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PRAISE FOR A BRIEF HISTORY OF TIMEKEEPING


“As Chad Orzel shows in his informative new book, while the pace of modern life seems to march briskly in step with the rhythms of various clocks, keeping accurate time has been a mainstay of history—a driving force for astronomical measurements, and eventually classical and relativistic physics. A Brief History of Timekeeping offers the quintessential account of all the factors that make up ways we record time—from the relatively slow progression of daily and lunar cycles to the near-instantaneous speed of atomic transitions. Orzel’s fascinating chronicle of how we measure the seconds, days, and years that set the stride of our life’s journey is well worth making the time to read—and that literary adventure will fly by, no doubt.”
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“Orzel gives us the grand tour of something we all take for granted. It’s about time.”
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“A deliciously detailed journey through the astonishing ticks and tocks of timekeeping, from neolithic henges and Mayan number systems to cinnamon-filled sandglasses, tuning fork wristwatches, and even the northern lights. Equal parts mesmerizing and fascinating, Orzel’s beautifully clear explanations of physics illuminate subjects from planets to quantum engineering. By the end it is clear that time may never be on our side, but keeping track of it has opened up the universe for us.”


—Caleb Scharf, author of The Ascent of Information: Books,
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“If there’s one feat our species has truly mastered, it’s slicing and dicing time into ever-shorter intervals, and keeping track of those ticks and tocks with mind-boggling precision. Today’s best atomic clocks can track time with a precision of one part in a billion—but getting to this point, as Chad Orzel’s entertaining new book shows, has been an incredible adventure. It’s a history of technology, of course, but we also learn about the underlying science, from the ancient astronomers who first made sense of the motions of the sun, moon, and stars to those who unveiled relativity and quantum mechanics in the last century. If you like science, history, and fun in equal measure, A Brief History of Timekeeping is for you.”
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Introduction


A CLOCK IS A THING THAT TICKS


The picturesque campus of Union College in Schenectady, New York, where I teach, features lush, green quads surrounded by columned buildings full of classrooms, labs, and offices. Like most college campuses, it’s also full of clocks. There’s the tower clock in Memorial Chapel, whose chimes regularly ring out to mark the hours (and showcase the talents of the student musicians who occasionally take over to play tunes on the chimes). A large decorative clock, a gift of the class of 1997, stands in front of the Reamer Campus Center, where it serves as a landmark for meeting people. Almost every classroom sports an analog clock on the wall, for students and faculty to track the progress of class hours (too fast for the faculty, too slow for the students). And, of course, there are innumerable unseen clocks: embedded in every computer, worn as wristwatches, carried in smartphones.


Even beyond the physical presence of clocks, the tracking of time is ubiquitous on campus. Classes are scheduled down to the minute—start at 9:15 am, end at 10:20 am, start again at 10:30 am in a different room—and meetings and appointments fill the day. Student work is often timed—10 minutes allotted for an in-class presentation, an hour to complete an exam—and athletic feats are recorded down to fractions of a second. On a slower scale, the academic year progresses through a stately cycle of marked dates: the opening convocation, the start and end of the academic term, the annual Steinmetz Symposium celebrating student research. Every day brings students and faculty closer to the commencement ceremony that ends the year and sends a new class of graduates off into the world.


All of this tracking and measuring of time is generally regarded as too routine to be commented upon. What’s too often overlooked in the process of keeping on schedule (and fretting about being overscheduled) is the depth of history and rich variety of science underlying all this activity. We tend to think of our preoccupation with time as a modern phenomenon, but in fact the tracking of time has been a major concern in essentially every era and location that we find evidence of human activity. Every historical society we know of had its own ways of tracking the passage of time, some of them dizzyingly complicated. Some of the most ancient architectural monuments we know of are calendar markers.


A Brief History of Timekeeping is a virtual journey through the science that grew up alongside centuries of human efforts to measure the passage of time. Starting with the oldest known solstice-marking monuments, we will explore the astronomy of the solar system and the features that determine the sun’s path across the sky. Efforts to better understand the motion of the sun and planets led to the development of Newtonian physics, and we’ll see how this enables the technology to build mechanical clocks. And we’ll discuss revolutionary developments in the physics of electromagnetism and quantum mechanics that eventually led to the replacement of standards of timekeeping based on the motion of physical objects (like the pendulum of a mechanical clock) by modern atomic clocks that count the oscillations of light.


The history of timekeeping is not only a story of abstract science and technology: it also includes intriguing elements of politics and philosophy. We’ll look at the social aspects of calendar systems like the intricate mix of cycles in the Mayan calendar at their peak around 500 CE, the theological considerations that led Europe to adopt the Gregorian calendar nearly a thousand years later, and the political negotiations that produced our modern system of time zones. And we’ll see how practical issues involved in these processes raised philosophical questions that in turn reshaped our understanding of our place in the universe as well as the nature of space and time.


The tracking of time is, in a deep way, a signature preoccupation not just of modern society, but of human civilization in general. The process of building and refining timekeeping devices has been one of the great drivers of progress in science and technology for millennia: from Neolithic solstice markers through mechanical watches to ultra-precise laser frequency standards, we are and always have been a species that builds clocks.


 





A SIDEBAR REGARDING BARS ON THE SIDE


As you read through this book, you will encounter occasional sections highlighted, as this one is, by shaded bars along the sides of the page. These sections go a little deeper into the scientific principles underlying particular methods of timekeeping and have less historical content.


I’ve made every effort to make all the sections of the book approachable and engaging for as broad an audience as possible—you won’t find extensive maths or undefined jargon—but recognize that individual readers may find particular topics more or less congenial. While I hope you’ll read every word on every page, the shading is a convenient way to mark sections that are slightly more technical. Those who are primarily interested in the scientific content may want to seek out the highlighted sections; those who are primarily interested in the historical aspects may want to pass over them a bit more lightly. (There are also some shorter boxes, which house topics or anecdotes that fall to the side of the book’s primary thrust but were too good not to share.)
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Of course, a statement that sweeping depends on a particular definition of terms. In this case, we need a definition of “clock” that encompasses all these devices over a span of several thousand years. So, what is the common feature shared by solstice markers, mechanical watches, and laser spectroscopy? At the most basic level, a clock is a thing that ticks.


