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To RD’s children, Mimi, Soso, and Bo

and all of the kids in the World.

May they enjoy the colorful world they were born into

for all of their lives.






Prologue

Color influences everything. Our universe is made up of elements that have diverse color; hence the large bodies in the universe have color. Color abounds on our planet in nonliving things. The next time you see a rainbow, or get a good look at the northern lights, or experience a beautiful sunset, remember that these are colors from nonliving parts of the Earth. Organisms evolve complex coloration patterns to warn off predators, or they use subtle colors with respect to background to hide in plain sight. Humans deal with color in a very different way than other organisms. We are perhaps the only organisms on our planet that can think about, ponder, analyze, and consciously manipulate colors.

But what exactly is color? For that matter, what is black and white? (After all, black and white are colors, right?) These questions have many answers. A painter might think about the palette of colors they can use in their work; a photographer about what colors can be captured with a camera or smartphone and how to best capture that special moment and mixture of colors. Kids might wonder at a rainbow, a sunset, or a toy shop and why certain things are the colors they are. A scientist might think about the colors coming from a star or laser beam. A marketer will use color to sell a product most efficiently. A poet will describe color with words. All of this stimulates a need to understand color and, in turn, our place in the universe.

Color is paramount to the way you experience the world around you. You can customize the mood lighting in your living room, or enjoy the programmed changing colors on some modern airplanes, or change the paint color in your children’s bedroom to be more age appropriate. Color is used to influence the choices you make all the way from the grocery store to the wine shop to the art museum and the sports stadium. Color tells us what team we cheer for and what political party we prefer. Color has physical, evolutionary, social, cultural, emotional, and philosophical components. Color is almost as complex an existential concept as mortality. Color is perhaps the most complex daily neural input that humans perceive.

There is color in the objects we use, the light that reaches our eyes, the scenes we see and remember. And all this is processed by us, in our brains. That means colors are part of our way of noticing the world. Humans have picked up on color in a big way partly because we have evolved the molecular machinery to detect a thin range of light wavelengths but also because we have the ingenuity to make tools to perceive things outside our thin sliver of naturally perceived wavelengths. Color is a part of our evolutionary history written in our genes and, perhaps more importantly, in our cultures. Different colors have been instrumental in the development of the great cultures of the world. The story of how humans discovered a way to color things is a great detective story and central to the development of color’s role in defining culture and in defining what humans are. Because we humans utilize color in a somewhat special way compared to the rest of the natural world, understanding what color is becomes a central question in understanding our existence.

One might argue that color began when light began. Let there be light (and colors too). But Galileo, whom we mostly remember for his astronomical exploits and near execution for heresy, pointed out that there was no hearing or vision until organisms arose that could detect sound and light. The world was both dark and soundless before the first organisms capable of light and sound detection evolved. Likewise, colors didn’t exist until organisms evolved that could detect light. But this takes us back to black and white, and the idea that organisms first saw colors when they were able to discern black and white. The perception of the colors of the rainbow came later, as complex life evolved and molecular mechanisms that could split light into different wavelengths arose in nature.

The question posed above is as much a philosophical question as it is a physical, chemical, and biological one. We will establish that an understanding of color on many different levels is at the heart of learning about nature, neurobiology, individualism, and a philosophy of existence. We can pretty neatly describe the physics and biology of light and color perception, but this book will also ask questions about what it means to sense light and color.

We humans—and indeed all living organisms—are swimming in a world of information made up of small molecules, sound waves, gravity, and, most importantly for our story about color, light waves. Organisms have figured out how to use light in a wide range of ways, probably a result of the fact that there is a plethora, or a rainbow, so to speak, of different wavelengths of light hitting our planet. And a big part of the story is that there is also a bonanza of things for the light to bounce off of and be absorbed by.

All organisms use light to inform them of their surroundings, but some organisms also use it as food for energy. Plants and some bacteria have evolved mechanisms to extract energy from light. For these mechanisms a broad range of light wavelengths are gobbled up and transformed via biochemical pathways to produce energy for the plant and bacterial cells, whereas animals and fungi have figured out other ways to produce energy in their cells (though plants have this second mechanism too). Animals and fungi eat food to compensate for their other energy requirements, while plants do quite well by absorbing nutrients and through their use of light. So, light to some organisms is food and to others a source of information. And color is one way that organisms have evolved to stretch the utility of light wave information that they are exposed to.

We humans have a stake in cutting through the information flooding us from the environment, but we have somewhat uniquely reduced the evolutionary severity of consequences of faulty or slowed processing of this information. For instance, it is absolutely imperative that a small mammal or bird in a forest process visual information nearly instantaneously and with great accuracy to ensure its survival. Today most humans simply need to know, for instance, that red at a stoplight means “stop” and green means “go” in order for them to survive an intersection. How this evolutionary give-and-take works in our species and in others is foundational to understanding color.

We can ask questions like, Does the color that you call green (and that we agree is green) “look” the same to all of us? After all, it is a pretty good bet that green is processed in somewhat different ways in our brains than in yours. Because information is processed differently in our individual brains, does it mean that your green is not our green? And what goes for colors might also go for any other information that is processed in our and the readers’ brains. We might very well all live in our own little universes. Understanding color can help us understand some of these basic aspects of our existence in the universe. We can also ask a fundamental question about our planet with color. How organisms on the planet utilize photons of different wavelengths for survival is a basic theme of color perception to be explored. In fact, perceiving color is at the heart of how a lot of the organisms on our planet diversified and, indeed, also at the heart of understanding organismal diversification on our planet. Would color evolve differently in other parts of the universe? Most certainly, yes, because the physics and chemistry of the universe vary greatly, but the question then becomes, How?

It should be obvious that colors (including black and white) are a complex concept and are dependent on a variety of factors. There are four major themes in this book. The first involves an examination of what color is on the physical level. The second involves looking at the biochemical and neurobiological levels of light and light detection in organisms. The third major theme concerns color in nature and how color is used by organisms to expand the information they receive from their surroundings. How organisms on our planet diversified is partly a story of color. Adaptation and natural selection have shaped the way color is distributed on our planet and is very tightly entwined with our general impression of our planet. The final theme concerns the cultural/human context of color. But we won’t be finished with color when we complete examining these four themes. Although the science we discuss will get us closer and closer to our answer to the initial question—What is color?—we still need to go back to a philosophical context, and getting closer to what color means gets us closer to what consciousness is, what existence is all about. What our existence in this universe of color means may be the most colorful story ever told.






1 The Color of the Universe


We are literally swimming in information that’s all around us, which our bodies can and need to detect. We have evolved mechanisms to detect this wealth of information, from photons to sound waves to individual atoms and molecules to microbes to complex eukaryotes, all coming into contact with us. Detecting and responding to this information is essential for our survival. We and other organisms have evolved sometimes simple, sometimes elaborate, mechanisms for detecting these external stimuli. One of the most important of these mechanisms that we humans use to detect external stimuli is sight—what might be called our “overused sense.” Compared to a lot of other organisms, we rely on it a great deal for survival. It will be the focus of this book, no pun intended. Color is a key ingredient, but before we get to color, we need to delve into light.


