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For the photons that left this planet before anyone was here to see them go

and for the scientists who refuse to accept that what is gone is gone forever.



And for everyone who has ever pointed a telescope at the sky

and felt the vertigo of looking backward through time.

 


Author’s Preface: The Thought That Would Not Let Go

The idea that started this book came to me not in a laboratory but in a garden, watching light play across the leaves of an old oak tree. It struck me with the force of an obvious thing that has somehow never been obvious: every photon bouncing off that oak tree was carrying, in its electromagnetic structure, a precise record of exactly what it had just reflected from. The wavelength distribution told you the chlorophyll content. The polarisation told you the surface texture. The timing told you the angle. Each photon was, in the most literal sense, a tiny messenger carrying a visual record of the instant it had just recorded.

This is not a metaphor. This is the physics of light reflection, as basic and well-established as any principle in classical optics. Every photon that bounces off a surface encodes in its properties a measurable record of that surface. The entire technology of cameras, telescopes, spectroscopes, and astronomical observatories is built on this fact. When we photograph the surface of Mars, we are recovering photons that left the Martian surface a few minutes before our detectors caught them, and those photons tell us, in exact physical detail, what the surface of Mars looked like at the moment they left it.

The thought that followed from the oak tree was the thought that has driven everything in this book: where are the photons that left the Earth 65 million years ago, when the last non-avian dinosaurs were walking across the floodplains of the Cretaceous? They are still traveling. They must be. Light does not stop unless something absorbs it or deflects it, and the photons that scattered from the bodies of Tyrannosaurus rex and Triceratops and the ferns they walked through have been traveling outward from Earth at the speed of light for 65 million years. They are now approximately 65 million light-years away.

If a sufficiently perfect mirror existed at 32.5 million light-years, those photons would have been reflected back toward Earth and would now be arriving. We would be looking at the reflected image of the Cretaceous Earth.

No such mirror exists, of course. Or rather, no perfectly positioned flat mirror exists. But the universe is full of objects that scatter, retroreflect, and redirect photons, and the question of whether any of those objects has directed ancient terrestrial photons back toward Earth, in a configuration that our instruments could detect, is a question that physics tells us is not absurd. It may be answerable.

This book is the attempt to develop that question seriously, rigorously, and honestly. I have tried to distinguish carefully between what the established physics says, which is the foundation on which everything else rests, what a careful analysis of the relevant numbers and geometry suggests, which is the edifice of the argument, and what is speculative or uncertain, which I have identified as clearly as I can. The reader deserves to know which of these three categories each claim in the book belongs to.

The short answer about whether prehistoric light fossils can actually be recovered is: almost certainly not with current technology, possibly never, but the reasons why not are as interesting as the reasons why the concept is physically coherent. And the reasons why the concept is physically coherent are worth understanding even if the practical application is centuries or millennia in the future, because they tell us something profound about what light is, what information is, and what it means to look backward through time.

I am a cosmologist and optical physicist, not a paleontologist. I have relied on paleontological literature to describe the biological context of the ancient light we are discussing, and I have tried to represent that literature accurately. Any errors in the paleontological sections are mine alone.

The book is intended for the scientifically curious non-specialist reader as well as for scientists in adjacent fields. The physics developed in chapters two through five is precise and mathematical in spirit, though I have tried to express it without requiring the reader to follow equations. The cosmological context in chapters three and four requires comfort with large numbers and the concept of light-travel time, which I develop from first principles.

If this book makes one reader look up at the night sky and feel the specific vertigo of understanding that the light arriving in their eyes departed those distant objects thousands or millions of years ago, and that the light that left their eyes on that very night will be traveling through space long after every trace of them has gone, then the book has done its primary work. Everything else is detail.
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Prologue

A Photon's Journey of 65 Million Years

Imagine a single photon.

It is the afternoon of a day in the late Cretaceous period, approximately 66 million years ago. The location is what will eventually become the Hell Creek Formation of what will eventually become the state of Montana in the United States of America. But none of those names exist yet. What exists is a broad, warm floodplain, dense with vegetation, threaded by slow rivers, and occupied, among many other things, by a large theropod dinosaur.

The animal is a Tyrannosaurus rex, one of the last of its kind, though it does not know this. The asteroid that will end its world is still weeks away. On this particular afternoon, the animal is standing in filtered sunlight near the margin of a riverbank, and a photon from the Sun, after traveling eight minutes across the void of space, strikes the outer surface of one of the large, scale-covered integumentary structures on the animal's leg.