The “tick” here can be the audible physical tick we associate with a mechanical clock like the one in Union’s Memorial Chapel, caused by collisions between gear teeth as a heavy pendulum swings back and forth. It can also be a more subtle physical effect, like the alternating voltage that provides the time signal for the electronic wall clocks in our classrooms. It can be exceedingly fast, like the nine-billion-times-a-second oscillations of the microwaves used in the atomic clocks that provide the time signals transmitted to smartphones via the internet, or ponderously slow like the changing position of the rising sun on the horizon.


In every one of these clocks, though, there is a tick: a regular, repeated action that can be counted to mark the passage of time. When the microwave field in an atomic clock completes an oscillation from up to down and back, we know that 1/9,192,631,770th of a second has passed. When the shadow cast by a building on campus sweeps across the quad and then returns to pointing due north, we know that one full day has passed. When the rising sun completes its seasonal cycle and returns to its northernmost position on the horizon, we know that one full year has passed. Each of these events is a metaphorical tick, and we quantify the passage of time by counting the number of these ticks that happen between two events of interest.


It follows that one of the core themes in the history of timekeeping is the process of identifying and understanding these ticks. To make a high-quality clock, we must first identify a process that might serve as a tick, and then understand all the factors that change its rate and how those factors affect the ultimate accuracy of that clock. The drive to understand the processes by which various kinds of clocks tick has led to revolutionary discoveries in fundamental science, particularly in physics and astrophysics (as we’ll see in Chapters 6 and 8).


In order to time events by counting ticks, a practical clock must also have some sort of readout, a means by which humans can keep track of the count. While the audible ticks of a mechanical clock can, in principle, be counted directly, many of the physical systems used as clocks work at speeds that are impractical for human observers; the quartz crystal in my wristwatch oscillates much too rapidly to be counted directly, so its motion must be recorded electronically and slowed down to move the second hand one mark for every 32,768 vibrations.


Many of the signature features we associate with practical clocks are these readout devices: the hands and numbers on a watch, or the gnomon and markings of a sundial tracking the slow motion of a shadow through the day. The history of timekeeping is thus also a history of innovation in readout technologies, finding clever ways to display the passage of time in human-readable ways that minimize sources of error. One of the most dramatic examples is the competition between methods for finding longitude at sea (described in Chapters 9 and 10), a contest decided in part on the ability of ordinary sailors to use them.


Another problem plaguing the makers of clocks through the centuries is that many excellent standards are impractical to transport. A solstice marker is fundamentally bound to a particular point in space, recording the position of the sun as seen from a particular location; if you shift the marker to another position, its references no longer apply. At the opposite technological extreme, a precision atomic clock requires a significant infrastructure for the preparation and interrogation of atoms, keeping the very best atomic clocks confined to laboratories.


Many of the practical clocks we surround ourselves with are thus actually models of clocks, a way of keeping track of time that approximates the time recorded by a better standard tick that is inconveniently immobile. The clock on the wall of my classroom displays only an approximate time based on the oscillation of the electric current supplied from the power grid; the official time is determined by an assortment of atomic clocks in national standards laboratories scattered around the globe and overseen by an international governing body (we’ll discuss the origin of global time zones and the determination of the official time in Chapter 11).


Because most practical clocks are models of time, a third core theme in the history of timekeeping is the idea of comparing clocks to one another, and using that comparison to refine our models of time. The fundamental process is universal, employed by every civilization that has modeled time: you synchronize your model clock with some standard, allow it to run freely for many ticks, then check it against the standard again and see if they’re still in synch. It’s the same process you might use to check the performance of your watch: you set it to the correct official time (say, using the US time web page provided by the National Institute of Standards and Technology [NIST]), wear it around for a while, and then some days or weeks later check it against the official time again, and adjust as needed. Even though the quartz crystal in your watch is not connected in any direct way to the cesium atoms in atomic clocks at NIST, this process ensures that you carry with you a very good model of the actual official time.


Through the long history of timekeeping, this process has been used to produce dramatic results on a variety of timescales. As we’ll see in Chapter 12, the process of synchronizing two clocks at different locations through the exchange of telegraphic signals was central to the development of the theory of relativity, with momentous consequences for our understanding of time and space. At the other extreme of duration (as we’ll see in Chapter 3), the Gregorian calendar reform grew out of this synchronize–free-run–check process applied over the course of centuries.


The Gregorian calendar is also an important illustration of a fourth theme: the way the sheer depth of the history of timekeeping enables incredible precision, even with crude tools. Thanks to calendar records spanning thousands of years, from Roman times through the medieval period and into the Renaissance, astronomers could detect a difference between their model of time and the cycle of the seasons that amounts to just 11 minutes per year. Following the “synchronize” phase of calendar reform in 8 CE, the Julian calendar ran freely for more than 1,500 years before its final “check,” which led to the introduction of our modern calendar by Pope Gregory XIII in 1582. The Gregorian calendar will stay in synch with the seasons for another 3,000 years, despite being implemented two decades before the invention of the telescope. You don’t need atomic clocks with nanosecond precision to make highly accurate measurements of time, provided you can wait long enough.


Pulling all these elements together, we can see the history of timekeeping as a progression through a long series of standard ticks and tools to model them. As our knowledge of science has advanced, we have found new ways to measure more subtle effects, allowing a move to better standards through a kind of bootstrapping process: a new candidate tick is first verified against the best version of the current standard, and then as the processes behind the new standard become better understood, it eventually surpasses the precision of the current standard, and then supplants it.


This is nicely encapsulated in the changes in the official definition of time through the twentieth century: when what became the modern International System of Units (SI) was introduced in the 1870s, one second was defined as 1/86,400th of a solar day. This was an adequate definition for clocks at that time, but the rotation rate of the earth changes over time: a solar day in 2019 is nearly two milliseconds longer than a day in 1870. As state-of-the-art pendulum clocks and quartz crystal oscillators were developed in the early 1900s, their precision advanced to the point where the intrinsic uncertainty of these model clocks was smaller than the ambiguity introduced by the definition of a “day.” Removing this ambiguity required a change in the definition of time.


