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For my many teachers and mentors, for their patience, wisdom, and insistence that we must learn from the struggles of those who came before us; and for my children and many students, who graciously put up with me constantly trying to pass that lesson on to them.
























It suddenly struck me that that tiny pea, pretty and blue, was the Earth. I put up my thumb and shut one eye, and my thumb blotted out the planet Earth. I didn’t feel like a giant. I felt very, very small.


—Neil Armstrong


It is difficult to say what is impossible, for the dream of yesterday is the hope of today and reality of tomorrow.


—Robert Goddard
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Preface to the New Edition


Space is vast and ever-changing. In the five years since the first edition of The Space Book was published, new robotic space missions have been launched to a variety of solar system destinations, ongoing missions have made exciting new discoveries, hundreds of new planets have been discovered around nearby Sun-like stars, astrophysicists have discovered new ways to study the distant universe, and a panoply of future space-related missions and experiments have been approved to move forward by space agencies around the world. The landscape of space science and exploration has changed significantly as well, with small entrepreneurial aerospace companies, such as SpaceX and Blue Origin, entering the market as viable producers of their own reusable launch vehicles, and other companies developing or implementing ways to map the Earth or prospect for minerals and water on nearby asteroids using CubeSats—tiny spacecraft no larger than a cereal box. It continues to be a golden age of space exploration, with no end in sight.


I’ve tried to keep up with some of those changes in this second edition of the book, although, as in the first edition, it is virtually impossible to capture the full story of space. Given my admitted bias as a planetary scientist who focuses on the study of our solar system, many of the new entries in this edition are geared toward new missions that have recently been launched to study the atmospheres and interiors of Mars and Jupiter and the surface of the largest asteroid, Ceres, as well as those that will soon be launched to study the surface of Mars and Jupiter’s moons, Europa and Ganymede, up close. Other very recent important events and discoveries that are described here now include the enormous meteor/fireball explosion that occurred above Russia in 2013; the launch of the world’s first privately funded, citizen solar-sailing demonstration mission, the Planetary Society’s LightSail-1 CubeSat; the discovery (finally!) of gravitational waves in 2016; and the thrilling announcement of the discovery of seven Earth-like planets orbiting the nearby star, called TRAPPIST-1, in 2017. I’ve also included new entries covering instruments and missions being planned by my astronomy and astrophysics colleagues, such as the new, large, millimeter-wave telescope array in the Atacama Desert of South America; the soon-to-be-launched largest space telescope ever built, named after former NASA administrator James Webb, and a large follow-on telescope being planned after that, called WFIRST; and long-term plans for a possible mission to launch thousands of tiny StarChip spacecraft on a high-speed mission to reconnoiter the star system closest to the Sun: Alpha Centauri.


Throughout the rest of the book I have also provided spectacular new photographs and artwork, updates to ongoing missions, as well as details about new developments in space exploration and technology. These include the spectacular results from the New Horizons spacecraft’s 2015 flyby of the Pluto system, the latest results from the still-active Mars rovers Opportunity and Curiosity, the final results and fiery end of the Cassini mission to Saturn, Voyager 1’s historic departure out of the Sun’s magnetic field and into interstellar space, and results from the spectacular total solar eclipse viewed by millions across the United States in 2017.


But so much more has happened, and will continue to happen! Follow along, using the many (updated) links and references in the Notes and Further Reading section, and keep your eyes on the skies!




















Introduction


It is basically impossible to summarize the entire history of astronomy and space exploration in just 250 milestones, but I’m not going to let that stop me from trying! I work in a field that has a rich and exciting history. Chronicling that history is a daunting task, but, from the perspective of a space enthusiast who was lucky enough to pursue a career in space sciences, it is an embarrassment of riches. In the last 50 years alone, we have been witness to one of the most profound and important bursts of human exploration in history: the Space Age. People have left the planet (some are living off-planet right now!), and a dozen have walked on the Moon. Using robotic proxies and giant telescopes—some launched into space—we have been able to see, up close, the alien landscapes of all the classically known planets, visit asteroids and comets, and view the cosmos in all its glory.


All of this has been made possible because we have, as Sir Isaac Newton put it best, “stood on the shoulders of giants.” No appreciation for the wondrous discoveries of modern astronomy and space exploration would be complete without a thoughtful consideration of the foundations of modern science and experimentation that were built by our ancestors. Many of their achievements were attained at great personal or professional cost, and many others were not recognized as important until decades—even centuries—later. Where it has been impossible or impractical to recognize the specific individuals responsible for these contributions, I have included entries that at least acknowledge the importance of key groups of people in setting the stage for future achievements. Examples include the sky maps still preserved in the caves of some of the earliest humans; the Sumerians’ contributions to the birth of cosmology 5,000 to 7,000 years ago; the still-mysterious Stone Age civilizations responsible for constructing ancient sky observatories like Stonehenge; the careful chroniclers of celestial events from the Chinese Xià, Shāng, and Zhōu dynasties (2100 BCE–256 BCE); and the various schools of mathematics and astronomy from early Egyptian, Indian, Arab, Persian, and Mayan societies that have exerted such a strong influence on modern astronomy, astrophysics, and cosmology.