Watching the Big Bang

The grand majority of things we have at hand are what we can presently see, touch, smell, taste, and hear. However, a lot of science involves “time travel.” Science looks backward at how and why these things are around us now. Science also wants to predict what is ahead of us too, as prediction is an important part of the utility of science.

Take evolution, for example. What did Darwin have at hand when he formulated his theory of survival of the fittest by natural selection? He had knowledge of the many organisms he collected and observed from his journey on the Beagle. He was well read and also had the knowledge of science developed before his work. Darwin wanted to understand what had happened in the past and so used these tools to come up with the most reasonable, least refutable idea about how life evolved and continues to evolve. He metaphorically travelled back in time many times to come to this conclusion. Specifically, he was able to go back in time and think about common ancestors of living things. He was also able to go back in time to visualize natural selection and how it might work to influence the evolutionary process he observed on his voyage.

Cosmologists are particularly good at time travel. They ask, What do we know about the origin of all this stuff in the universe? As with every material, beginnings can be tracked back about fourteen billion years or so to the Big Bang. As we will soon see, the only thing we know of before the Big Bang was a single point of matter so tightly compacted that it actually could not be seen with the naked eye, or any instrument.

Cosmologists study things like the expansion of the universe and have tried to tackle the biggest time travel problem of all—the Big Bang and the origin of the universe. Most of this time travel involves a unique imagination and a talent for eliminating the impossible, to detail the limits of what might have happened in the past. To address what happened before and during the Big Bang, cosmologists have developed the ultimate time machine that can not only go back in time but can also discern what happened over incredibly small intervals of time. They have concluded that the Big Bang is the origin of all the things we have around us in the universe.

The famous physicist Stephen Hawking and his colleague James Hartle thought about this in detail and did their own time traveling in order to come up with the “no-boundary proposal,” to detail the state of the universe before the Big Bang. More formally known as the Hartle-Hawking proposal, it details that the universe was a singular point of mass with no initial boundaries with respect to time or space. Nice, and obtuse, right? Well actually it makes great sense, because as one time travels backward from the present, the universe compresses more and more until it shrinks to the singularity mentioned above. It shrinks to smaller than the size of a single atom, with all of the particles and mass contracted into a speck-sized clump of extreme mass and incredible heat. When the singularity state is met, time ceases to exist and definition of what happens before the singularity is, simply put, silly to think about. Everything but the singularity is closed to discussion because we have no way to define things, measure things, or even speculate about anything at that point.

Before he passed away at the age of seventy-six in 2018, Hawking was able to tackle many mind-blowing topics in cosmology. For him to conclude that the origin of time (and, for that matter, the origin of everything) is a “no-go” is quite impressive. On a TV show aired only ten days before his death, Hawking explained that going back in time to the Big Bang is a journey toward, but never reaching, nothingness. Time (and mass) shrinks more and more as it gets closer to the origin, but never makes it. As he put it in this interview, “It was always reaching closer to nothing but didn’t become nothing. There was never a Big Bang that produced something from nothing. It just seemed that way from mankind’s point of perspective.” If one were viewing the “rewinding of the tape” of all of this time travel back to the singularity from a “safe distance,” very little if anything would be visible to the human eye, and nothing would be audible or detectable by any of our senses at the end of the rewind. The Hawking-Hartle proposal, whether right or wrong, places the beginning of the tape at a singularity, an imagined situation.

Wouldn’t it be cool to watch this hypothetical video run from the beginning? All it would take is sound science and a little imagination. This is exactly what cosmologists Christopher Andersen, Charlotte A. Rosenstroem, and Oleg Ruchayskiy did in their 2019 paper entitled “How Bright Was the Big Bang?” Andersen and colleagues did this by “placing a hypothetical human observer in the early Universe, and using this human visual system as a proxy for a ‘light detector.’ ” Their thought experiment took into account the various rapid epochs that are predicted for the first second of the universe’s existence. They determine two important characteristics of light in the early universe with respect to the sight our eyes accomplish: the limit of darkness and the limit of visible light. The limit of darkness is the point where complete darkness gives way to being able to see light, and the limit of light is where light becomes blindingly intense.

The first second of the video replay would be accompanied by a multitude of events, far faster than anything we can experience or measure. In a time shorter than anything we know, the singularity expanded in an event known as “inflation,” when it doubled in size nearly 100 times (that is, 2100 times, or 1030 times), but at this point it was still only the size of a golf ball, and it was also unimaginably hot and energetic. As the singularity expanded, the universe cooled immensely, as energy was rapidly released, but it was still incredibly hot (109°C)—much hotter than the sun is now. At one second after the inflation, protons, electrons, and neutrons were formed. And between three and ten seconds after the Big Bang, photons appeared, spreading out from this singular point.

As expansion continued, the universe stayed so hot that photons—particles of electromagnetic radiation—moved inside the very dense soup of electrons, protons, and neutrons. The soup was so dense that the particles smashed into each other and the photons got stuck, as if in an ultra-dense fog, where light was scattered. For a million years the universe was a continuously expanding, foggy blob of particles. Finally, the universe cooled enough to form hydrogen atoms and also to allow photons to be released. Photons could move about in this transparent hydrogen soup for long distances. We still detect them as radio waves, as they are part of the cosmic microwave background (CMB) or cosmic radiation background (CRB). They are very, very weak waves, coming from all around us in space.

While the CMB is technically made up of photons, we cannot see it with our eyes. Our eyes can only detect photons in a small range of energies, or, as we say, wavelengths. Each photon has energy; if it is too high, like with X-rays, our eyes can’t detect them. They pass through the body with little effect. However, when the number of photons is very high, and a high intensity exists, we can get sunburn or radiation damage. Photons with a lower energy can also not be detected by our eyes. We feel them as heat, like the warmth generated by infrared photons from the sun, or those in a microwave oven.

If we go back to Andersen and colleagues’ thought experiment of the human eye viewing the video, the period of time leading up to decoupling was “blindingly bright” and full of photons. And all mainly of the wrong wavelength for the human eye to see. The human eye would only have been able to see anything once the universe was more than one million years old. As more cooling occurred over the next five million years or so, the universe became less and less bright until it reached pitch blackness to the human eye. That human eye in the thought experiment detected no light for over 150 million years, a period of the early universe called the “Dark Ages.” What happened? Stars started to coalesce at this point, and enough of them formed at 150 million years for Andersen and colleagues’ eye to start to detect a little light. As the universe expanded, more and more stars formed and more light was produced to get us to the current state of the universe, where there is neither too much light that would fry our retinas, nor too little light that we couldn’t see.

The Top Five

Humans have seen rainbows for as long as our species has been on this planet. This includes our extinct close relatives, such as Neanderthals, who had as acute color vision as we do. All cultures use rainbows in religion and mythology. The colors in particularly vivid rainbows are among the purest visual treats ever seen by human eyes. Humans have wondered about those colors to the point of invoking supernatural explanations for them. But it wasn’t until a famous experiment in the 17th century that the physical nature of the colors in rainbows was articulated in what can be called a “beautiful” experiment.

