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For everyone who has ever looked up at a clear night sky and wondered what, exactly, was arriving in their eye, and how something so small could mean so much.


 

 

“Light brings us the news of the Universe.”

Source: William Bragg, physicist and Nobel laureate
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Chapter 1: The Question Hiding in Plain Sight

Close your eyes for a moment, then open them again.

Whatever you are looking at now, whether it is a page, a screen, a window, or a room full of ordinary clutter, arrived inside your skull less than a fortieth of a second ago in the form of a few hundred million tiny packets of energy. Physicists call these packets photons. Each one travels at exactly two hundred ninety nine million seven hundred ninety two thousand four hundred fifty eight meters per second, the fastest anything in the universe can move, and each one is, depending on how you choose to measure it, either a wave or a particle. Not both at once, and not neither. The honest answer, the one that took physics two centuries and several Nobel Prizes to arrive at, is that the question itself is slightly wrong. Light is not secretly one thing wearing two costumes. It is something for which human language, built for throwing spears and naming fruit, has no native word.

This book is about that gap between what light actually is and what our eyes and brains report to us that it is. It is also, in a more practical sense, about you. Specifically, about the three pounds of wet tissue behind your eyes that is, at this very moment, performing one of the most extraordinary feats of computation in the known universe, and doing it so smoothly that you have never once noticed it happening.

Here is a fact that tends to stop people mid sentence at dinner parties. A dark adapted human eye, the kind you have after sitting in an unlit room for twenty minutes or so, can register the arrival of a single photon. Not a beam. Not a flash. One quantum of light, the smallest unit in which electromagnetic energy comes, striking a single rod cell at the back of your retina, can trigger a nerve impulse that travels up the optic nerve toward your brain. This was demonstrated experimentally as far back as 1942 by the physiologists Selig Hecht, Simon Shlaer, and Maurice Pirenne, and it was confirmed with rigorous quantum optical methods in 2016 by a research team using a specially built single photon light source. Your eye, in other words, is not merely a camera. It is a detector sensitive enough to register the most fundamental unit of light that physics recognizes. If your retina were a piece of laboratory equipment, it would be the envy of most optics departments on the planet.

And yet here is the strange part, the part that makes this story worth an entire book rather than a single startling fact recited at a party. Despite this almost unbelievable sensitivity, you do not perceive the world as a storm of individual photon strikes. You do not see static, or grain, or the underlying quantum roughness of light arriving in discrete units. You see a smooth, continuous, richly colored, three dimensional world that holds still when you move your eyes and brightens gradually as dawn breaks rather than flickering on and off as photons happen to land. Somewhere between the photon striking the rod cell and the conscious experience of seeing a red apple on a wooden table, an enormous amount of editing, interpretation, and outright invention takes place. Your visual system is not a passive recorder of light. It is an active, opinionated, frequently mistaken storyteller, and the story it tells you, moment by moment, is what you have been calling reality your entire life.

This is not a metaphor, and it is not philosophy dressed up as science. It is measurable neuroscience. The eye sends the brain an input that is partial, jittery, inverted, full of gaps, and constantly interrupted by rapid eye movements during which the visual system goes effectively blind several times each second. What you experience as a stable, continuous visual world is a reconstruction, built by roughly half of your entire cerebral cortex, using statistical inference, memory, prediction, and a fair amount of educated guessing. The light is real. The photons are real. The wave particle duality is real, confirmed by a century of increasingly precise experiments. But the seamless movie playing in your head right now is, in a very specific and well documented sense, manufactured.

The aim of this book is to walk through that entire chain, from the strange quantum nature of light itself, through the architecture of the eye, into the processing corridors of the visual brain, and finally into the philosophical and scientific question of what any of this tells us about consciousness and the nature of perceived reality. Along the way we will meet the physicists who fought, sometimes literally with their careers on the line, over whether light was a wave or a particle. We will look closely at the biology of the rod and cone cells that make vision possible, and at the surprising limits and blind spots, quite literally, of human sight. We will examine what happens when perception breaks down, in illusions, in hallucinations, in rare neurological conditions where people lose the ability to recognize faces or perceive motion. And we will spend real time, with real evidence, examining the seductive but largely incorrect idea, popular in self help books and pseudo spiritual seminars, that quantum mechanics proves consciousness creates reality. It does not, and untangling exactly why it does not, while still respecting the genuinely mind bending nature of quantum measurement, is one of the central tasks of the chapters ahead.

A word on method before we begin in earnest. Every specific claim, number, experiment, and historical date in this book is drawn from peer reviewed science or well documented history. Quantum optics and the neuroscience of vision are two of the most carefully measured fields in all of science, partly because both light and the eye lend themselves so well to precise experimentation. There is no need to exaggerate or round up. The truth, as it happens, is strange enough on its own.

There is also a reason this particular pairing of topics, the physics of light and the neuroscience of seeing it, rewards sustained attention rather than a quick skim. Most popular books pick one side of this story. Physics books explain photons and stop well short of the retina. Neuroscience books explain the visual cortex and treat light itself as a settled, boring backdrop, a kind of stage lighting that needs no further comment. That gap is a mistake, because the two halves of the story illuminate each other. Quantum mechanics is strange in ways that mirror the strangeness of perception. Both involve systems where the act of measurement, or in the brain's case, the act of construction, plays an active role in determining what gets registered as real. Both resist the intuition, deeply built into the human mind by millions of years of evolution suited to throwing spears and avoiding predators, that the world simply is what it appears to be, fixed and waiting to be read off like a label on a jar.