In 1960, the definition of a second was officially changed to “the fraction 1/31,556,925.9747 of the tropical year for 1900 January 0 at 12 hours ephemeris time,” tying the second to the well-understood motion of the earth about the sun. Of course, it’s impossible to keep a copy of the tropical year 1900 around for reference, so physicists looked for a more convenient and universal standard. They eventually found one thanks to the quantum nature of atoms and light: the frequencies of light absorbed and emitted by atoms are uniquely determined by the laws of quantum physics, and every atom of a given element is identical to every other, making atoms a convenient and somewhat portable (more so than the year 1900, at least) standard for timekeeping.


With the completion of quantum theory and the development of high-precision microwave spectroscopy (which we will discuss in Chapter 13), it became possible to decouple the definition of time from the slowly changing motion of the earth. In 1967, the definition of the second was changed to “the duration of 9,192,631,770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground state of the cesium-133 atom.” This has remained the official definition, the tick that we count to track what time it is, and the best atomic clocks today would need to run continuously for a billion years or more before they would gain or lose a single second.


The cesium standard is not necessarily the final definition, though, as physicists and engineers have continued to experiment with newer and better types of clocks. There are experimental clocks under development in standards laboratories tens or hundreds of times more accurate than the best possible cesium standards. A clear favorite has yet to emerge, but not too many years in the future, we may see yet another redefinition of time, moving away from cesium to an entirely different element (we’ll discuss these next-generation atomic clocks in Chapter 16).
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There’s one final essential theme that runs through the history of timekeeping: tracking time is not just about the past, or even what time it is right now. The science and technology of timekeeping are also bound up with projecting time forward. Timekeeping helps impose order and predictability onto an otherwise capricious and confusing universe. A reliable tick that we can count to determine how much time has passed is also a process that will continue happening, on into the future, giving us confidence that we can understand and predict what will happen.


This forecasting element shows up throughout the history of timekeeping, all around the world. We see the evidence of Neolithic cultures setting up monuments to mark the winter solstice and provide a reminder of the spring to come. Jews and early Christians adjusted their calendar systems in order to predict the dates of Passover and Easter years into the future. Mayan astronomers tracked the motion of Venus to predict auspicious times for war. European mathematicians developed elaborate models of where the moon will be to help sailors navigate their way through globe-spanning empires. There’s even an element of this forward projection in modern efforts to push the frontiers of atomic clocks: we don’t need that level of precision right now, but it could provide the key to exotic discoveries in the future.


Through all this history, from ancient agrarian societies looking for the best time to plant crops, to astrologers trying to read the future in the stars, to astronomers predicting transits of celestial objects, timekeeping has always been as much about the future as the past. That predictive element shows up again and again, from the most ancient builders of stone monuments all the way to modern office workers entering future vacations into digital calendar apps.


In modern society, we expend an enormous amount of effort on the tracking of time, supported by a vast and largely overlooked foundation of science and technology. The development of that foundation is a story that spans several thousand years and incorporates an enormous amount of scientific knowledge. That’s a history that’s worth taking a little time to explore.
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Chapter 1


SUNRISE


In the late 1600s, the “Glorious Revolution” deposed the Catholic king of England and Scotland, James Stuart, replacing him with his daughter, Mary, and her husband, William of Orange. This triggered a number of uprisings in the British Isles, including the “Williamite War” in Ireland. After the uprisings were put down, large tracts of land were confiscated from James’s Catholic supporters and redistributed among William’s Protestant backers. One of these parcels, an estate near the port town of Drogheda, passed to a man named Charles Campbell, who set about making improvements to his new property. To this end, in 1699 he ordered a crew of laborers to begin quarrying stones from an overgrown rocky mound on a hilltop.


This mound was one of many dotting the landscape in the area known as the Brú na Bóinne (“Palace of the Boyne”), which was strongly associated with the gods and heroes of Ireland’s pagan past. Not far into their quarrying work, Campbell’s crew uncovered a “broad flat Stone, rudely Carved, and placed edgewise at the Bottom of the Mount,” blocking the entrance to an artificial passage fashioned from enormous stones standing on end. This discovery brought the quarrying to a halt and attracted the attention of Edward Lhwyd, the keeper of the Ashmolean Museum at Oxford, who happened to be traveling through the area. Lhwyd described his visit to the “cave” in a letter to the Royal Society, which is the first published description of the passage tomb now known as Newgrange (and the source of the quoted description above).


Over the next couple of centuries, antiquarians and treasure hunters made occasional visits to Newgrange in the haphazard manner of the times, thoroughly muddling the archaeological record and producing several confused and mildly contradictory accounts of the tomb and its contents. The large-scale structure of the mound was largely undisturbed, though, until a massive excavation was undertaken in the 1960s by Irish archaeologist Professor Michael O’Kelly, who carefully removed the tons of earth and rock covering the passage and central vault, and in the process made a remarkable discovery about the purpose of the structure.


While excavating the entrance, O’Kelly discovered the “roof-box,” two parallel slabs of rock placed horizontally just above the entrance to the passage. The gap between these slabs was closed by blocks of white quartz; marks on the stones suggested these had been removed and replaced repeatedly. A local tradition related to the O’Kelly team during the excavation held that “at some unspecified time,” the rising sun used to light up a carved stone at the very back of the tomb. On the basis of this legend and the site orientation surveys done during the course of the excavation, members of the team entered the central chamber in the predawn hours of December 21, 1969, and recorded a remarkable phenomenon:




At exactly 8.54 hours gmt the top edge of the ball of the sun appeared above the local horizon and at 8.58 hours, the first pencil of direct sunlight shone through the roof-box and along the passage to reach across the tomb chamber floor as far as the front edge of the basin stone in the end recess. As the thin line of light widened to a 17-cm band and swung across the chamber floor, the tomb was dramatically illuminated and various details of the side and end recesses could be clearly seen in the light reflected from the floor. At 9.09 hours, the 17-cm band of light began to narrow again and at exactly 9.15 hours, the direct beam was cut off from the tomb. For 17 minutes, therefore, at sunrise on the shortest day of the year, direct sunlight can enter Newgrange, not through the doorway, but through the specially contrived slit that lies under the roof-box at the outer end of the passage roof.*





 





TO EVERYTHING THERE IS A SEASON, TURN, TURN, TURN


We don’t necessarily think about a solstice marker like Newgrange as a “clock,” because of its monumental scale and the fact that the associated “tick” is so slow, occurring just once per year. This is not a device that will help you determine how much longer you have to endure a tedious lecture or wait for the arrival of a dinner companion. It unquestionably fits the broad definition spelled out in the Introduction, though: the appearance of sunlight in the central chamber provides a clear readout for a physical cycle that repeats at regular intervals, and can be counted to track the passage of time.


