you look at a red rose on a clear morning, you are, in a mathematically precise sense, performing a calculation that the universe performs inside every atomic nucleus in your body.

You have been doing particle physics your whole life. You just did not know what to call it.

 


CHAPTER I

What Color Actually Is

Color is not a property of objects. This is the first and most important correction that physics requires of the common-sense understanding of color, and it is a correction that almost everyone intellectually accepts and almost no one truly internalises. When you say that a tomato is red, you are describing a relationship among three things: the light source illuminating the tomato, the surface properties of the tomato's skin, and the specific characteristics of the visual system doing the observing. Change any one of these three factors and the color changes, even if the tomato itself is unchanged.

Light, in the context of color, is electromagnetic radiation in the range of wavelengths between approximately 380 and 750 nanometers. A nanometer is one billionth of a meter. The full electromagnetic spectrum extends far beyond this narrow window in both directions: X-rays and gamma rays have wavelengths shorter than visible light, radio waves have wavelengths longer, and visible light is simply the range of wavelengths to which the human photoreceptors evolved to respond, which corresponds to the wavelengths that the Sun emits most abundantly and that penetrate Earth's atmosphere most readily.

The wavelength of light determines what color we perceive, but in a complicated way. Monochromatic light, light consisting of a single wavelength, produces percepts distributed across the visible spectrum from violet at 380 nanometers through blue, cyan, green, yellow, and orange to red at approximately 700 nanometers. But the light that enters our eyes in everyday life is almost never monochromatic. It is a mixture of many wavelengths, with different mixtures giving rise to different color experiences, and the mapping from wavelength mixtures to color experiences is performed by the neural hardware of the visual system rather than being directly encoded in the physics of the light.

The physical description of a beam of light is given by its spectral power distribution: the amount of power at each wavelength in the visible range. This is a continuous function, a curve that can take any shape, and the space of all possible spectral power distributions is infinite-dimensional. There are infinitely many physically distinct lights. Yet humans perceive only a finite number of distinct color categories, and the color space available to the normal human observer is three-dimensional. This massive compression of an infinite-dimensional physical space into a three-dimensional perceptual space is the first and most fundamental operation that the visual system performs, and understanding how it works is the key to understanding color.

The compression is performed by the three types of cone photoreceptors in the human retina: the S-cones, sensitive to short wavelengths peaking near 420 nanometers; the M-cones, sensitive to medium wavelengths peaking near 530 nanometers; and the L-cones, sensitive to long wavelengths peaking near 560 nanometers. Each type of cone integrates the incoming light across its sensitivity range, producing a single number: the cone response. The three cone responses, one from each cone type, constitute the visual system's complete representation of the spectral power distribution of the incoming light.

The enormous reduction from infinite dimensions to three is lossy in a specific way: different spectral power distributions that produce the same three cone responses are perceptually identical. These are called metamers. Two lights can be physically completely different, with entirely different spectral power distributions, but if they produce the same triple of cone responses they will appear identical in color. This is why the same yellow can be produced by a monochromatic light of approximately 580 nanometers or by a mixture of red and green light with no 580-nanometer component at all: both mixtures produce the same cone response triple.

Metamerism is not a defect of the visual system. It is a consequence of the specific dimensionality of the cone system, and it is what makes color technology possible. Color printing exploits metamerism: the ink dots on a printed page do not actually emit the wavelengths of the colors they appear to reproduce. Instead, they reflect wavelength mixtures that happen to be metamers of the target colors for the typical human observer. Color displays work the same way: the red, green, and blue phosphors or LEDs of a display produce mixtures that are metamers of the many colors they can appear to display.

The tomato is red because its surface absorbs most of the short and medium wavelengths in the illuminating light and reflects the long wavelengths preferentially. The cone responses produced by the reflected light are characteristic of the red region of color space: high L-cone response, lower M-cone response, low S-cone response. Under daylight illumination, this cone response triple is unambiguously in the red region. Under a different illuminant, such as the narrow-band sodium vapor lamps that cast their characteristic yellow-orange glow over some streets, the same tomato skin would produce different cone responses, and the perceived color would be different.

The visual system compensates for this using the phenomenon of color constancy: the tendency for perceived color to remain approximately stable across changes in illumination. Color constancy is not perfect, but it is remarkable. It is implemented through neural mechanisms that estimate the color of the illuminant from the overall pattern of cone responses across the visual field and then subtract this estimate from the local cone responses to obtain an estimate of the surface reflectance properties. The perceived color of the tomato corresponds to this estimated surface reflectance, not to the raw cone responses.

Color constancy means that what you perceive as the color of an object is not the color of the light entering your eye from that object. It is the brain's estimate of the object's surface reflectance properties under a canonical illumination condition. You are not seeing physics. You are seeing the brain's inference about the physical world, an inference that has been optimised by evolution to be stable, useful, and, in most natural conditions, correct.