The photon is absorbed for a fraction of a nanosecond, its energy temporarily exciting the electron structure of the keratin and melanin molecules in the scale's surface. Then it is re-emitted. The re-emitted photon carries in its wavelength distribution the precise spectral signature of the interaction: the specific absorption and reflection properties of the particular pigmentation in that particular scale, at that particular moment of illumination. It is a tiny, perfect, electromagnetic record of a moment on the surface of an animal that no human eye will ever see directly.

The photon leaves the surface of the dinosaur traveling in a specific direction. Most photons from that surface travel in directions that intersect other things: the ground, other parts of the animal, nearby vegetation. But this particular photon's trajectory carries it upward, at an angle to the horizontal, into the open sky. It passes through the Cretaceous atmosphere, which is slightly warmer and slightly richer in carbon dioxide than the modern atmosphere but physically similar in its optical properties. It crosses the stratosphere. It crosses the exosphere. And then it is in space.

It will not stop. There is nothing in its path to stop it. The photon travels outward from the Earth at exactly 299,792,458 meters per second, the speed of light in vacuum, which is the fundamental constant that governs all electromagnetic radiation. It will maintain this speed for as long as it travels in vacuum, which is effectively forever, unless something intercepts it.

Sixty-six million years pass. On Earth, the asteroid hits, the dinosaurs die, the mammals radiate, the primates evolve, the hominids diverge, Homo sapiens emerges, civilizations rise and fall, the telescope is invented, the nature of light is understood, and eventually a species that did not exist when the photon left the dinosaur's skin develops the technology to detect individual photons with instruments of extraordinary sensitivity.

The photon is now approximately 66 million light-years from Earth. It is still traveling at exactly the same speed, in exactly the same direction, carrying exactly the same electromagnetic record of the moment it reflected from the surface of a creature whose species has been extinct for longer than there have been land plants on Earth.

This book is about the physics that makes that photon real, the mathematics that tells us where it is, the technology that might one day detect it, and the profound implications for our understanding of information, time, and the nature of the visual record that the universe has been keeping of itself since the first stars ignited.

The photon is out there. The question is whether we can ever find it.

The question is more interesting than the answer.

The universe, it turns out, has been photographing itself since the beginning. The archive is vast, distributed, and extraordinarily difficult to access. But it exists. Every photon that has ever bounced off any surface since the first light scattered from the first matter in the early universe is either still traveling or has been absorbed somewhere. The ones still traveling constitute the largest, most comprehensive, and most ancient visual archive in existence.

We have been looking at parts of this archive for as long as we have had eyes. The light of distant stars is the archive of those stars' past states, sometimes millions or billions of years in the past. The cosmic microwave background is the archive of the universe's state 380,000 years after the Big Bang, the oldest accessible photons we know of. Between these extremes, at the scale of individual planets and individual organisms, the archive is incomprehensibly rich and, with current technology, essentially inaccessible.

The technology will not remain current forever. This book is, among other things, about what happens to the concept of prehistoric light fossil recovery as our instruments improve, our understanding of cosmological photon distributions deepens, and our ability to perform the signal processing required to extract coherent images from cosmological noise advances toward the limits of what physics permits.

We begin, as physics always begins, with the simplest case.

A photon bounced off a dinosaur. Where is it now?

 


CHAPTER I

Light as the Ultimate Archive

Everything you have ever seen was recorded by light before you saw it.

This is not a metaphorical statement. It is the precise physical description of how vision works. The eye does not reach out and touch the world. It catches photons that have already touched the world, that carry in their wavelength distribution, their polarisation state, and their arrival timing a complete electromagnetic record of the surface they last reflected from. The brain processes these records into the subjective experience of vision. But the records themselves, encoded in the photons, are as objective and physical as any measurement in science.

The implication of this is profound and rarely fully absorbed: every visual experience that has ever occurred on Earth was preceded by a moment of light recording. Before any eye saw a dinosaur, the light had already recorded the dinosaur in exquisite electromagnetic detail. Before any human being watched a woolly mammoth, the light had already watched it, encoding in photons the precise spectral signature of the mammoth's coat, the polarisation pattern of its wet fur, the spatial structure of its form as seen from every angle in every available direction. The eyes that saw the mammoth received some of those photons. The vast majority of the photons that recorded the mammoth went in other directions. They are still traveling.

The concept of light as a recording medium is as old as photography, but the implications extend far beyond photography. A photograph captures the photons that hit a specific detector at a specific moment. The photons that missed the detector, the ones that traveled in every other direction from every surface in the field of view, are also recordings. They are recordings without a reader. But a recording without a reader is not the absence of a record. It is a record waiting for a reader.