It is, of course, possible to identify and recognize specific individuals who have played critical roles in the development of scientific thought in general, or physics and astronomy in particular. No accounting of the history of the science upon which modern astronomy is based would be complete, for example, without mentioning the lasting contributions of ancient philosophers, mathematicians, and astronomers, such as Pythagoras, Plato, Aristotle, Aristarchus, Eratosthenes, Hipparchus, and Ptolemy. In more recent times, scientists like Nicolaus Copernicus, Galileo Galilei, Johannes Kepler, Isaac Newton, Albert Einstein, Edwin Hubble, Stephen Hawking, and Carl Sagan have all become household names, famous for incredible advances in modern physics, astronomy, and space science. These giants are featured prominently in many entries in this book.


But many others—perhaps famous only in textbooks—have been responsible for important advances or discoveries, and their works also represent critical milestones. These eminent scientists include Christiaan Huygens, discoverer of Saturn’s “thin, flat ring” and large moon, Titan; Giovanni Cassini, who discovered Jupiter’s Great Red Spot, Saturn’s moon Iapetus, and the true nature of Saturn’s rings; Edmond Halley, whose eponymous periodic comet returns to the inner solar system every 76 years; the last of the pretelescopic giants of astronomy, Tycho Brahe, whose data enabled Johannes Kepler’s discovery of the laws of planetary motion; Charles Messier, a prolific comet hunter who first catalogued more than 100 of the most famous nebulae in the sky; the mathematician Joseph-Louis Lagrange, who predicted the existence of the special gravitational balance points in space that are now named after him; William Herschel, the discoverer of Uranus and several of its moons; the spectroscopy pioneers Joseph von Fraunhofer, Christian Doppler, and Armand Fizeau, who provided the foundations for astronomers to measure both the compositions and velocities of celestial objects; the discoverers of radioactivity, Pierre and Marie Curie, and their colleague Henri Becquerel; the inadvertent father of quantum mechanics, Max Planck; Harlow Shapley, one of the first astronomers to truly grasp the phenomenal size of the Milky Way; liquid-fueled rocketry pioneer Robert Goddard; the astrophysicist and “cosmic web” codiscoverer Margaret Geller; and Eugene Shoemaker, the planetary scientist who helped recognize the importance of impact cratering on our planet and others. Thus I have tried to chronicle these and other important contributors to the advancement of astronomy, astrophysics, planetary science, and space exploration who might not have quite reached the pinnacle of scientific fame among the general public.


And then there are the forgotten—or, at least, the undeservedly neglected—men and women who have made discoveries, developed new theories, performed paradigm-shifting experiments, or simply slogged away to find some critical scientific needle in a haystack, but who, for whatever reason, have not received the public attention or scientific accolades that befit their contributions. These more obscure geniuses include the sixth-century Indian mathematician and astronomer Aryabhata; the venerable eighth-century calendar expert Bede of Jarrow; the tenth-century Arabic star mapper ‘Abd al-Rahmān al-Sūfī; the heretical Giordano Bruno, burned at the stake in 1600 for asserting the existence of other habitable worlds; the seventeenth-century Danish astronomer Ole Røemer, who made the first accurate measurement of the speed of light; English astronomer and predictor of the 1639 transit of Venus, Jeremiah Horrocks; German physicist Ernst Chladni, who correctly deduced the extraterrestrial origin of meteorites in 1794; Arthur Eddington, a British astrophysicist who was among the first people to understand the insides of stars; and American radio engineer Karl Jansky, who in 1931 had an idea for an experiment that led to the invention of radio astronomy.


The unsung also include a number of extremely influential female astronomers who often had to work harder than their male colleagues to overcome the biases and prejudices of a male-dominated field. These noteworthy women include Caroline Herschel, younger sister of William Herschel and an accomplished late-eighteenth-century British comet hunter and star mapper; the world’s first female professor of astronomy, Maria Mitchell; and the early-twentieth-century female “human computer” colleagues at Harvard, including Annie Jump Cannon and Henrietta Swan Leavitt, who developed the classification scheme for stars still widely in use today and who discovered so-called standard candle stars used to estimate distances in the universe. I’ve tried to mention many other important but often overlooked astronomers, physicists, philosophers, and engineers throughout this book, though I’m afraid I’m still not giving them the credit they deserve. As a professional astronomer and planetary scientist, I’m embarrassed to admit that even I hadn’t heard of some of these amazing scientists prior to doing the research for this book.