This distinction between the physics of light and the perception of color is central to the argument of this book. The physics of light is real, measurable, and observer-independent. The perception of color is constructed, computed, and observer-dependent. Between these two facts lies all of the interesting science: the neuroscience of how the brain performs its construction, the physics of what information the light contains, and the mathematics of how information is transformed from one domain to the other.

Maxwell's equations, the four equations that govern all classical electromagnetic phenomena, contain no concept of color. Light appears in Maxwell's equations as oscillating electric and magnetic fields, characterized by frequency and amplitude and direction of propagation. The concept of color as a human perceptual experience is entirely absent from the fundamental physics. It emerges only when you add a visual system to the physical scene, and specifically when you add a visual system of a particular design: one with three types of photoreceptors with specific spectral sensitivities.

Different animals have different numbers of cone types and different spectral sensitivities, and therefore different color spaces. Dichromats, including most mammals other than primates and some humans with certain forms of color blindness, have two cone types and live in a two-dimensional color space. Trichromats, which includes most humans, have three. Tetrachromats, including many birds, reptiles, and fish, have four, and live in a four-dimensional color space that is as inaccessible to our imagination as the fourth dimension of space. Some mantis shrimp have sixteen different photoreceptor types, though recent research suggests their color discrimination is paradoxically less precise than that of trichromats, for reasons that are still being investigated.

The fact that human color vision is trichromatic, three-dimensional, is not a deep physical fact about the nature of color. It is a contingent biological fact about the specific evolutionary path that led to the human visual system. Trichromacy is the particular solution that primate vision found to the ecological problem of distinguishing ripe from unripe fruit in complex forest lighting conditions, or at least this is one major hypothesis for why primates independently evolved trichromacy compared to the ancestral mammalian dichromacy.

What is not contingent, in the sense of being arbitrary, is the mathematical structure of the compression that the trichromatic system performs. The cone responses are an inner product of the spectral power distribution with the cone spectral sensitivities, which is a linear operation. The three numbers produced are therefore a linear projection of the infinite-dimensional spectral space onto a three-dimensional space. This linear structure, and the specific properties of the three projection axes, are what allow color mathematics to work, and what connect color vision to the SU(3) symmetry group of quantum chromodynamics.

The story of color is therefore the story of a biological system that has, through evolution, implemented a three-dimensional representation of a richer physical world, using linear compression, opponent processing, and constancy mechanisms to produce a stable, useful, and beautiful experience of the visual world. That experience is real, even if the colors are not in the objects. The computation that produces it is sophisticated, even if it happens unconsciously. And the mathematical structure of that computation is, as we will explore throughout this book, remarkably similar to the mathematical structure of one of the most fundamental theories in physics.

To understand why, we need to look more carefully at the three cone types and what they actually do. The compression from infinite dimensions to three is only the beginning of the story. What the visual system does with those three numbers is where it gets truly interesting.

The visible spectrum, from violet to red, is a tiny slice of the electromagnetic spectrum. The full electromagnetic spectrum spans wavelengths from picometers (gamma rays) to kilometers (radio waves), a range of about twenty-five orders of magnitude. The visible range, from 380 to 750 nanometers, spans less than one order of magnitude. It is a narrow window, selected by the physics of solar emission and atmospheric transmission and the chemistry of biological photoreception, through which the brain accesses all the color information it will ever have.

In this narrow window, the three cone types sample the spectrum with broad, overlapping sensitivities. The S-cone sensitivity peaks near 420 nanometers and covers the blue-violet region. The M-cone peaks near 530 nanometers and covers green and yellow-green. The L-cone peaks near 560 nanometers and covers yellow, orange, and red. The overlap between these sensitivity curves means that any wavelength of visible light stimulates at least two cone types, and most wavelengths stimulate all three to different degrees. This overlap is essential: it is what produces the rich three-dimensional color space rather than a simple one-dimensional spectrum.

The spectral sensitivities of the cone types are not arbitrary. They are shaped by the specific opsin proteins in the cone outer segments, proteins that were assembled by evolution over millions of years of selection for effective color discrimination in the relevant ecological environments. The L and M opsins in humans are encoded by genes on the X chromosome, which is why color vision deficiencies affecting these cones are more common in males. The S opsin gene is on chromosome 7 and shows less variation. The specific peak sensitivities and bandwidths of these opsins have been measured in great detail by microspectrophotometry and molecular genetic methods.

The measured cone spectral sensitivities are what allow color matching experiments to work. The CIE 1931 color matching functions, derived from experiments conducted in 1928 and 1929 by W. David Wright and John Guild using human observers, established the standard trichromatic color space that underpins all of modern colorimetry. The color matching functions describe, for each wavelength of the visible spectrum, what mixture of three standardized primary lights is required to match it perceptually. They are, in effect, a measurement of the spectral sensitivities of the three cone types, expressed in a form that is convenient for color science applications.

With the cone spectral sensitivities known, the representation of any light in cone space is determined. The remarkable things that the visual system then does with this three-dimensional representation, the opponent coding, the constancy mechanisms, the cortical color processing, are all downstream of this initial three-number encoding. They are all elaborations of



