Beautiful experiments embody the essence of science. They are characterized by human cleverness and explain some fundamental phenomena in nature. According to a New York Times article by journalist George Johnson published in 2002, three of the top five most beautiful scientific experiments concern light and its composition. Sir Isaac Newton clocks in with the fourth most beautiful experiment focused on the nature of colors. Until Newton performed this beautiful experiment #4, scientists assumed that color was somehow a gemisch, or mixture of light and dark. Sir Robert Hooke, a famous naturalist of the 17th century, who liked to squabble with Newton, felt that colors were like mixing paints at a paint store. Pure white light could be mixed with varying degrees of darkness. Deep red to Hooke was white light mixed with as little darkness as possible. Deep blue, on the other end of the spectrum, was white light mixed with as much darkness as possible before the color turned black. In 1666, Newton, who never backed away from a good fight, especially with Hooke, took a simple experimental device that was popular at the time—a prism—and devised one of these beautiful experiments. Like a glass full of water in sunshine, the prism was well known to produce colors apparently by separating some special quality of the color’s light. According to some scientists of the time, when light was shown through a prism, the prism itself physically altered white light in different ways to produce the many colors—red, orange, yellow, green, blue, indigo, violet, and the spread of colors in between. To these 17th-century scientists, a prism was a somewhat magical device that would “color” white light as it passed through it.

Newton had a hunch that this was a wrong way to think about colors and white light, so he used a primary prism to first get the distribution of colors normally obtained from a prism. He was then able to take the red light emanating from the prism and send it through a second prism. If the prism was coloring light, it would have an impact on the red light going through the second prism. But the color of light coming from the second prism was the same red that was isolated by the first prism. The prism was not actively coloring the light coming through it but rather was separating it into its natural components—the different colors of the spectrum. To nail down his experiment, Newton took a lens and focused the multiple colors coming from the first prism to a small point and produced white light. Not only could you take white light apart, you could also put it back together again. Newton correctly reasoned that white light was composed of all of the colors, and light was a much more complex concept than previously thought. This experiment was critical not only for the development of the physics of light but also as a guide to how science is accomplished. Many of the principles and steps of reasoning that Newton used in this experiment are still in use today.
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Figure 1.1. Newton’s double prism experiment. Light (S) comes into the first prism (A). A small patch of separated light emanating from the prism is focused through a small aperture (X) on a divider (B-C). The light emanating from aperture X is of a single color—say, red. This pure red light then travels to the second divider (D-E) and is focused through a second aperture (Y). The light is then passed through a second prism (F). If the prism is coloring the light, as the prevailing notion went, then passing the light from apertures X and Y through prism (F) should produce a spectrum of light. It doesn’t, though. The only logical explanation is that the prism is separating light, and that white light is a mixture of different hues. Wiki Commons, public domain, https://commons.wikimedia.org/wiki/File:NewtonDualPrismExperiment.jpg.



While Newton uncovered the complexity of white light, he also developed some ideas about what light was composed of. He felt strongly that light was particulate; it was his gut feeling, though, and not backed up terribly well by data. Newton was right about a lot of things, he usually provided data or strong theory to shore up his conclusions. Not so with light as a particle, though, and since no one is right all the time, science takes over. Here is where the fifth most beautiful science experiment comes in. There was another side to determining what light is (there is always “another” side in science before experimentation occurs) at Newton’s time. Many scientists felt that light behaved like a wave. And there couldn’t be two more different ideas about the makeup of something.

For a lot of us, tossing stones into a still pond is a pleasing endeavor, mostly because of the waves produced. For a very long time, children and adults have enjoyed this pastime, because, like rainbows, the effect probably enthralled them. Sound was also a big-ticket subject in science around the 17th and 18th centuries. Both sound and water waves were studied and characterized in this period of time, which was important for establishing methods of science. The scientists who studied these things used observation and simple mathematical modelling of what they saw. What they discovered about waves is seminal to understanding light even though, as we will see, the explanation isn’t so simple.

Waves have very specific patterns of behavior, and the characteristics of waves were worked out well before the 19th century. If we look at a wave on the ocean, we can see that it has high points and low points. The former is called a “crest” and the latter is called a “trough.” The distance between the trough and the crest is called the “wave height.” Half of the wave height is called the “amplitude” of the wave. This terminology makes waves seem like they are higher than they really are. A wave with a height of ten feet sounds pretty big, right? But if you are watching this wave in the ocean, you will note that it rises no more than five feet above the surface of a smooth ocean. The trick is that the wave also sinks five feet below the surface of a smooth ocean. The distance between crests is called the “wavelength” and is represented by the Greek letter lambda (λ).

If you are watching those waves on the ocean closely, you will eventually see that some are coming in at angles to others and they crash into each other. When they do hit each other, the simple wave patterns are disrupted and a phenomenon called “interference” occurs. If two waves collide with each other at their crests, the amplitude of the wave is bigger than either of the two waves by themselves. If a trough of one wave hits a crest of another, the result is smoother water than either of the two waves produce on their own. What is happening here? It turns out that the waves are in effect adding up their individual effects, and waves that represent the sum of the two individual waves are produced by the interference.

In 1803, Thomas Young, a British physician-polymath, devised the fifth most beautiful experiment. He would force light through a pinhole and manipulate it with various objects, like mirrors or cards. Scientists create novel devices all the time, and the verb “play” is not too far off from what they do with their invented devices. Sitting in a dark room, Young shone light through the pinhole. He took a small card (as he describes, about one thirtieth of an inch thick) and used it to bisect the thin beam of light along its path of projection. He then placed a screen at the end of this “device,” to visualize the effect of splitting the white light. Because the two beams of light separated by the card were from the same source, Young reasoned that if light was a particle, then once the two streams of light were created, they would produce two separate point streams of light. If light was a wave, then the two secondary beams of light would interfere with each other like waves. Indeed, the result of this beautiful experiment was a pattern showing alternating light and dark bands, behaving just like waves would when interference occurs. Where the two beams overlapped their crests, they reinforced each other and made lighter bands. Where the two beams collided one at its crest and the other at its trough, the light from one beam was cancelled out by the other, producing a dark band. Over the years, scientists learned to use a card with two holes instead of a one-thirtieth-inch card to split the single light beam. These experiments are called “double slit experiments,” and they are how more recent experiments in quantum theory were conducted to establish wave or particle behavior of physical phenomena.

While the work of Christiaan Huygens in the 1600s is not listed in the top ten experiments because his contribution was mathematical, it is a major contribution to how light behaves. In his Treatise on Light, he developed a mathematical theory that described light as wavelike. Young’s beautiful double-path experiment established that light might very well behave like a wave, but it did not eliminate the possibility that it was also particle like. The only conclusion to come to is that neither Newton nor Young was right. Or another way to say this is that neither Newton nor Young was wrong. At the beginning of the 20th century, Albert Einstein and Max Planck demonstrated that light was made of packets of matter called “photons,” taking us back to a more particle-based definition of light. But the double slit experiments kept coming, and these led scientists to hold onto waves as an explanation. In 1929, Arthur Eddington, a British physicist and astronomer, with a little quantum theory suggested that light is made of “wavicles”—stuff with the characteristics of both waves and particles, with complementary characteristics at the same time. This helps a little, but it is not entirely correct.