I noticed partway through the research that the number of individuals being singled out for mention was decreasing over time, especially in the entries after the 1950s—the start of the Space Age. This reflects, in my opinion, a recent trend in astronomy and space exploration—and perhaps all scientific fields. Science and exploration used to be fairly individualistic enterprises, usually practiced by wealthy men who worked alone, often under a monarch or patron of some kind and often in fierce competition with other wealthy gentleman scientists. There were exceptions, of course: notable collaborations (such as that between Tycho Brahe and Johannes Kepler, or among Pierre and Marie Curie and Henri Becquerel) and research groups (for example, al-Tūsī’s thirteenth-century research team at the Marāgheh Observatory in Iran, or the sixteenth-century Kerala school of mathematics in India) certainly existed. But overall, before World War II, most of the scientific advances in my field were primarily made by individuals.


In contrast, as technology advanced in the latter half of the twentieth century, more and more advances in physics, astronomy, and space exploration began to fall under the realm of what many now call Big Science. Big Science is a group or team enterprise; individuals have expertise in specific parts of the project, but the project spans such a wide range of disciplines that no one team member is expert in all of it. An early relevant example in physics was the US Army’s Manhattan Project of the 1940s, aimed at developing the first atomic weapons. Experts were needed with engineering, materials, and aeronautics expertise, and the army also needed to find scientists who were the world’s leaders in understanding nuclear reactions at extremely high temperatures and pressures. Of course, many of those scientists were astronomers who had been, just a few years earlier, developing those skills by figuring out how stars shine. Other early Big Science projects that relied on teams of individuals with astrophysical or space science expertise included the development of military radar systems and of rockets, such as intercontinental ballistic missiles for suborbital flight and Earth-orbiting satellites for military and civilian use.


The civilian history of astronomy-related Big Science has been dominated by the achievements of the US National Aeronautics and Space Administration (NASA), formed in 1957. This book is chock-full of NASA milestone achievements in human and robotic space science and exploration, and very few of those achievements can be directly associated with an individual. Indeed, my own experience with NASA robotic astronomy and planetary science missions—using the Hubble Space Telescope or working with instruments on orbiters around the Moon, Mars, and asteroids and on the Mars rovers Spirit, Opportunity, and Curiosity—has reinforced my realization that most cutting-edge modern astronomy and space exploration work requires large teams of people to succeed. The ranges of expertise required are impressive. A Mars rover mission, for example, requires planetary scientists (including physicists, chemists, mathematicians, geologists, astronomers, meteorologists, and even biologists), computer scientists and programmers, an enormous variety of engineers (including those specializing in software, materials, propulsion, power, thermal, communications, electronics, systems, and others), and management, financial, and administrative support staff. Similar ranges of expertise are needed to build, launch, and operate space telescopes, space shuttles, big particle detectors and colliders, and the International Space Station (by some estimates, the most expensive and complex project ever attempted by humans). Further, these kinds of Big Science projects can each cost hundreds of millions to tens of billions of dollars or more over their lifetimes. Individuals are usually not singled out when these kinds of projects succeed or fail, because the collective efforts of the team were required to get the job done. The Soviet Union’s success in space exploration projects in the 1960s and 1970s was the result of a similar team-oriented (though more military-run) formula. Recently, the nineteen-nation European Space Agency and the nations of Canada, Japan, Brazil, South Korea, India, and China have become bigger players in international astronomy-oriented Big Science projects in addition to smaller astronomy and space exploration projects of their own.


Just as challenging as identifying key individuals has been identifying key events in the history of astronomy and space exploration. Some, like the formation of the Earth and planets, or the first humans in space, or the first humans to land on the Moon, are no-brainers. But most events fall into a continuum of importance that varies from one person to the next (more on that in a bit). Pinning down the exact dates for some of these events and putting them into a simple chronologic listing is also difficult, either because they are only best guesses of prehistoric occurrences (for example, when life emerged on Earth), or because they occurred over a wide span of time (for example, the formation of the first stars and galaxies), or because they are predicted to occur at some uncertain future time—such as the end of the universe! In cases where the chronological timing of key events is uncertain or broad, or both, I have indicated uncertainty by placing a c. (the Latin abbreviation for circa, meaning “about”) in front of the date listed.