The physical process that provides the tick for a solstice marker like Newgrange is the motion of the sun through the seasons of the year. For people who live in the middle latitudes, like the builders of Newgrange or residents of the Northeastern United States like myself, the year is a march through winter, spring, summer, and fall, returning to winter again. These changing seasons are associated with changes in the length of the day: in the winter, the sun rises late and sets early, while in the summer, it does the opposite. As the caregiver for an active dog who needs multiple daily walks, I’m acutely aware of this; during the winter months, from November through March, both our post-breakfast and post-dinner walks take place in darkness.


During the short days of winter, the sun shines for less of the day and thus has less time to heat the surface of the earth, leading to colder daily temperatures. In the summer, longer days mean more heating and higher daily temperatures.* The seasonal cycle of weather is accompanied by seasonal changes in plants and animals: as the days get longer and the weather warmer, plants begin to grow and animals become more active, while as the days get shorter and the weather colder, trees lose their leaves and animals hunker down for the winter. These seasonal cycles are of critical importance to human civilization even today with global transportation networks ensuring access to fresh food year-round; they would’ve been a matter of life and death for the agrarian Neolithic society that built Newgrange.


This very obvious seasonal change in the length of the day is accompanied by a somewhat less obvious change in the positions of sunrise and sunset. While we learn as children that the sun rises in the east and sets in the west, this is strictly true for only two days of the year: only on the equinoxes in late March and late September does the sun rise due east and set due west.* During the short days of winter, the sun rises south of east and sets south of west, while the long days of summer see the sun rise north of east and set north of west.†


This pattern in the positions of the rising and setting sun would be unmistakable to an ancient agrarian society, but the mechanism behind it was surely a mystery to them. In modern times, we know that the sun is not actually moving but only appears to move because the earth is approximately spherical and rotates on an axis that is tilted relative to its orbit around the sun. The daily east-to-west motion of the sun across the sky is due to the rotation, while the yearly motion of the rising and setting sun along the horizon is due to a combination of the axial tilt and the orbital motion.


Daily Rotation


The daily motion of the sun across the sky is the simpler of the two motions to explain. Seen from a vantage point floating above the north pole, the earth rotates counterclockwise, so a day looks like the image on the next page.


From the perspective of someone standing on the surface of the earth facing south, the sun moves from left to right across the sky, setting in the west, whereupon the stars appear and follow a similar left-to-right trajectory through the course of the night. In the morning, the sun rises in the east, and the familiar cycle repeats.


The roundness of the earth adds a slight subtlety to this picture, one that many people find surprising. When I teach a class about timekeeping at Union College, I have the students take a brief online quiz before the first class: one of the questions asks where one would expect to find the sun at noon in Schenectady. A substantial fraction of the class will answer “directly overhead,” in spite of the fact that this is never the case. At the latitude of Schenectady, the sun at noon is always located in the southern half of the sky.
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How the rotation of the earth leads to the general east-to-west motion of the sun. The top section shows the earth from above the north pole; the bottom shows the sky as seen by an observer facing south.


The reason for this has to do with the spherical shape of the earth. As you move to different positions on the surface of the earth, the direction of “directly overhead” changes. “Up” and “down” are determined by the local force of gravity, which by definition pulls toward the center of the earth, so it feels the same no matter where we are, but if you drew a line out from the earth in the “up” direction, it would arrive at different points out in the stars depending on where you were on the sphere. As generations of delighted children have noted, “up” for somebody in Australia is pointing out into space in almost exactly the opposite direction of somebody in New York.*


This change in “up” means that while a person standing squarely on the equator during one of the equinoxes will see the sun directly overhead at midday, an observer at any other latitude will see the sun to one side or the other. Anyone north of the equator will need to look south to find the midday sun, while anyone at a southern latitude will find it to the north. This also means that the sun follows distinctly different paths in the two hemispheres. At northern latitudes, the rising sun moves up and to the right (toward the south), while at southern latitudes it moves up and to the left (north), and a similar pattern holds at sunset.* Only on the equator does the sun go straight up from the eastern horizon, passing overhead before setting straight down in the west.
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The highest point reached by the sun depends on latitude. The sun at noon is directly overhead to an observer on the equator but displaced to the south for an observer at northern latitudes, and to the north for an observer in southern latitudes.


The displacement of the midday sun from directly overhead means there will always be a discernible shadow at noon, which provides the first piece of a process for locating yourself on the surface of the earth. The length of the noon shadows increases as you move away from the equator, so if you measure the length of the shadow cast by an object whose height you know, you can do a little maths to determine how far away you are from the place where the sun is directly overhead.*


Tilts and Seasons


The shadow-measuring trick determines the angle between “straight up” at your location and “straight up” at the spot where the sun is directly overhead, which is almost the latitude of your location. It’s only exactly your longitude on two days a year, the equinoxes in March and September. Just as the direction of “straight up” changes when you move to a different place on the earth, the direction from the earth to the sun changes as the earth moves around its orbit. Because the earth’s axis is tilted, this makes the point where the sun is directly overhead move around over the course of the year, and this gives rise to the cycle of the seasons.


The axis about which the earth rotates (an imaginary line connecting the north and south poles) is tilted by an angle of about 23.5 degrees relative to the axis of the earth’s orbit around the sun. The direction of the axis remains constant throughout the year—a line drawn from the north pole out into space will always come close to the “North Star,” Polaris, in the constellation Ursa Minor—in much the same way that the axis of a spinning gyroscope remains constant as it’s moved from place to place.† As the earth moves around the sun, the north pole goes from being inclined slightly toward the sun to directly away from it, and everything in between.