It is kind of funny that the most beautiful experiment of all time was a thought experiment. With quantum mechanics in hand, one could think their way through the problem in the following way. Imagine setting up a thin beam of electrons. By using the equations of quantum mechanics, an original stream of electrons could be split by a double slit placed in its path. Quantum mechanics equations give only one result of these split electron streams—they will interfere with each other. The electrons (clearly particles in this experiment) would leave the same interference pattern as light split by a card or forced through a double slit. No other way to explain it in the context of quantum mechanics, and so particles could act like waves. One thing that we all should learn about physics, and astrophysics in particular, is that oftentimes things can be right and wrong at the same time. They are, as some physicists say, “what they are.”

It is pretty amazing that it took about forty years to actually physically perform this most beautiful of all beautiful experiments. It took this long because researchers simply did not have the right tools to perform it. Why? A beam of electrons is an incredibly tiny thing in cross section, and finding something to split this incredibly tiny beam took ingenuity. And it didn’t happen until 1961, when Claus Jönsson devised a way to split an electron beam with primitive nanotechnology. Taking this most beautiful of experiments a step further, Italian researchers decided to split a single electron and see what would happen. Believe it or not, quantum mechanics predicts that when a single electron is split, it will interfere with itself. And lo and behold, in 1974, Giorgio Merli, Gian Franco Missiroli, and Giulio Pozzi demonstrated this very result.

If electrons behave this way, then photons should also. But there is a distinct difference between electrons and photons. Electrons have mass and charge and behave entirely like particles. Photons are thought to have no mass, are not charged, and have this strange property of wave behavior. All of these differences make electrons suited for certain activities and photons for others. And when it comes to life as we know it on Earth, these roles are incredibly important for sensing the outside world. As we will soon see, electrons have become the currency of neurological processes and photons the currency of light as it impacts most organisms on this planet, including vision in animals. These processes all shook out this way as a result of evolution. It’s not that evolution took photons and electrons and changed them into something we now observe as part of organismal diversity; rather, photons and electrons were always there, and evolution figured out a way to use them resulting in how organismal diversity on our planet coped with them. How this happened is the subject of the rest of this chapter.

Blackbody and Background

When it comes to the universe, the things out there that we know something about make up less than 5 percent of the total stuff out there. Our universe is made mostly of dark energy and dark matter, appropriately named “dark” because we know very little about them. At least we know about the darkness, and that means something is there. Luckily for our story about color, this 95 percent of the universe is, so far, irrelevant. What that leftover 5 percent is made of, though, is pretty important.

You might think that our sun is the source of most of the photons that we are exposed to on our planet. After all, it is the brightest thing in the sky, and when the sun slips over the horizon at nighttime, we have only the light of stars (and cyclic reflected light from our moon). But we would be wrong in assuming our sun produces most of the light we are bombarded with. Instead, the CMB is the most abundant source of “light” on our planet. We don’t really see it with our eyes, as it is—as its name implies—microwave radiation. If we were able to visualize microwave radiation as well as visible light, our vision would include a very hazy background light that would be the CMB. It has been estimated that only one in every 1,029 photons out there is not CMB. In other words, a very, very small proportion of photons are not microwaves.

Scientists oftentimes need to create idealized worlds and objects in order to explain things. One idealized object in physics relevant to our discussion is a blackbody, or a physical object that absorbs all of the light hitting it regardless of wavelength, frequency, or angle of incidence. Now, think of a true blackbody. It reflects no light whatsoever. But it will radiate in a very specific way, giving off a very specific spectrum of wavelengths of electromagnetic radiation—specific because the blackbody’s temperature will dictate the wavelength of light emitted by the blackbody. Even though our sun is called a “radiator,” it really isn’t. And here is where physics gets weird with words again. We start with the fact that a perfect absorber of light will also be a perfect emitter of light. Sounds like we are trying to sell you a bridge in Brooklyn, right? But it actually makes a lot of sense. Think of how light gets absorbed by a body like the sun. A body of matter is made of atoms, themselves made up of smaller particles like protons, neutrons, and electrons. These particles have electrical charges, which is a simple property that dictates how the particle will move in an electromagnetic field. When photons crash into atoms, some of them pass through the atoms, and in doing so push the particles around. This movement raises the energy of the atom; since the total energy of a system like this needs to stay the same no matter what happens, energy has to be released to balance out the energy dynamic. The release of energy comes in the form of photons with different wavelengths.

The sun itself has no solid surface, and when light, or any kind of radiation, smashes into it, the radiation is both scattered and absorbed, making the sun appear very much like a blackbody. Close to a blackbody, but not like a perfect blackbody radiator, because as the sun absorbs radiation, and light specifically, atoms of the sun block some of the radiation, increasing the total energy of the sun. To account for this increase in energy, the sun emits radiation, or light, at various wavelengths. Radiation that hits the sun then generates photons of various wavelengths that make their way from the sun’s surface and through and beyond our solar system. The important thing is that a great deal of this radiation hits our planet and the entirety of it is blackbody radiation of specific wavelengths determined by the temperature of our sun. As we will see later, it is the temperature of a radiating body, like our sun, that determines the kind of light that is emitted from the radiator.

Two very recent calculations become relevant to our understanding of light in the universe and how much of it reaches our eyes. The first concerns a calculation made in 2018 of the number of photons that have been produced so far in the universe. The details of how this was done involve blazars (galaxies with super-massive black holes), epochs (periods of time in the 13.7 billion years of evolution of the universe), the cosmic fog (that plasma we discussed earlier in this chapter); and NASA’s Fermi Gamma-ray Space Telescope. The number turns out to be 4(1084). Oh, what the heck, let’s just write it out—4,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000 photons.

The second calculation was made in 2013, by scientists at the Max Planck Institute who calculated the minimum lifetime of a photon. Their estimate was an average of 1018 years, or perhaps more easily written as a billion billion years. The age of the universe calculated from the Big Bang is 13.7 billion years, so most photons in our universe are nowhere near “dying.” Because the universe cooled as it expanded (it is now only 2.7° C above absolute zero), the amount of light reaching us as CMB was also diluted. Of those non-CMB photons reaching our eyes, the remainder do indeed come from our sun in the form of blackbody radiation. Needless to say, the number of photons in the universe is an incredibly large number (4[1084]). Even though a large number of photons reach our eyes each day, the light we see is pretty dim compared to what it could be. But because photons are pretty resilient, it means that even with the vastness of the universe, many of these photons reach our eyes daily. And it is those photons that we now turn to for color.

Wavelengths

Electromagnetic radiation is made of photons, which have wavelengths, and these wavelengths determine the physical characteristics of the photon. There is no theoretical upper limit for electromagnetic radiation wavelength, and the largest one in human use so far involves ultra-low-frequency (ULF) radio waves. This kind of radiation is used by the military to communicate with submersible craft. The exact details are more than likely classified, but this radiation probably exists in the 100 km to 1,000 km range. Before we go any further, we should standardize the wavelengths that we will discuss, but if you are adverse to exponential notation and powers of ten, skip to the next paragraph. The standard unit of measurement for wavelengths is nanometers, because visible light has wavelengths between 400 and 700 nm (1m equals 1,000,000,000 nm, or 109 nm). So, these ULF waves have wavelengths on the order of 1013 nanometers. To give you a better idea of the wavelengths of radio waves, AM radio relies on photons with wavelengths of 10 meters, or 1010 nm, and FM radio radiates photons at wavelengths of 1 meter, or 109 nm. These are photons with huge wavelengths compared to visible light.