Consider an everyday scene. You glance across a room and see a friend wave. In that half second of experience, photons reflecting off your friend's hand have traveled through space as electromagnetic waves, been absorbed by photoreceptor cells that convert them into electrical and chemical signals, been processed by at least a dozen distinct visual areas of cortex that extract edges, motion, color, and identity in parallel, been compared against decades of stored memory to recognize the face as familiar, and finally been bound together into the unified, instantaneous feeling of seeing your friend wave at you. Almost none of this machinery is available to your conscious awareness. You do not experience the photons, the retinal signal, the visual cortex, or the binding process. You experience only the finished product, smooth and apparently effortless, as though your eyes were simply windows onto a waiting world.

That feeling of effortless, direct access to reality is, neuroscientists now generally agree, something close to an illusion, although a remarkably useful one. It is the end result of one of the most computationally demanding processes your body performs, condensed by evolution into something that feels like nothing at all. Understanding how that illusion is built, piece by piece, from the bizarre quantum behavior of light all the way up to the felt experience of seeing, is the project of this book.

We will proceed roughly in the order that light itself proceeds, starting with what light is, moving through how the eye captures it, and ending with how the brain turns captured light into the experience you are having right now as you read these words. Each chapter stands largely on its own, so that a reader more interested in quantum physics than neuroscience, or the reverse, can find solid footing wherever their curiosity lands. But read together, in sequence, the chapters build toward a single, slightly unsettling, ultimately rather wonderful conclusion: that what you call seeing is not a simple act of receiving light, but an act of construction so fast, so reliable, and so deeply embedded in your biology that you have spent your entire life mistaking it for the world itself.

There is a useful comparison here to the way a modern smartphone camera works, since most readers carry one in a pocket or bag. A camera sensor also converts incoming light into electrical signals, pixel by pixel, and a great deal of computation happens before the finished photograph appears on the screen. White balance is adjusted, noise is filtered out, faces are detected and sometimes sharpened, and the final image is, in a meaningful sense, a processed interpretation of the raw sensor data rather than the raw data itself. The human visual system does something similar, but vastly more aggressive and vastly more invisible. A camera at least produces a file that an engineer can open and inspect to see what was changed. The brain produces no such file. It produces only the finished experience, with no trace, from the inside, of how much editing took place. This is part of why visual neuroscience had to develop such careful experimental methods. There is no raw footage to compare against your perception, except the kind that careful researchers can infer indirectly, through clever experiments that catch the visual system in the act of filling in, smoothing over, or simply guessing.

One of the clearest demonstrations of this editing process is something almost everyone has experienced without realizing what it reveals. Each eye has a blind spot, a small region of the retina with no photoreceptors at all, located where the optic nerve exits the eyeball. This blind spot covers a meaningful chunk of your visual field, yet under normal two eyed viewing you never notice a hole in your vision, because your brain fills the gap using information from the surrounding area and from the other eye. Even with one eye closed, most people do not consciously perceive the blind spot during ordinary activity, because the brain interpolates a plausible continuation of the surrounding pattern rather than reporting an absence. The world looks complete because your visual system insists on completing it, whether or not the underlying data is actually there.

A second, equally striking demonstration is known to researchers as change blindness. In carefully controlled experiments, observers viewing two versions of a photograph that alternate with a brief blank screen in between often fail to notice even large changes, such as an entire building disappearing from a skyline, provided the change occurs during the blank interval rather than as a continuous motion. The intuitive expectation is that such an obvious difference should leap out immediately. It frequently does not, because the visual system is not storing a detailed, photographic record of the scene from one moment to the next. It is storing a compressed, gist level summary, filled in with assumptions, and updated only when attention is specifically directed to the relevant location. People are, in a very literal sense, blind to a great deal of the visual world at any given moment, while feeling completely confident that they are seeing everything in front of them.

These are not obscure laboratory curiosities of interest only to specialists. They are clues to the actual architecture of perception, and they matter well beyond the walls of a vision science laboratory. They matter to anyone who has ever been certain they saw something that turned out not to have happened, certain in the way that eyewitnesses in courtrooms are certain, with no sense of having guessed or filled in any blanks. They matter to designers building user interfaces, to magicians exploiting the gaps in attention, to clinicians diagnosing patients with visual disorders that selectively knock out one piece of the construction process while leaving the rest intact. And they matter to anyone curious about the genuinely strange relationship between physics and experience, because the same questions that arise in neuroscience, about what counts as observation, what counts as a complete description, and what role an observing system plays in determining the form of what it observes, arise again, in a different guise, in the foundations of quantum mechanics itself.

This last point deserves a brief preview, because it sits at the heart of why this book pairs quantum optics with the neuroscience of vision rather than treating them as two unrelated subjects bound together only by the word light. In quantum mechanics, a particle such as a photon does not







	