If we start at the June solstice, which happens to be close to the point where the earth is farthest from the sun in its orbit, the north pole is inclined directly toward the sun. As the earth moves in its orbit, the angle between the direction of the axis and the direction to the sun increases, reaching 90 degrees in late September. In late December, the north pole is pointed directly away from the sun (and the earth is at its closest to the sun), an angle of 180 degrees, and after that the angle decreases, reaching 90 degrees in March, and coming back into exact alignment with the earth-to-sun line the following June.


[image: image]


The orientation of Earth at key points in the orbit.


There are four special points in this orbital cycle, two of which are obvious: the June and December solstices when the north pole is inclined exactly toward or exactly away from the sun. The other two are those March and September dates when the angle between the axis and the earth-to-sun line is 90 degrees. On these right-angle days, the motion of the sun is at its very simplest: it rises due east, sets due west, and the midday sun is directly overhead at the equator. No matter where you are on the earth on these days, exactly half of the rotation period is spent in light and half in darkness, which gives these dates their name: equinoxes, from the Latin for “equal night.”


On any other day of the year, the combination of axial tilt and orbital motion means that one pole is inclined more toward the sun than the other, and areas closer to that pole will get more light. This accounts for the long days and short nights of summer and essentially the reverse in winter. For points very near the poles and dates close to the solstices, this can go to extremes: exactly at the poles, the sun will rise at one equinox and set at the other, remaining either above or below the horizon for six months at a time. At any point between one of the poles and the Arctic or Antarctic (at around 66.5 degrees north and south latitude), there will be at least one 24-hour period in which the sun never sets, and another when it never rises.


[image: image]


The rotation of the earth for one of the equinoxes (top) and one of the solstices (bottom).


In terms of the daily motion of the sun across the sky, the effect of this axial tilt is to change the latitude of the point on the earth where the sun is directly overhead at midday. Between March and September, this point is at a latitude north of the equator, and between September and March, the fall and winter months for the northern hemisphere, this point is at a latitude south of the equator. This is what defines “the tropics” in geographical terms: the Tropic of Cancer is 23.5 degrees north latitude, where the sun is directly overhead at noon on the solstice in late June, and the Tropic of Capricorn is 23.5 degrees south latitude, where the sun is directly overhead at noon on the solstice in late December.


For people living between the Tropic of Cancer and the Arctic Circle, like the Neolithic builders of Newgrange or modern Americans, the sun always both rises and sets every day, and it’s always in the southern half of the sky. The maximum height it reaches changes depending on the season, though, moving higher in the summer and lower in the winter. In terms of the sun’s path across the sky, summer is like moving closer to the equator for a few months, while winter is like moving closer to the pole. This also complicates the trick of using shadows to find your latitude; you can easily measure a difference in latitude from the length of a midday shadow, but converting to an exact position requires knowing where on the earth the sun is directly overhead on that date.


These changes in the length of the day and the height of the sun are accompanied by a change in the rising and setting positions of the sun along the horizon. We can understand this if we imagine looking at the earth from the sun and tracing the path followed by a particular point on the earth’s surface (Schenectady, New York, say) as it rotates through the lit hemisphere. The path we see from out in space must mirror that of the sun across the sky as seen by a person on the ground at that spot on the earth. On the equinox, a point in the northern hemisphere will move across the lit face of the earth along a straight line. On the June solstice, however, the path for that same point is a curve that starts to the north at sunrise, moves south during the day, then returns to the north at sunset. A person at that point looking at the sun would see the rising and setting of the sun taking place north of due east and due west. On the December solstice, the curve is reversed, and the rising and setting sun have moved south.
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The path of the sun across the sky in the northern hemisphere on different dates, showing that it is always in the southern half of the sky, even in summer when it rises north of east and sets north of west.
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Top: Four snapshots of the lit face of the earth seen from the sun on one of the equinoxes, with a northern hemisphere location moving straight across as the earth rotates. Bottom: The same four snapshots on the June solstice, with the same spot following a curved path.


This motion of the sun is what the ingenious builders of Newgrange set out to capture with tons of stone. On the winter solstice, the rising sun is as far south as it will ever be through the course of the year, and the passageway from the roof-box to the central chamber is carefully aligned with this position. The Newgrange monument is built to mark the shortest day of the year, but just as importantly, it serves as a predictor of the summer solstice to come. Marking the shortest and coldest day of the year reminds us that longer and warmer days are ahead, a much-needed sign of hope for an agrarian society at the leanest time of year.





 


The central passage of the Newgrange tomb rises slightly up the slope of the original hill, meaning that the floor of the central chamber is barely below the elevation of the roof-box. If you drew a direct line from the floor through the roof-box, it would extend out to the southeastern horizon at a point quite close to the southernmost position of the rising sun. On the morning of the winter solstice (give or take a couple of days), a narrow beam of sunlight extends through the roof-box into the central chamber, providing the only natural illumination it will see all year.


Even after the O’Kelly excavation (and subsequent restoration of the structure),* many mysteries remain about the builders of Newgrange and what rituals were conducted at the site. There is one thing we know for sure: the Newgrange passage tomb is a clock, and one that continues to function perfectly more than 5,000 years after its construction.


STONEHENGE, ETC.


Newgrange is an exceptionally good and thoroughly investigated example of a passage tomb, but there are numerous similar constructions scattered throughout the British Isles, with different alignments. Some of these, like Dowth near Newgrange and Maeshowe in the Orkney Islands off the coast of Scotland, are aligned to the winter solstice sunrise. Others, like the Mound of the Hostages on the hill of Tara and the passage tomb at Knowth, both in Ireland, are aligned east-west to coincide with the equinoxes, and Bryn Celli Ddu in Wales has a passage tomb aligned with sunrise on the summer solstice. Marking the cycle of the sun by means of passage tombs was clearly a major activity in Neolithic Britain.


Several hundred miles to the southeast, and several hundred years after the completion of Newgrange, a different group of people embarked on an enormous construction project of their own, on Salisbury Plain in what’s now Wiltshire, England. The resulting monument is one of the most instantly recognizable ancient sites on Earth, the collection of giant standing stones known as Stonehenge.