The microwave ovens in our kitchens use photons generated at fairly long wavelengths but quite a bit shorter than radio waves. Your microwave is generally made of a magnetron, a waveguide, and a cooking chamber. The magnetron is a tube with a magnet and an electric current that generates photons of wavelengths on the order of 109 nm. The radiation from the magnetron acts to create molecular movement in the object it is bombarding. This movement generates heat as molecules in the object in the food chamber slam into each other. The movie franchise Predator has a great example of the next category of photons we need to examine. In the original film, Arnold Schwarzenegger, playing an Army Special Forces combat soldier, encounters a nasty alien hunter in the jungles of Central America. It stalks and kills everyone in Arnold’s troop. Arnold escapes in typical Arnold fashion because he realizes that the alien is using the warm-bloodedness of his prey to visualize the members of the troop. By smearing cold, wet mud all over his body, Arnold tricks the visualization device that the Predator uses to locate prey, and he is able to extract vengeance on this particularly ugly alien. How did the mud confuse the Predator? Body heat gives off radiation at specific wavelengths. These are photons that have wavelengths on the order of 10–5 meters, or about 1,000 to 10,000 nm. The mud lowered Arnold’s surface temperature, which then allowed him to blend in with his surroundings, which were mostly plants with cool temperatures.

Visible light, over which we see things with our eyes, resides in the range of 400 to 700 nm. This thin slice of about 300 nm in range accounts for all of the colorful world that most of us can perceive. Even shorter wavelengths exist than the visible range; these are ultraviolet radiation (UV), X-rays, and gamma rays. UV radiation wavelength ranges from just outside the short end of the visible range to about 10-8 meters, or 100 nm to 1 nm. X-rays are on average 10-10 meters, or 0.01 nm. We all know the typical use of X-rays as a way to visualize things in our bodies that reside (or were placed) under our skin. An X-ray can do this because these photons of 0.01 nm wavelength can penetrate the skin but get absorbed by bones and other things under our skin. Gamma rays are made up of photons on the order of 10-14 meters, or an incredibly small fraction of a nanometer (0.000001 nm).

This journey across the range of electromagnetic radiation might not mean much to those of you who are exponent challenged, so let’s compare the wavelengths of these various kinds of radiation with everyday items. ULFs have wavelengths the size of the distance from Detroit to New York City. FM radio waves are made of photons of wavelength about the same length as a yardstick. Microwaves have wavelengths about the diameter of a US dime, and infrared wavelengths are the same length as a bacterium in your gut. Visible light correlates to wavelengths the same size as the average width and length of a pit on a compact disc (CD), which has something to do with why CDs reflect light in a rainbow of colors. UV light has wavelengths on the same order of size as the thickness of the cell wall of that bacterium living in your gut. X-rays have wavelengths the size of the width of a sugar molecule, and gamma ray wavelengths are so short there are very few recognizable analogues for the layperson. We can say, though, that gamma ray wavelengths are about four orders of magnitude shorter than the diameter of a hydrogen atom.

Since this book is about color, after all, let’s return to that 400 to 700 nm sliver in the range of electromagnetic radiation that is visible to our eyes. At the longer end of this tiny sliver, just outside 700 nm radiation, is light that is called “near infrared.” Just shorter than near infrared are wavelengths from visible red light. Various shades of red are produced by photons of wavelengths from 600 to 700 nm. At the short end of this sliver is the light that is purple/blue to our eyes. This tiny sliver of the visible spectrum ranges from 400 to 500 nm. In between, with wavelengths between 500 and 600 nm is the light that appears as orange, yellow, and green colors to us. It is amazing that our visual system and those of most other organisms on the planet rely on this tiny sliver of the entire spectrum of electromagnetic radiation. Of all the wavelengths ranging over twenty-four orders of magnitude that organisms on this planet are exposed to, by far visible light wavelengths are the most popular kind of light that organisms on our planet have exploited for the extraction of information. Visible light that produces color doesn’t even range over a single order of magnitude. Does this mean that color vision on our planet is something special requiring metaphysical explanation? As we will see, the answer is no, because the process of evolution can provide a plausible explanation for why this narrow range is used by organisms on our planet. The breadth of radiation that exists out there is amazing, and settling on this tiny sliver to interpret color might seem astounding at first. But evolution has led to the use of this tiny range of wavelengths in an easily interpreted pattern of exploitation.


[image: images]
Figure 1.2. Distribution of electromagnetic radiation. The category of wavelength is at the top in meters (m). Visible light range is shown at the bottom in nanometers (nm). See text for discussion. Drawing by Rob DeSalle.



When Did Color First Appear in the Universe?

This question at first might seem like a chicken and egg problem. Many chicken and egg problems are not solvable. Take the origin of life on our planet. It is undeniable that all life on this planet arose from a single common ancestor. It’s undeniable because of the similarities of certain aspects of the biology of all living organisms on Earth, which are based on the interconnectivity of the genomes of organisms on this planet. As of 2018 the genomes of tens of thousands of different species have been generated. It turns out that there is a core of genes that are required for cellular life on this planet, and this core of genes (between 100 and 200 genes) is found in all of the cells of all of the organisms on this planet. The easiest explanation for this somewhat stunning fact is that these genes existed in a common ancestor. It is hard to deny that all life on the planet is related, but where did this common ancestor come from?

Studies focusing on the origin of life are not designed to answer the question definitively. They are designed to eliminate possible explanations and to give science an idea of the range of possibilities that could be involved in the origin of life. No single origin of life study or theory has definitively answered the question. One theory proposes the origin of life on our planet to be a completely chemical process wherein the basic molecules of life form from smaller components organically or with some environmental stimulus. Others suggest that the origin of life on our planet is of extraterrestrial origin. This idea, called “panspermia,” doesn’t necessarily depend on little green men but rather on the simple introduction of a single-celled ancestor through cometary delivery. Panspermia does not solve the chicken and egg problem, and the chemical explanation only lives on because it resists rejection. Some problems in science are either incredibly difficult to answer or are unanswerable, but they are so darn interesting that scientists just can’t resist trying to tackle them. Understanding what happened before the Big Bang, which we discussed earlier, is another example of one of these irresistible problems.

It would be imprudent to deride the claim that somewhere in the universe entities have existed that evolved the capacity to detect photons of different wavelengths. If this has happened, then color in our universe would have first appeared at that point in time and in that place. Since we have no access to data to test this hypothesis, our hands are tied in further exploring the origin of color in the universe. The origin of color escapes being unanswerable because we can theoretically and experimentally pinpoint the origin of light and color detection by organisms on this planet. In other words, the problem is a simple evolutionary one. However, we can only pinpoint this evolutionary event for our planet so far. In other words, color first appeared in the universe when organisms evolved to discriminate between photons of different wavelengths. In terms of how we look at color, this reliance on detecting wavelength becomes our working definition for color on our planet. As we will soon see, photons can range over a wide swath of wavelengths, and what appears to be colorless—even invisible—to our vertebrate eyes can be a rich source of wavelength information for other organisms.