The timing of historical and especially of modern events is usually much more accurately known, but there is still a significant challenge in identifying which events—out of a seemingly infinite number of scientific discoveries, theories, inventions, and missions in astronomy and space exploration over the last few centuries, and particularly over the last 50 years—to include in such a compendium. It is perhaps inevitable, then, that a bias would creep into any attempt to focus on just a subset of these incredible achievements, and I will be the first to confess that such a bias exists in my own compilation of milestones: I am a solar-system snob. My passion at work is to study planets and moons and asteroids and comets—what, to many other astronomers, are effectively just little bits of leftover debris that didn’t happen to fall into the newly forming Sun 4.5 to 5 billion years ago. It’s true that the Sun is 99.86 percent of the mass of the solar system (and that Jupiter is most of the rest), but it’s also true that the remaining 0.14 percent is incredibly interesting—partly because life developed and thrives on at least one speck of that debris, and may have existed (or perhaps still exists) on others. When my astrophysics or cosmology friends lament the fact that I have to focus my research on such insignificant, nearby objects, it’s easy to counter with the fact that the latest discoveries in extrasolar planet research are showing that solar systems are probably common around other stars, too. Our solar system may be one of millions—or, more likely, billions—in our galaxy. And yet we do not know if any of them harbors life, as ours does. That makes us very special, even if we are very small.


As you voyage through this history of astronomy and space exploration, you may detect this bias, among my collection of milestones, toward discoveries and theories and adventures related to our nearest neighbors in space: our solar system. To me it’s a good bias to have, partly because solar system objects are what we know the most about scientifically, and partly because it is important to get to know one’s neighborhood in order to understand and appreciate the bigger community. That is, the physics and chemistry and celestial mechanics and geology and spectroscopy and engineering and other skills needed to explore our solar system—with telescopes, robotic spacecraft, high-speed computer simulations, cutting-edge laboratory experiments, or human exploration crews—provide the foundation for exploring our neighboring stars, our Milky Way galaxy, our nearby galaxies, and the cosmos, now or in the distant future. To me, these pivotal moments are most worthy of being called milestones in space exploration: when a point of light is resolved into a truly unique world (and there are more than 50 relatively large and millions of smaller unique worlds in our neighborhood), or when we visit these worlds for the first time, either virtually through the eyes of our robotic emissaries or in person. Our solar system is sort of like our playground. By getting to know the worlds around us, we are dipping our toes into what Carl Sagan famously referred to as the “shores of the cosmic ocean,” preparing for that time when we will someday wade farther out into the water.


Finally, it’s important to point out that this collection of milestones in the history of astronomy and space exploration is certainly not exhaustive or complete. Pragmatic limitations on the length and size of this book restricted the collection to just 250 entries, representing only a fraction of the people, historic discoveries, and paradigm-shifting events that have characterized this exciting field over the course of time—indeed, over the entire history of space and time. Different authors might certainly have assembled a different set of milestones, but all would have faced the same dilemma: how to decide which ones not to include? When I set about outlining this project, I decided to try to cover not only the many phenomenal achievements of the Space Age but also to include and acknowledge a sampling of the many fundamental achievements from scientists of antiquity, spanning the ancient empires of Mesopotamia, China, India, Egypt, Europe, and the Americas. As well, I wanted to make sure that some of the major achievements from the Middle Ages, Renaissance, and more recent history, from preindustrial times to the Industrial Revolution, were also captured. In attempting to balance the timeline, I may have shortchanged many deserving people, discoveries, or events from more modern times, for which I ask your forgiveness and indulgence. As I wrote in the beginning, it is basically impossible to summarize the entire history of astronomy and space exploration by choosing just 250 milestones. But let’s not let that stop us!
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This image, showing the inside surface of the heat shield of NASA’s Curiosity rover, was obtained during its descent to the surface of Mars on August 6, 2012. The Mars Descent Imager instrument, known as MARDI, shows the 15-foot (4.5-meter) heat shield at about 50 feet (16 meters) from the spacecraft.




















c. 13.7 Billion BCE



Big Bang



Edwin Hubble (1889–1953)


There’s no better place to start considering the broad sweep of astronomical history than the beginning—that is, the actual beginning of both space and time. Twentieth-century astronomers such as Edwin Hubble discovered that the universe is expanding by observing that large-scale structures like galaxies are all moving away from each other, in any direction that we look. This means that, in the past, the universe was smaller and that, at some point in the far distant past, everything started out as a single point of space and time: a singularity. Years of careful observations by the Hubble Space Telescope and other facilities have revealed that the universe was born in a violent explosion of this singularity about 13.7 billion years ago.


The details of big bang theory—as it was initially dubbed by astronomers in the 1930s—have been rigorously tested with decades of astronomical observations, laboratory experiments, and mathematical modeling by cosmologists and astronomers who specifically focus their research on the origin and evolution of the universe. What we have learned about the early history of our universe from these studies is impressive: within the first second of the universe’s existence, the temperature dropped from a million billion degrees to “only” 10 billion degrees, and all of the universe’s present supply of protons (hydrogen atoms) and neutrons formed out of this primordial plasma. By the time the universe was only three minutes old, helium and other light elements had been formed from hydrogen in the same kind of nuclear fusion process that still occurs today deep inside of stars.