There is evidence of activity at the Stonehenge site dating back to around 3000 BCE, when somebody dug a circular ditch and piled up the removed earth to make a bank on the inner side.* The monument we see today came together over the next 1,500 years, in a series of phases of construction and reconstruction; all of these versions featured a northeast-southwest orientation, with an opening in the ditch and back leading to an “avenue” marked out by parallel ditches extending north and east from the site about half a kilometer, then turning sharply toward the nearby River Avon. The most strikingly ambitious phase of the construction, around 2500 BCE, saw the erection of five enormous “trilithons” (two uprights with a lintel across the top, making a shape like the Greek letter pi) in a horseshoe pattern, with the open end facing northeast. These were then enclosed by a ring of smaller (but still massive) sarsen stones. The sarsen ring sits inside a rectangle defined by four “Station Stones,” and a single “Heel Stone” sits outside the entrance, in the avenue bounded by the ditch-and-bank lines that extend to the river.
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Stonehenge layout. Image by Joseph Lertola.


The northeast-facing arrangement of the trilithons at Stonehenge has prompted speculation about possible astronomical connections since the early 1700s, when the antiquarian William Stukeley noted that the trilithon horseshoe and avenue faced toward the sunrise on the summer solstice. The open structure and large number of standing stones have allowed for some rather grandiose speculations as to the number of alignments in Stonehenge—you can draw on paper or imagine lines between any two stones and extend them to the horizon to correlate with all manner of celestial objects, but that doesn’t necessarily mean these were significant to or even intended by the Neolithic builders of Stonehenge. However, there is broad agreement among archaeologists regarding a few of these alignments:




• The northeast-southwest alignment of the trilithon horseshoe and avenue face sunrise on the summer solstice and sunset on the winter solstice.


• The short sides of the rectangle defined by the Station Stones have the same northeast-southwest alignment.


• The long sides of the Station Stone rectangle are oriented toward the northernmost rising point and southernmost setting point of the moon.*





It’s important to note that in the immortal words of Nigel Tufnel from This Is Spinal Tap, no one knows just who the builders of Stonehenge were, or what they were doing. There is even ambiguity about what, exactly, the monument was meant to celebrate: modern neopagans gather at sunrise on the summer solstice to see the sun rise next to the Heel Stone, but the great trilithon would just as impressively frame sunset on the winter solstice, and archaeological evidence suggests there were large gatherings at the site in winter.* Stonehenge may also have been one of a pair of linked ceremonial sites, as suggested by the Stonehenge Riverside Project excavations of 2003–2009: the nearby henge at Durrington Walls enclosed a circle of wooden posts with an alignment toward the sunrise on the winter solstice, and is reached by an avenue aligned closely with sunset on the summer solstice.†


Given the lack of written records left by the Neolithic cultures of Britain, we’ll never know exactly what Stonehenge and other archaeoastronomical sites meant to their builders. Their monumental scale and careful alignment on important points in the solar cycle, though, clearly indicate that the builders were aware of the motion of the sun through the year and built structures that could mark the turning of the year in a dramatic and visible way.


The use of solar effects in monumental architecture is not unique to the prehistoric cultures of Britain, of course. Similar markers are found in a huge range of cultures, all around the world, and many have become famous seasonal tourist attractions. The Temple of Kukulcán at Chichen Itza in Yucatán, Mexico, built by the Maya around 1000 CE, draws crowds around the equinoxes to see an effect where the shadows cast by the corner of the stepped pyramid resemble a giant snake crawling down the balustrade. Fajada Butte in New Mexico is famed for the “Sun Dagger,” where sunlight shining through the gaps between parallel slabs of rock marks the solstices by passing through key points on a spiral traced on the wall; this site was the work of the Chacoan culture between 1000–1300 CE.‡ Much later, and on the opposite side of the world, the seven-tiered gopuram gate at the Sree Padmanabhaswamy Temple in Kerala, India, constructed in the 1700s, is aligned so the setting sun on the equinoxes passes through pairs of windows on the inner and outer walls of five of the levels, illuminating each in turn for a few minutes.


There is even an artificial “holiday” celebrating an accidental solar alignment created by a much more recent construction. The astronomer and science celebrity Neil deGrasse Tyson is credited with popularizing “Manhattanhenge,” the phenomenon where, twice a year, the rising and setting sun aligns nearly perfectly with the grid pattern of New York City streets.* Seen from near the center of the city, this produces a very striking effect of the sun passing between skyscrapers. Other cities with regular grids of streets have their own “henge” dates, documented by enthusiastic amateur astronomers. The particular dates of these events are entirely accidental, but also entirely predictable by anyone fascinated with the seasonal motion of the sun along the horizon, which we humans have been tracking for millennia.


SHADOWS AND SPHERES


Our modern understanding of the earth as “round”—more accurately, as a spherical planet orbiting the sun and rotating about a tilted axis—necessarily underlies the above discussion of the sun’s apparent motion through the year. We don’t have any way of knowing how the builders of Newgrange 5,000 years ago understood and explained this celestial motion, only that they had an excellent grasp of this pattern as an empirical fact.


The notion of the earth as a sphere with a tilted axis has a surprisingly deep history of its own. The idea of a spherical Earth was accepted in classical times, and the first good measurement of its size dates back over 2,200 years, to the Greek scholar Eratosthenes.


Eratosthenes was born in Libya around 276 BCE and educated in Athens before settling in Egypt as one of the keepers of the Library of Alexandria around 240 BCE. Sometime after his arrival, he learned of a famous well in the city of Syene (modern-day Aswan) in southern Egypt, where the midday sun on the summer solstice perfectly illuminated the bottom, casting no shadows. This suggests that the sun is exactly overhead in Syene on that date—in modern terms, it would be exactly on the Tropic of Cancer. Eratosthenes knew that in his home in Alexandria, the noon sun still cast a shadow on the solstice, and measuring the length of the shadow offered a way to determine the circumference of the earth.
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Eratosthenes’s measurement principle: measuring the length of a shadow at noon in Alexandria allowed him to calculate the angle between the sun there and in Syene where the sun was directly overhead.