Natural Selection

Understanding evolution on this planet lies at the heart of understanding what color is. There is every reason to think that organismal evolution also occurs in other parts of the universe, but all we can really address at this point in time is the process here on our planet. The best assumption we have is that gravity is a pervasive and uniform force over most of the universe. This guides the discipline of physics in explaining how the universe works. There is every reason to think that evolution too is a pervasive force in the universe. Charles Darwin and Alfred Wallace, two 19th-century naturalists, provided science with the rationale for why evolution was pervasive in nature. Naturalists at that time understood that organismal life evolved, but they had no idea how it might work. Darwin and Wallace provided the mechanism for how evolution works.

One of Darwin’s seminal contributions to science was providing an explanation for what is needed for organismal evolution. Darwin made the amazing observation that organisms themselves don’t evolve, they are just born, they reproduce (if they are lucky), and they die. Lamarck, a famous 18th-century naturalist who lived a bit before Darwin, made the mistake of thinking that organisms themselves evolved. He presented the notion that acquired characteristics were involved in how evolution proceeded. Darwin changed all of this by demonstrating that populations evolve and not individuals. Once he realized that populations evolved, he was able to put in place several requirements for how evolution proceeded. Darwin pointed to the importance of variation in nature as a major requirement for evolution to proceed. In fact, Darwin was infatuated with variation, as his studies of pigeons and dogs clearly show. He described variants of pigeons in gory detail in On the Origin of Species as an example of the concept of variation. He also recognized that reproductive success of some individuals over others was an important cog in the process of evolution. If that wasn’t enough, Darwin also recognized that organisms produce more offspring than are needed for the next generation. Because some individuals are more successful than others at reproducing, Darwin also pointed out that resources for survival and reproduction must be limited for evolution to work. Finally, and most importantly, the traits that vary in populations need to be inherited from generation to generation. With all of these important processes in nature recognized by Darwin and described as one long argument in On the Origin of Species, he then named the process that would take over if these requirements were met in a population. He called it “natural selection.”

While Darwin’s outline of the general requirements and how they interact was absolutely spot on, there were some holes in his representation of evolution. These shortcomings were not necessarily his fault, and by no means were they deal breakers for Darwin’s suggestion of natural selection as a pervasive force in nature. As the philosopher and historian of science Thomas Kuhn so adeptly pointed out, science proceeds episodically, with periods of stasis, when normal accumulation of scientific evidence proceeds, interrupted by sharp periods of revolution, when basic paradigms of research shift. Indeed, Darwin’s formulation of natural selection was revolutionary, as the last 150 years of research in natural history and evolutionary biology demonstrate. Researchers have used natural selection as a fulcrum for massive amounts of what Kuhn would call the normal science of accumulation. The information accumulated over the past 150 years of evolutionary research has filled in many of Darwin’s shortcomings, especially the lack of a sound mechanism for heredity.

Gregor Mendel, the “monk in the garden,” was a contemporary of Darwin’s. Mendel worked tirelessly at understanding the transmission of traits, and hence heredity, through the many crosses of pea plants he did in the Moravian monastery where he spent a great deal of his life. Scientists back then communicated much like scientists do today—in principle, though not in practice. Unlike today, when two scientists can quickly communicate with each other via email and send PDFs of their work, scientific communication back in Darwin’s time was cumbersome. Actually, this tradition of scientists ordering reprints (copies of the papers they publish) from journals and sending them to colleagues survived until the 1990s, when the internet made it very easy to simply send an electronic copy. More than likely, there are still some old-school scientists out there who still package their reprints, address them, and send them via snail mail to their colleagues, but it has been a long time since either of the authors of this book have gotten one of those manila envelopes in the mail.

Fortunately, Darwin kept all of his scientific literature and even marked the margins of the papers with notes. It is controversial as to whether or not Mendel sent Darwin a copy of his paper published in 1866 entitled “Versuche Uber Pflanzen-Hybride” (Experiments in Plant Hybridization) describing the work. It was published in an obscure natural history journal from Brunn, Czechoslovakia (now Brno, Czech Republic). Robin Marantz Henig, in her book A Monk and Two Peas, suggests the paper made its way to Darwin’s library. She based this conclusion on the testimony of a former director of Mendel’s library, who claims that a reprint was sent to Darwin. But perhaps it was not received because there is no record of the reprint existing in the Darwin library.

Other historians are resistant to this suggestion. David Galton gives the rundown on the location of the forty reprints that Mendel ordered, and there is no evidence that a reprint made its way to Down House, Darwin’s residence near London. Galton points out that Darwin did own a book about plant hybrids, by German botanist Hermann Hoffman, where Mendel’s results were reported. Nelio Bizzo and Charbel N. El-Hani point out he did mark the margins of that book, indicating he read the book and was not dozing when doing so. Even though the notes are clear, Bizzo and El-Hani suggest that either Darwin did not understand what Mendel had done, or it was deemed by Darwin as peripheral to his ideas about natural selection. On the other hand, Mendel ordered a copy of Darwin’s On the Origin of Species and marked it up in the margins. It is clear from Mendel’s marginalia that he did not make the connection between his work and Darwin’s natural selection. Mendel’s work slipped into obscurity soon after it was published until the turn of the 20th century. In fact, the botanists who resurrected Mendel’s laws are said to have “rediscovered” them. But once rediscovered, Mendel’s laws, when applied to evolution, open up a broad swath of work and were involved in the creation of the subdiscipline of population genetics. Genetics became the foundation for much of evolutionary thought in the 20th century, and indeed genetics is intricately involved in how we will approach the evolution of color.

With heredity in hand, other aspects of the requirements needed for natural selection can be explained. Specifically, genetics can explain how variation is generated. In addition to population genetics, established in the 1930s, heredity was cemented to evolutionary processes in the new, or Modern Synthesis, of evolutionary thinking developed in the 1940s. Heredity is real, and its addition to evolutionary theory created a sound formalization for studying organismal change. An understanding of how variation is generated is another product of the study of heredity. The grand majority of organisms on this planet have only a single copy of their genome in their cells (protists, bacteria, and archaea). However, most organisms that can detect color have two copies of their genome in each cell (eukaryotes)—one from their mother and one from their father. Mendel’s laws of inheritance were formulated for these organisms with two copies. The microbial organisms on this planet that have only a single copy of the genome in their cells reproduce by fission, a process that only needs an understanding of clonal inheritance to be understood. Variation in these microbes is produced when fission occurs and the new genome of the daughter cell is synthesized. The synthesis of the new genome is implemented by enzymes in the cells of these single-celled organisms and the faithful replication of genes by these enzymes is not entirely perfect. We will discuss the nuances of the genetic material in the next chapter, but suffice it to say that mistakes can and are made in the new genomes, albeit at a very low rate. Think about it: if there was a high rate of mistakes, then a large number of changes would occur, and this might harm the viability of the daughter organism. A low rate of change will indeed produce some changes that are very deleterious to the daughter organism, but the low rate decreases the frequency of these deleterious changes relative to a higher rate. The outcome is a daughter cell that has an alteration in the makeup of its genome. Such changes in the genome are called “mutations.”