It’s mind-blowing to think about both space and time being created at a single instant, 13.7 billion years ago. What caused the explosion? What was there before the big bang? Cosmologists tell us that we can’t really ask that question because time itself was created in the big bang. It’s also humbling to realize that the most abundant element within each of our bodies—hydrogen—was created in the very first second that ever was. We are ancient!


SEE ALSO Hubble’s Law (1929), Nuclear Fusion (1939), Hubble Space Telescope (1990).



[image: ]



Graphically depicting the beginning of the universe is just as challenging as trying to understand it! Here, an artist has fancifully captured the idea that the big bang was triggered by a collision with another three-dimensional universe that had been hidden in higher dimensions.




















c. 13.7 Billion BCE



Recombination Era


The universe’s early years were a time of intense heat, pressure, and radiation. All of space was bathed in the primordial light of highly ionized atoms and subatomic particles, interacting, colliding, decaying, and recombining at temperatures of millions of degrees. This period in cosmic history is often referred to as the radiation era. By the time the universe was about 10,000 years old, the expansion of space and the decay of many energetic particles had cooled the cosmos to “only” about 12,000 kelvins (kelvins, or K, are a measure of the temperature above absolute zero). This was an important threshold, because as the universe continued to cool, the total energy from heat and ionizing radiation became less than the total so-called rest mass energy of matter itself, embodied in physicist Albert Einstein’s famous equation E = mc2. Still, for hundreds of thousands of years longer, the universe was essentially just an opaque, dense, high-energy soup of constantly colliding ionized protons and electrons. But as the expansion and cooling continued, radiation energy continued to decrease as compared to the rest of mass energy.


By about 400,000 years after the Big Bang, the temperature had dropped to only a few thousand kelvins—low enough to allow electrons to be captured (deionized) into stable hydrogen atoms and for multiple hydrogen nuclei to form the universe’s first molecules: hydrogen gas, or H2. This period in the universe’s early history is known as the recombination era.


The cool thing about recombination is that it allowed the universe’s remaining radiation—mostly high-energy photons and other subatomic particles—to decouple from matter and thus to finally travel, relatively unimpeded, through space. The universe grew colder and darker over the next few hundred million years, a time which cosmologists have dubbed “the dark ages.” The residual 3-kelvin glow of the early universe’s joyously freed radiation energy, known as the Cosmic Microwave Background, can still be detected today.


SEE ALSO Big Bang (c. 13.7 Billion BCE), Einstein’s “Miracle Year” (1905), Cosmic Microwave Background (1964), Mapping the Cosmic Microwave Background (1992), Age of the Universe (2001).
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NASA’s Wilkinson Microwave Anisotropy Probe (WMAP) satellite generated this sky map of the residual heat left over after the early universe’s initial expansion. The small fluctuations in temperature seen here—only a few hundred-millionths of a degree—acted as the seeds for the first stars and galaxies in the universe.




















c. 13.5 Billion BCE



First Stars


Every dark age ends with a Renaissance, and the early history of the universe is no exception. Cosmologists believe that the so-called dark ages lasted about 100 to 200 million years, after which time molecular hydrogen and other molecules formed during the recombination era began to gravitationally clump together—perhaps from the effects of turbulence, but no one really knows why. The clumps of gas acted as seeds, gravitationally attracting more gas, making the clumps grow bigger and bigger until they eventually became enormous clouds of hydrogen that started to grow warm inside from the increasing pressure of the surrounding gas. Give a cloud a nudge—say, from the gravitational pull of another nearby cloud—and it will move and, eventually, start to spin. At some point, maybe 300 to 400 million years after the Big Bang, the temperatures in the centers of some of these huge, slowly spinning clouds of gas grew to be millions of degrees, as in the first three minutes after the big bang. The temperatures and pressures inside these spherical clouds became high enough to fuse hydrogen into helium, and the first stars were born. The dark ages were over!


The first stars, sometimes called Population III stars by astronomers, were more than just quirky local phenomena, though. They were enormous—perhaps one hundred to one thousand times more massive than our Sun—and they had a huge influence on their stellar neighborhood, radiating prodigious amounts of energy out into the surrounding clumps and clouds of hydrogen, heating them externally, and freeing the electrons that had been captured at the beginning of the dark ages. This time is known as the era of reionization, because the universe once again began to glow—not from the light and heat of creation but, like today, from the light and heat of the stars.