Eratosthenes measured the minimum length of a shadow on the solstice in Alexandria, from which it’s easy work for a geometer to determine the difference in latitude between Syene and Alexandria. He found that angle to be 1/50th of a full circle (7.2 degrees in modern notation). The distance from Alexandria to Syene was measured as 5,000 “stadia,” in the units of the day, so Eratosthenes concluded that the full circumference of the earth must be 50 times that distance, or around 250,000 stadia. The stadia is not a terribly well defined unit by modern standards, so there is some debate about the exact result of Eratosthenes’s measurement. Choosing the worst of the plausible values converts to a distance of about 46,000 km, which is just 15 percent larger than the currently accepted value for the circumference of the earth. That’s a pretty impressive result, particularly given that Eratosthenes probably made this calculation without ever leaving his home in Alexandria!





Eppur Si Muove


One of the more annoying developments of the internet age is a weird resurgence of belief in a flat Earth. There has always been a tiny contingent of flat-Earth partisans, but thanks to modern technology, they can more easily find each other and produce slick videos that exploit the algorithms of YouTube and other social media platforms to reach gullible people who in a less connected age might never have encountered this community. They even get the occasional celebrity quasi-endorsement, as when NBA player Kyrie Irving publicly questioned whether the earth was round. (Irving later walked this back, and apologized to teachers whose job was made more difficult by his comments.)


The ancient measurement made by Eratosthenes, together with all details of the sun’s daily and seasonal motion, shows how little question there really should be regarding the shape of the earth. This is not a subtle phenomenon that requires sophisticated equipment to tease out. The roundness of the earth is obvious, and proving it requires nothing more than measuring a couple of shadows.


In a similar vein, Newgrange’s 5,000+ years of operation, combined with its massive scale, often fuels claims that it would’ve required more sophisticated science and technology than could be found in Ireland in 3000 BCE. This has taken many forms over the years (anti-Irish prejudice led many commentators in the 1700s and 1800s to attribute its design and construction to a dizzying array of other cultures, from the Romans and Danes to people from Egypt and even India), but the most recent form invokes “ancient aliens”—supposed extraterrestrial visitors providing advanced knowledge of astronomy to Neolithic humans for some inscrutable reason.


In fact, the technology needed to design the passage at Newgrange is shockingly basic; as Neil deGrasse Tyson memorably put it, all it takes is a stick in the mud.* Well, two sticks: one to mark an observation point, the second some distance away to sight on the rising sun. Tracking the position of sunrise through the course of a few years in this manner is enough to clearly define the line to the solstice sunrise, and thus the orientation of the passage. Then it’s just a matter of coordinating work teams to move heavy rocks into position, which is tedious but not as technologically demanding as sometimes claimed.
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Like its compeers, Newgrange stands as a testimony to the centrality of science to the human experience (certainly not as evidence of alien meddling in the human past). Its builders left no written records, so we know very little about them, but their monumental legacy unambiguously shows that they were doing science. They made careful and patient observations of the motion of the sun, constructed a model of the world that projected their observations into the future, and refined and shared that model over the course of decades, if not centuries. All of that scientific effort culminated in the magnificent solstice marker that still functions perfectly all these centuries later.


The nature of Newgrange is also evidence of the human preoccupation with time and timekeeping. It’s no accident that all this scientific activity was directed toward the construction of a clock. In a Neolithic culture dependent on the seasonal cycles of plants and animals, the ability to mark and predict the turning of the year would be a matter of life and death. It’s no surprise, then, that some of our most ancient evidence of science is dedicated to keeping time.


 


 


 


* From O’Kelly’s book, Newgrange: Archaeology, Art and Legend. Thames and Hudson, 1982.


* There’s a bit of a time lag in the cycle—the hottest days of summer are generally a few weeks after the longest day of the year, and the coldest (and snowiest) days of winter come after the shortest day has passed. This happens because the earth is huge and it takes some time for heat to accumulate or dissipate.


* The March equinox is often called the “vernal equinox” and the September one the “autumnal equinox,” reflecting the seasons in which they occur in Europe. I’ll stick with the month names here, though, out of respect for the feelings of potential southern hemisphere readers.


† In the mid-latitudes of the northern hemisphere, anyway, where both Newgrange and my home are located. In the mid-latitudes of the southern hemisphere, the relationship between directions and seasons is reversed: the sun rises north of east and sets north of west in the winter. In the tropics, the pattern is more complicated, as we’ll see in Chapter 4.


* To be in exactly the opposite direction, the other person would need to be on a boat in the ocean several hundred miles southwest of Australia, but that’s close enough for grade school.


* Knowing a little bit about the astronomy of the earth’s rotation lets you detect a classic lazy-film-crew trick: simulating a sunrise over the Atlantic Ocean by filming the sun setting over the Pacific, and playing it backward. A reversed Hollywood sunset will seem to show the sun moving up and to the left, which is the wrong direction for a New York sunrise.


* Unless you’re at the equator, in which case the absence of a shadow will give you your location without doing any maths.


† There is, in fact, a very slow drift in the direction of the earth’s axis (the technical term is “axial precession”), which wobbles around a circular path over a period of 26,000 years. This change is significant on the timescale of human civilization: in 3000 BCE when Newgrange was new, the “North Star” would’ve been Thuban, a star in the constellation of Draco. Within any single human lifetime, though, the change is insignificant, so we can safely ignore it for our purpose.


* The restored passage tomb is a popular and impressive tourist site where you can see a recreation of the solstice sunrise using light bulbs positioned near the roof-box. You can also enter a lottery to be one of the lucky few invited to the central chamber at sunrise around the solstice (though they are careful to note, given Ireland’s climate, that there are no refunds in the event of bad weather clouding out the sunrise).


* Ironically, the arrangement of these mean that Stonehenge is not, strictly speaking, a true “henge” as the term is used in archaeology. A henge is defined by a ditch and bank, with the ditch inside the bank.


* The orbit of the moon around the earth is at a slight angle from the plane of the earth’s orbit around the sun, so the moon’s rising and setting positions on the horizon cover a wider range than those of the sun. More about this in Chapter 9.


* Animal bones found in Neolithic rubbish dumps nearby allow archaeologists to estimate the age of the animals when they were slaughtered for food, and these suggest they were killed in winter.


† These are at a slight angle to one another because a sloping ridge to the west of Durrington Walls causes the setting sun to vanish at a slightly different point than it would were the horizon flat.


‡ Sadly, the volume of tourist traffic to the site caused erosion that led to the shifting of one of the slabs in 1989; the site is now closed to the public.