Eukaryotes, even single-celled ones, need a special mechanism to implement the coming together of the genomic contribution from mom and dad. The mechanisms that nature settled on for eukaryotes are various, simple, and elegant. Suffice it to say that not all eukaryotes reproduce the same way. But at the heart of their reproduction is the same theme. Mom produces cells (oocytes), which come together with cells produced by dad (sperm), to produce a new organism (zygote). The oocytes and sperm are collectively known as “gametes,” which contain only a single copy of mom’s and dad’s genomes, respectively. Something interesting can happen in the generation of gametes. You probably guessed it. As gametes are formed, the enzymes that copy the genome make mistakes and produce mutations. Again, not a high rate but high enough to produce variation in a population of gametes. Once the variation is generated by the way genes and genomes are inherited, natural selection can then take over. One thing to remember about natural selection is that it is environment dependent. Natural selection will act differently in, say, a cold environment than it will in a hot environment. We will delve into this aspect of natural selection when we discuss coloration variation in natural populations of organisms. When a particular population stabilizes in an environment by increasing a particular kind of a change, the population is said to have adapted to its environment.

Perfection?

There are shortcomings to the application of natural selection in the study of organismal diversity though. As pointed out above, the 20th century was a period of normal science in evolutionary biology, when researchers hammered the paradigm of natural selection into natural history. Actually, they over-pounded it, and this prompted two famous biologists at Harvard University to set the record straight. Richard Lewontin and Stephen J. Gould pointed out that evolutionary biologists had fallen into a trap they called the “adaptationist program.” Researchers had, according to Lewontin and Gould, relied too much on natural selection, and hence adaptation, as an explanation for organismal diversity. Everything appeared to evolutionary biologists at the time as adaptations, and a lot of misguided ideas about what natural selection could do were promulgated. What this caused was a lot of “just so” stories and a lot of evolutionary storytelling. Many misconceptions of adaptation arose, among them the idea that adaptation produced perfection. Lewontin and Gould’s purpose was to clarify the role of natural selection in nature and to define more precisely the way adaptation worked. They were mostly concerned with the overuse of adaptation in human evolution. To them, the prevailing paradigm of adaptation explaining a lot of human biology and behavior in particular was misguided. These caveats to an adaptationist approach to nature are compromises, spandrels, kluges, and drift.

Compromises: They specifically pointed to four areas of research on adaptation that were problematic to them in the context of biological perfection, or even optimization. The first is that some traits that we see in nature are compromises. Basically, they were pointing to the difficulty in studying complex traits like morphology and behavior and making simple statements about adaptation. A good example of adaptational compromise is seen in many organisms we are familiar with. A seal’s flipper, for instance, seems to be nicely adapted to swimming in the ocean, but it’s rather cumbersome when seals do one of the most important things in their lives. Seal flippers are a biomechanical compromise to allow seals to move around on land during reproduction and to swim swiftly underwater. As many of us well know, our knees are fragile, poorly designed structures. We know this because we have either torn knee ligaments, busted kneecaps, or live in continual pain, not only in the knees but also in the back as a result of mis- and overuse of this joint. A properly designed human knee would look more like the ankle joints of a bird’s leg, according to S. Jay Olshansky, Bruce A. Carnes, and Robert N. Butler, who first suggested the design, and Alice Roberts, who interpreted it into three dimensions with her “perfect” woman 2.0. The perfect knee would actually be one where the joint is reversed. In fact, Olshansky and colleagues note that to survive to 100 years, our bodies should indeed have this birdlike leg among other physical alterations like larger ears, a curved neck, and shorter limbs. A bird’s knee is usually pretty far up its leg, hidden by feathers. The ankle of a bird is apparently more robust and allows faster running than the human knee. The claim that the human knee is perfect is quite erroneous, then, as it is really a compromise between standing upright and wear and tear on our knee joint.

Spandrels: Next time you are looking in the mirror, take a close look at your philtrum. It’s that area of your face between the bottom of your nose and your upper lip. If adaptation has a role in structures, you might be tempted to come up with a role for this part of your face. Maybe the philtrum enhances the moving of odors hitting your face into the nose. Since odors are an important signaling system for organisms, this function would be adaptive for an organism with a philtrum. On the other hand, maybe the philtrum exists because it allows for some room between the nose, which occasionally drips harmful bacteria, and the mouth, so that humans can easily wipe away the harmful bacteria without swallowing them. Or maybe both of those scenarios are evolutionary BS, because perhaps the philtrum is there because this is just the way the human infant face develops. Lewontin and Gould called such features like the philtrum “spandrels,” in reference to the architectural spandrels of San Marco (St. Mark’s Cathedral in Venice). The spandrels in this wonderful piece of architecture circumscribe beautifully drawn and painted biblical artwork that appears to be perfectly adapted to the spaces circumscribed by the spandrels on the cathedral’s ceiling. The mere beauty of the artwork and its placement tempts one to think the spandrels were created to hold the artwork. But this would be an erroneous assumption, because the spandrels were concocted as an architectural device to hold the ceiling up.

Kluges: Some traits we see in organisms simply cannot evolve because their starting points are constrained by the variation that is present in the populations of those organisms. If you’re trying to make a better mousetrap and need a particular piece, like a stronger spring or a preferred metal base instead of a wooden one, you simply go to the hardware store or get online to order the exact piece needed. If those pieces aren’t available, then sometimes you end up with the convoluted Rube Goldberg apparatus in the popular child game Mousetrap. Populations of organisms do not conjure up variation upon request. Adaptation acts with the variation that exists in natural populations. This, by the way, is why evolution oftentimes produces convoluted, messy solutions to natural challenges that are far from optimal… but work. Gary Marcus has called such structures “kluges.” They have come to be known as something not built according to design but assembled from whatever is available to make things work. Marcus calls our brains kluges because of their messiness with respect to behavior, but after all, they do work.

Drift: And finally, some traits arise in populations because of darn simple luck (good or bad). One of the major things that Darwin missed in his formulation of evolution was that a phenomenon known as “sampling error,” or genetic drift, can occur. This concept is best explained by a coin flip example. If we wanted to bet you that we could flip a coin and land on heads two times in a row, you could conceivably take that bet, because you would lose only a quarter of the time. If we happened to hit a lucky streak, we could win a lot of money from you though, but such a streak would be rare. On the other hand, if we wanted to bet you that we could flip one hundred heads in a row, that is a bet you should take every time. The probability of flipping one hundred heads straight is minuscule (1/2,100) and so an excellent bet for you. The larger the sample, the smaller the sampling bias. The smaller the sample, the higher the probability that a strange result will happen. Likewise with populations. If a large population incurs a mutation and then is allowed to evolve, the gene with the mutation can only increase if natural selection favors the mutation. On the other hand, if a mutation arises in a very small population, it can increase in frequency due to sampling error even if it is deleterious. On the other side of the coin, if the population is very small and the mutation is advantageous, it can be eliminated from the population due to sampling error. Strange things can happen with small populations, and indeed we see some human populations where high frequencies of deleterious genes exist as a result of sampling error or, more accurately in this case, because of genetic drift. The remnants of small population size effects are seen in current-day Ashkenazi Jewish populations, where such disorders as Tay-Sachs disease and Canavan disease are found in unusually high frequencies as a result of a history of past population constrictions within this ethnic group.