In 1676, the Danish astronomer Ole Romer made the first successful measurement of the speed of light by observing the orbits of Jupiter's moon Io. He noticed that Io appeared to emerge from Jupiter's shadow slightly later when Earth was farther from Jupiter and slightly earlier when Earth was closer. The delay, he correctly concluded, was due to the time light took to travel the additional distance. His estimate of approximately 220,000 kilometers per second was somewhat below the correct value, but the method was sound and the implication was clear: light takes time to travel, and the light we see from distant objects is light that left those objects in the past.

This simple observation contains everything. If light takes time to travel, then seeing is seeing into the past. The Moon you see in the sky right now is the Moon as it was approximately 1.3 seconds ago. The Sun is the Sun as it was eight minutes ago. The nearest star beyond the Sun, Proxima Centauri, appears to us as it was approximately 4.24 years ago. The Andromeda Galaxy, the nearest major galaxy to the Milky Way, appears as it was approximately 2.537 million years ago. Every object in the sky is a document from the past, its age as a document equal to the distance from which its light departed.

This means that a sufficiently powerful telescope, looking far enough into space, is a time machine. Not a time machine in the science fiction sense of a device that transports you to another era. A genuine time machine in the physical sense of a device that recovers information from the past, information that has been traveling through space since the moment of its creation, arriving at your detector in the present but carrying a record of a moment that is gone.

The James Webb Space Telescope, launched on December 25, 2021, has used this principle to observe galaxies as they appeared when the universe was less than 400 million years old. The images JWST produces of these early galaxies are not reconstructions or simulations. They are direct recordings of photons that left those galaxies more than 13 billion years ago, photons that have been traveling through space ever since and have finally been caught by JWST's mirrors and detectors. The telescope is a light fossil recovery device, and the fossils it recovers are 13 billion years old.

The concept we are developing in this book is a specific application of this same physical principle to a different class of objects: the ancient light of Earth itself. We are accustomed to thinking of Earth as the place from which we observe the universe. We are less accustomed to thinking of Earth as an object from which light departs in all directions, carrying records of the Earth's surface into the cosmos. But this is exactly what happens, and has been happening, every moment since the Earth's surface first became exposed to sunlight.

The Earth is constantly emitting and reflecting photons in all directions. Some of these photons travel outward into interplanetary space, beyond the solar system, into the interstellar medium, and eventually into the intergalactic void. These photons carry in their electromagnetic structure the precise record of the Earth's surface at the moment they departed. They are, in the most literal sense, moving photographs of the Earth at every moment of its four-and-a-half-billion-year history.

How many such photons are there? The number is almost beyond comprehension. The Sun delivers approximately 1.7 times ten to the seventeenth watts of power to the top of Earth's atmosphere. Of this, roughly thirty percent is reflected back into space by clouds, ice, and the atmosphere itself, and roughly fifty percent reaches the surface and is partially reflected by land, vegetation, water, and living things. The total power of Earth-reflected light leaving the planet is on the order of fifty petawatts, or five times ten to the sixteenth watts. Each watt corresponds to photons at a rate that depends on their energy, but at visible wavelengths, approximately a few electron-volts per photon, this corresponds to roughly ten to the thirty-five photons per second departing the Earth's surface and atmosphere.

Ten to the thirty-five photons per second. In one year, that is approximately three times ten to the forty-two photons. In the 65 million years since the Cretaceous-Paleogene extinction event, that is approximately two times ten to the fifty photons that have departed Earth, carrying visual records of the Earth's surface. These photons are distributed in a spherical shell of light that has been expanding outward at the speed of light for 65 million years, now with a radius of 65 million light-years and a thickness representing 65 million years of Earth's reflected light.

The shell contains an inconceivable density of information. Every moment of every day on Earth for 65 million years is encoded in the photons that left the planet in that moment, in the directions those photons traveled. The history of the dinosaurs' last days, the impact event itself as seen from orbit, the subsequent darkness and cooling, the recovery of life, the evolution of the mammals, the rise of the grasslands, the development of the savannas, the appearance of the first hominids: all of these events are encoded in photons that are now between zero and 65 million light-years from Earth, depending on when they left.

The information exists. It is physically present in the universe. The question that the rest of this book addresses is whether any of it is recoverable, and if so, under what conditions, with what instruments, at what cost, and to what resolution.

To answer this question, we need to understand in detail what information photons carry, how it is encoded, and what

