* The sunset Manhattanhenge dates fall in late May and mid-July; the sunrise dates are in early December and early January.


* Tyson’s essay, “Stick-in-the-Mud Astronomy,” can be found online, and is well worth reading: https://www.haydenplanetarium.org/tyson/essays/2003-03-stick-in-the-mud-astronomy.php.
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Chapter 2


THE SUN, THE MOON, AND THE STARS


Our first child was born in August 2008, and a few months before that my wife and I investigated the daycare options in the Schenectady area. One of the top recommendations, and our eventual choice, was the early childhood education program at the Schenectady Jewish Community Center. When we made our first visit, the director reassured us that it wasn’t a problem that neither of us were Jewish—around half of the families with kids in the daycare aren’t—but she also took pains to remind us that the program would be observing Jewish religious holidays as well as the regular collection of US civic holidays.*


We didn’t entirely appreciate what that meant, having an admittedly hazy idea of a few major holidays (Rosh Hashanah, Yom Kippur, Hanukkah), until the fall when we discovered the Days of Awe cluster of high holy days. Between them, they accounted for seven days of daycare closures. What’s more, as we learned in the following years, they don’t occur at regularly predictable dates on the civil calendar; the first of this fall cluster of holidays, Rosh Hashanah, can fall anywhere between September 5 and October 6. We were caught off guard those first couple of years, and had to scramble to find alternative childcare for those days.


That period of confusion was a vivid reminder that while it may seem universal, the modern civil calendar of (mostly) fixed-length months occurring in a rigid regular sequence is not, in fact, the only way to organize the passage of time. The Jewish holidays slide around relative to the US civil calendar because they’re based on the Hebrew calendar, which has a different set of organizing principles reflecting different priorities.


We were lucky in that the Hebrew calendar does, at least, restrict the range of variation in a way that keeps all the daycare-closing holidays within the fall months. The other religiously based calendar in widespread use is the Islamic calendar, whose major holidays move through the entire civil calendar. They can even be celebrated twice in the same civil-calendar year. Again, it’s a different sort of calendar, reflecting a different set of choices about what to prioritize.


All three of these calendars—the Hebrew calendar, the Islamic calendar, and the Gregorian civil calendar used in the United States—are shaped by thousands of years of theology and politics, but they’re ultimately rooted in astronomy. The different systems reflect various ways of trying to accommodate the fundamentally incompatible cycles of the moving lights we see in the sky.


The seasonal motion of the sun across the horizon, and the corresponding variation in the length of a day, is the most consequential cycle visible in the apparent motion of objects in the sky. It’s far from the only such cycle, though, because the sun is far from the only visible object in the sky.


The second most obvious celestial cycle is that of the moon, which also tracks across the sky in a variable but regular pattern, with the times of its rising and setting slowly shifting from day to day. In addition to the change in moon-rise and moonset, the moon also appears to change shape. Beginning with the complete circle of the full moon, which rises in the east exactly at the moment the sun sets in the west, the moon rises later each night and also shrinks, to a half circle, then a waning crescent. At the time of the “new moon,” moonrise and sunrise coincide, and the moon is not visible in the night sky. Then the moon returns as a thin crescent visible just after sunset, with its setting time moving later as the shape waxes to a fuller crescent, a half circle, and eventually to the complete circle of the next full moon, which sets exactly at the moment the sun rises.


The moon is the second-brightest object regularly appearing in the sky, and its cycle of phases is short enough to be readily apparent after only a few nights, making it an obvious choice for an astronomical timekeeper. The moon’s motion across the sky is accompanied by an enormous number of visible stars, and these, too, present a pattern that changes over time. A person looking at the brightest visible stars will almost automatically perceive them as constellations, small groups forming particular patterns. Over the course of the year, the rising and setting times of any individual star or constellation will shift slightly earlier every day.


In the European tradition, this cycle of stars is usually described in terms of the apparent motion of the sun against the background of stars. This may seem a little counterintuitive, given that you can’t see the stars when the sun is up, but as the year goes along, the particular group of stars visible on the horizon just before the sun rises or just after it sets changes, and these define the position of the sun. There are 12 or 13 different constellations in which the sun can be found over the course of the year, corresponding to the “zodiac signs” that form the basis of European astrology.


So, between the sun, the moon, and the stars, humans looking at the motion of objects in the sky have a wealth of cycles and patterns to track. Every human culture we know of has drawn on these cycles, in slightly different combinations, to make tools for tracking the passage of time. Maybe the most important fact about all these cycles, though, is that their lengths are different in such a way that none of them is an exact multiple of any of the others: a year is not an even number of solar days, nor is a lunar month, and a year is not an even number of lunar months. A 12-month calendar based only on the moon is almost 11 days shorter than a solar year, so a month that starts in the spring one year will begin in the winter within a decade.


The fundamental incompatibility of the duration of the lunar cycle and the length of a year means that a “perfect” calendar, in which the solstices and equinoxes always fall on the exact same dates, synchronized with the phases of the moon, is impossible to construct! That’s never stopped people from trying, though, and looking for a scheme that meshes these cycles in a satisfying way has driven an enormous amount of innovation. In the next pages, we’ll delve into the fascinating science behind the patterns we see in the motion of the sun and the moon against the background of the stars, and how these patterns change. We’ll also trace some of the history of attempts to make the lunar and solar cycles fit together, and how these led to the different calendar systems we see in action today.


THE FAULT IS NOT IN OUR STARS


The cycle of the zodiac, like the seasonal motion of the rising and setting sun, has its origin in the orbital motion of the earth. As the earth goes around the sun, which stars we see just before the sun rises or just after it sets changes because our vantage point is changing. By the time the earth has rotated back around to bring a particular star directly overhead again, the planet has moved in its orbit by just enough to change the angle slightly. The resulting “sidereal day” (the time for a star to return to the same position in the sky) is about four minutes shorter than a solar day, and as a result the sun’s position seems to shift relative to the distant stars. You see something of the same effect when looking out the window of a moving train: a distant feature of the landscape, such as a range of mountains on the horizon, will seem to remain more or less where it is, while closer objects like buildings pass by more rapidly. With a small amount of mental effort, you can choose to see this as if you and the mountains are standing still, while the buildings move past like the scrolling backdrop in a cheap cartoon.*
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