Color Vision in Karnet of the Betelgeuse System

The reason we talk in so much detail about evolution in the context of color is to help explain how light and color detection have molded organismal diversity on our planet. As we pointed out above, the environment is the arbiter of how natural selection will work. A population of organisms will respond to an environment with constant freezing temperatures differently than it would respond to an environment with constant temperatures over 120° F.

While the naive amateur stargazer probably doesn’t notice it, the stars in our night skies are tinged with color. If you don’t believe this, next time, on a good dark night, take a look at the sky. Of course, there will be stars that have no color (white stars) but shine brightly. But if you look hard enough, you will see stars that have a tinge of yellow, orange, or red. These stars are also radiators of photons. Our sun is essentially a blackbody and radiates photons as a function of its surface temperature. In fact, all stars approximate blackbody behavior; the photons that radiate from these stars do so mainly as a function of the surface temperature of the star. Stars that are really hot (> 30,000°F) appear blue, and those that are coolest (3,000°–6,000°F) appear red or orange. In-between (6,000°–17,000°F) stars are orange, yellow, or white.



Table 1.1. Temperature and the color of a star

	Type

	Range

	Color




	M

	3,000°–6,000° F

	Infrared/Red




	G

	6,000°–10,500° F

	Orange/Yellow/White




	F

	10,500°–13,000° F

	White




	A

	13,000°–17,500° F

	White




	B

	17,500°–50,000° F

	White/Blue




	O

	50,000°–100,000° F

	Blue/Indigo/Violet/Ultraviolet





White light emitted by a sun is mostly the combination of photons in the wavelength range of our visible light, from 400 nm to 700 nm. Red light emitted by a sun is the combination of photons in the wavelength above 700 nm but less than 1,000 nm. Remember, though, that other wavelengths of light are radiated by these stars but at a lower amount than the predominant kind of radiated light. Our sun radiates mostly white light (our sun is about 5,800° F) but also radiates photons with wavelengths above 700 nm and photons with wavelengths below 400 nm. About 85 percent of the photons emitted by our sun are in the visible range of 400 nm to 700 nm; the remaining 15 percent are outside of this range.

Note that one of the major colors of the spectrum is missing from the list in Table 1.1—green. Oddly enough, even though our sun looks orange in the sky and radiates photons across the visible spectrum, its peak radiation is about 480 to 500 nm. Guess what? This is actually the wavelength of green light. So why doesn’t our sun look green then? In order for our sun to be a green color, the grand majority of photons would have to come from this range, but that is not the case with our sun or any other star in the universe. The photons radiating at other wavelengths wash out the green color, and we end up with a spectrum of photons that make our sun appear white. In fact, there are apparently no stars (or so very few that we have yet to see them) in the universe that can radiate green. There is just too much residual photon activity around this green peak to allow for green to leak through.

In 1953, the great science fiction writer Philip K. Dick described an encounter between humans and the native inhabitants of a planet circling Betelgeuse, a red star in the Orion constellation. This star is easily visible as the ninth brightest star in the night sky, and it radiates red light even to the naked eye. At about 600 light-years away, Betelgeuse radiates light in mostly the infrared range with a peak radiation of 750 nm. Dick’s short story “Tony and the Beetles” is more about xenophobia than anything. It’s a story about a human boy befriending Betelgeuse natives in the town Karnet on a planet revolving around Betelgeuse. They’re facing an interstellar war between humanity and the planet’s beetle-like inhabitants, the Pas-udeti. While astronomers have not identified planets currently circling Betelgeuse, there might have been, a long time ago before this star started to expand. But Dick did his homework (as he always does) about what vision would be like on a planet circling Betelgeuse. He starts the story with the following: “Reddish-yellow sunlight filtered through the thick quartz windows into the sleep-compartment.” Indeed, such a planet would be inundated with near infrared and red light. Tony, the young protagonist of the story, would see things in shades of red because the majority of photons hitting his human eyes would be reflecting off of objects and would be in the 700–750 nm range. If Tony could wear goggles that filtered out light of wavelengths greater than 700 nm, he would probably see color with his human eyes, but it would be a very dimly colored world he would visualize. The amount of photons in the range of 400 to 600 nm would be very low, leaving fewer and fewer photons of the correct wavelength to hit his eyes.

But remember that Tony is a human transplanted to this planet circling Betelgeuse. What about the Pas-udeti, those beetle-like organisms that he befriends? Well, Dick doesn’t say much about the biology of these organisms, other than they are beetle-like and pissed off about human domination in their own star system, so we can use a little poetic license here. Let’s assume that detecting more than just visible red light was of selective significance to the Pas-udeti, say to recognize castes or even to recognize sexes. More than likely the Pas-udeti would have evolved a very different manner of sorting out wavelengths of photons hitting their visual systems and perhaps would have evolved a system of “color” vision that could distinguish between various wavelengths of red, near infrared, and infrared, some in the range of wavelengths our eyes do not detect. As we pointed out earlier, there are optical devices that allow the visualization of light in this infrared range, and indeed there are organisms on our planet that can discriminate photons therein, which we will talk about later in this book. Since we don’t know much about the ancestors of the Pas-udeti, there is no way to make a statement about whether the evolutionary solution for color vision of this organism is close to perfection, but the best bet would be that it would not be. If Tony’s descendants and the descendants of humans on this planet don’t get decimated by the angry Pas-udeti, then these human populations will more than likely evolve with respect to color vision, and since we know something about human color vision, we could say something about continued pressure from infrared light photons on how the human color vision system might adapt to Betelgeuse’s photon radiation.

Because we know the ancestral state of how humans process photon information, we can try to predict the kinds of changes that might occur as human color vision systems are exposed to mostly near infrared and infrared light by living in the Betelgeuse system. The existing color vision system of humans on Earth would be what natural selection would probably work on. More than likely, the human color vision system would evolve toward being able to interpret more information, and hence to process the near infrared and infrared photons hitting human eyes. Or perhaps humans might evolve another organ to detect infrared and near infrared wavelengths. Eyes aren’t the only things that can detect electromagnetic radiation in organisms on our planet, as we will see later in this book. Either way, after a significant period, the humans there would be adapted to the > 700 nm photons and more than likely lose the capacity to process photons in the 400- to 700-nm range. If there are no or few photons of this range of wavelengths radiating to the surface of the planet, then it makes sense that it would lead to loss of function of the old system, which takes up a lot of energy and time processing photons of lower wavelength. Humans living in the Betelgeuse system would see the universe in different wavelengths than humans who remained on Earth. Transplanting such a Betelgeuse human to Earth would result in a human who could detect photons like the Predator we discussed earlier, but also with very poor vision in our visible spectrum.

Other evolutionary possibilities might exist for our Betelgeuse humans, because the actual mechanism by which color vision works in humans on Earth is based on molecular biology and biochemistry. They might even evolve to use a completely different molecular basis for color detection. How this might happen is the next part of the story of the natural history of color.
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