SEE ALSO Big Bang (c. 13.7 Billion BCE), Recombination Era (c. 13.7 Billion BCE), Eddington’s Mass-Luminosity Relation (1924), Nuclear Fusion (1939).
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In this supercomputer simulation, ionized hydrogen bubbles (blue) and molecular hydrogen clouds (green) form the first organized, large-scale structures in the early universe, eventually collapsing to form the first stars.




















c. 13.3 Billion BCE



Milky Way


Astronomers define a galaxy as a gravitationally bound system of stars, gas, dust, and other more mysterious components (see Dark Matter), all moving collectively through the cosmos as if they were a single object. Once the first stars had formed, it was only a matter of time—not much time, in fact—that many of them would inevitably become attracted by each other’s gravity and form clusters, then clusters of clusters, and eventually huge congregations of stars orbiting their common center of gravity.


Our own Milky Way galaxy consists of an estimated 400 billion stars and has a structure that is typical of the class of so-called barred spiral galaxies seen throughout the universe (see Spiral Galaxies). The Milky Way has a crowded central semispherical bulge of stars surrounded by a flatter, spiral-shaped disk of stars (including the Sun), gas, and dust, all of which is surrounded by a diffuse spherical halo of older stars, star clusters, and two smaller companion galaxies. It’s an enormous structure, nearly 100,000 light-years (the distance light travels in a year, or about a billion billion miles) wide and 1,000 light-years thick in the disk. Our Sun is about halfway out from the galactic center, and one galactic-year orbit takes about 250 million Earth years.


Astronomers don’t know exactly when the Milky Way was formed. The oldest known stars in the galaxy are in the halo and are about 13.2 billion years old. The oldest stars in the disk are younger—about 8–9 billion years old. It is likely that the different parts of the Milky Way formed at different times, although the basic structure appears to have been set in motion very early.


Our ancient ancestors were awed by the bright whitish band that dominated their night sky, often envisioning it in creation myths as a river of light and life. Though we now know that we are inside a massive, choreographed gathering of stars looking out, it’s still easy to find awe in the scale and majesty of our home galaxy.


SEE ALSO Dark Matter (1933), Spiral Galaxies (1959).
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Wide-angle photo of the Milky Way galaxy’s Sagittarius arm. Light from billions of stars causes the bright, diffuse glow of the galaxy; dark dust in the disk blocks some of that starlight from our view. A meteor can be seen streaking through the scene near the bottom.




















c. 5 Billion BCE



Solar Nebula


Star formation is a messy process. As giant molecular clouds collapse, almost all of the cloud’s gas and dust eventually falls into the central protostar—almost. A tiny fraction of the gas and dust remains in orbit around the forming star, and as the whole system spins and cools, that residual cloud of debris slowly flattens into a disk of gas, dust, and (farther from the star) ice. During this phase of star formation, it appears that all young stars start out with an accompanying disk, often called a solar nebular disk.


The nebula from which our own Sun eventually formed probably started collapsing about 5 billion years ago, though the exact timing is uncertain. Observations indicate that sun-like stars typically take about 100 million years to form, and that nebular disks form in only about 1 million years around young stars. Once the disk is formed, it changes rapidly, with tiny dust and/or ice grains colliding, sticking to each other, and growing into marble-size particles, in a process (called accretion) that computer models indicate takes only a few thousand years. These small particles collide with others, sometimes sticking together, and the process appears to continue on in a poorly understood, runaway fashion until, within perhaps only a few more million years, planetesimals (kilometer-sized clumps of dusty, icy, rocky, and/or metallic grains) and then asteroids 100–1,000 kilometers in size have formed.


Solar nebular disks don’t seem to last long; most of the dust accretes or is dispersed within about 10 million years. Close to the star, it’s too warm for ice to condense, so the planetesimals are mostly rocky and too small to gravitationally hold on to much gas. Farther out, ice and dust can be accreted into larger planetesimals, with enough mass to accrete huge amounts of gas as well, eventually growing into “gas giant” planets. Exactly how such messy beginnings lead to such elegant planetary systems, and in such little time, is currently a topic of much debate and speculation among astronomers.


SEE ALSO First Stars (c. 13.5 Billion BCE), Violent Proto-Sun (c. 4.6 Billion BCE), Circumstellar Disks (1984), First Extrasolar Planets (1992).
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Space artist Don Dixon’s conception of the proto-Sun and its solar nebular disk, the spinning cloud of gas and dust and ice from which all our solar system’s planets, moons, asteroids, and comets formed.




















c. 4.6 Billion BCE



Violent Proto-Sun


Star birth, like childbirth, can be a rather intense and messy event that involves a lot of energy. Even before they get hot and dense enough to start nuclear fusion of hydrogen into helium, newly forming protostars can emit huge amounts of energy as they gravitationally contract during their 100-million-year gestation period. Some of these baby stars funnel their energy into solar system–size jets of gas, dust, and charged particles, possibly collimated and heated by strong magnetic fields from the star, or from material falling in from the associated nebular disk, or both.


Astronomers have identified many examples of violent jets of material being emitted from very young protostellar objects, often called T Tauri stars after the prototype example. In fact, the star T Taurus is very much like what astronomers believe the young Sun was like, suggesting that our own star went through a similar short and violent period of intense jetting and other high-energy activity before it started to stably fuse hydrogen and settle down into its long, relatively quiescent life on the so-called Main Sequence.


Evidence for whether the Sun went through such a violent early T Tauri phase may be preserved in some of the solar system’s oldest materials: the ordinary chondrite meteorites. These rocks, which occasionally fall to Earth, are the oldest-known solids in the solar system, and they help to determine the age of the Sun and the timescale for the formation of the planets. These meteorites often contain large percentages of chondrules—small spheres of mineral grains that were once molten droplets of rock before cooling and accreting into larger grains, planetesimals, and asteroids. The source of energy for chondrule melting in the early solar system is unknown, but one possibility is high-energy outbursts and jets from the young Sun.


The deeper and more accurately astronomers peer into space, the more evidence they find for jets and disks around newly forming stars, suggesting that these features are a crucial part of star formation. A violent youth may be a normal, essential part of the life cycle of a typical star.


SEE ALSO Meteorites Come from Space (1794), Main Sequence (1910), Nuclear Fusion (1939).
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A young T Tauri–like protostar is embedded in a cloud of dust in the lower left of this Hubble Space Telescope photograph. Called HH-47, it is emitting a spiraling jet of ionized gas and dust 1.2 trillion miles (2 trillion kilometers) long into space (from lower left to upper right).




















c. 4.6 Billion BCE



Birth of the Sun


The temperature and pressure in the central region of the Solar Nebula grew dramatically for about 100 million years, until they passed a threshold where hydrogen atoms were packed so tightly that they underwent nuclear fusion, becoming helium and releasing some energy as light and heat. Thus, our Sun was born!


We tend to think of the Sun as special, and rightly so—the Sun is critical to the creation and continuing survival of all life on our planet. It’s harder to think of the Sun as typical, average, even mundane, but in many ways it is. Our star is one of more than 10 billion trillion (1 with 22 zeros after it) stars in the known universe, all of which appear to be the natural result of matter—mostly hydrogen—interacting with gravity at high pressures and temperatures and releasing enormous amounts of energy into their surrounding space. Stars are truly the engines of our universe.


Once stars are born, they live relatively stable lives and then die, often in relatively predictable and sometimes spectacular ways. The Sun is no different. It will keep fusing hydrogen atoms into helium atoms for another 5 billion years or so. When the hydrogen runs out, the Sun will shed its outer layers (engulfing the Earth and the other inner planets) and start fusing helium in its core. When the helium runs out, the Sun slowly fades to a white dwarf and then dims to a cinder.


Astronomers have been able to deduce that about one to three new stars are born each year, and about one to three old stars die each year in our Milky Way galaxy. If we extrapolate to all known galaxies and do a little math, that means that something like 500 million stars are born and 500 million stars die each day in the universe. It’s a staggering and humbling thought that should make us appreciate even more every one of these precious days in the life of our own star, the Sun.


SEE ALSO Chinese Observe “Guest Star” (185), “Daytime Star” Observed (1054), Planetary Nebulae (1764), White Dwarfs (1862), Nuclear Fusion (1939).
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An ultraviolet image of our local star, the Sun, taken by NASA’s Solar Dynamics Observatory UV space telescope. Streamers, loops, hotter spots (brighter), and cooler spots (darker) are all evidence of an extremely active, though quite typical, middle-aged star.




















c. 4.5 Billion BCE



Mercury


All the planets in our solar system formed around the same time, about 4.5 billion years ago, as the Solar Nebula cooled and tiny grains condensed, collided, stuck together, and eventually grew into a small number of big objects. In the warm zone close to the Sun, the planets were rocky. Farther out, beyond the “snow line,” they were mixtures of rock, ice, and gas.


Mercury is the closest in of the so-called terrestrial planets, with a diameter of 3,032 miles (4,880 kilometers); Earth’s diameter, by comparison, is 7,926 miles (12,756 kilometers). Mercury orbits the Sun at an average distance of only 0.38 astronomical units (or AU; 1 AU = 93 million miles = 150 million kilometers = Earth’s average orbital distance from the Sun). Mercury is the Roman name of the Greek god Hermes, the fleet-footed messenger. The planet was aptly named: even the ancients knew that Mercury takes only 88 days to complete a circuit in the sky, which we now know represents its orbital period around the Sun.


Mercury is a small world of harsh extremes and curious enigmas. There is no atmosphere, and temperatures range from only 90 kelvins in permanently shadowed craters near the poles to more than 700 kelvins (above the melting point of lead) in the harsh midday sunlight. Earth-based radar observations indicate that there may be ice in those polar craters. Mercury has a very high density and a large iron core that spans 75 percent of the planet’s radius. The core might be partially molten, perhaps explaining Mercury’s weak magnetic field (1 percent as strong as Earth’s). Images from the two space missions that have encountered Mercury (Mariner 10 in 1974–1975 and MESSENGER in 2011–2015) reveal a heavily cratered surface and some evidence of ancient volcanic activity similar to the Moon’s. Perhaps most surprising, the planet preserves a network of large tectonic thrust faults (scarps) that seem to indicate that Mercury may have been completely molten early in its history and then shrank by a few percent when it cooled.


SEE ALSO Solar Nebula (c. 5 Billion BCE), Earth (c. 4.5 Billion BCE), Kirkwood Gaps (1857), Habitable Super Earths? (2007), MESSENGER at Mercury (2011).
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NASA’s MESSENGER spacecraft flew past Mercury three times in order to set itself up to go into orbit around the planet in 2011. This third flyby image was taken in January 2008 and revealed many never-before-seen craters and other features.




















c. 4.5 Billion BCE



Venus


It’s fun to ponder the relative importance of “nature versus nurture” in determining the origin of people’s personalities and characteristics. Twins, for example, make great case studies. Well, the same is true for planets, and one of the best examples to consider is Venus, a near-twin of Earth in some ways but profoundly different in others.


Venus is only about 5 percent smaller than Earth and has about the same density—meaning that it is essentially a rocky, terrestrial planet very much like our own. Both planets have atmospheres, and Venus even orbits in the same general neighborhood of the inner solar system as we do, at an average distance of 0.72 astronomical units compared to Earth’s 1.0. But that’s where the similarities end. Venus is barely spinning, taking about 243 Earth days to spin once on its axis—backward! The Venusian atmosphere is much thicker than ours, with 90 times the pressure at its surface. That thick atmosphere sports violent upper-level wind speeds of more than 218 miles (350 kilometers) per hour and is almost entirely carbon dioxide, with only scant traces of the nitrogen dioxide, oxygen, and water found in Earth’s atmosphere. The carbon dioxide molecule is transparent to visible light but is exceedingly good at trapping heat radiation (like a greenhouse), causing the surface of Venus to be very hot—more than 750 kelvins, or about 300 degrees hotter than an oven!


Astronomers are trying to understand how Earth and Venus ended up with such radically different surface conditions. Understanding carbon dioxide may be the key. Earth has as much carbon dioxide as Venus, but it dissolves in our oceans and is trapped in rocky carbonate minerals. Any ocean on early Venus, slightly closer to the Sun, would have since evaporated away, however, leaving no way to remove the carbon dioxide.


Venus is a case study of carbon dioxide gone wild and is a prime example of how studying other planets can help us understand what may be in store for our own world.


SEE ALSO Earth (c. 4.5 Billion BCE), Venus Transits the Sun (1639), Venera 7 Lands on Venus (1970), Venus Mapped by Magellan (1990), Earth’s Oceans Evaporate (~1 Billion).
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In 2009 the European Space Agency’s Venus Express orbiter acquired this false-color composite of infrared heat emitted from the planet’s night side (lower left, red) and sunlight reflected from the planet’s swirling day-side clouds (upper right).




















c. 4.5 Billion BCE



Earth


Our home world is the largest of the terrestrial planets and the only one with a large natural satellite. To a geologist, it’s a rocky volcanic world that has separated its interior into a thin, low-density crust, a thicker silicate mantle, and a high-density, partially molten iron core. To an atmospheric scientist, it’s a planet with a thin nitrogen-oxygen-water vapor atmosphere buffered by an extensive liquid water ocean and polar ice cap system, all of which participate in large climate changes on seasonal to geologic timescales. To a biologist, it’s heaven.


Earth is the only place in the universe where we know that life exists. Indeed, evidence from the fossil and geochemical record is that life on earth began almost as soon as it could, when the Late Heavy Bombardment of asteroids and meteorites quieted down. Earth’s surface conditions appear to have remained relatively stable over the past four billion years, which, combined with our planet’s favorable location in the so-called habitable zone, where temperatures remain moderate and water remains liquid, has enabled that life to thrive and evolve into countless unique forms.


Earth’s crust is divided into a few dozen moving tectonic plates that essentially float on the upper mantle. Exciting geology—earthquakes and volcanoes and mountains and trenches—occurs at the plate boundaries. Most of the oceanic crust (70 percent of Earth’s surface area) is very young, having erupted from mid-ocean-ridge volcanoes spanning a few hundred million years ago to today. Because of its youth, there are only a few hundred impact craters preserved on our planet’s surface, in stark contrast to the battered face of our neighbor, the Moon.


The high amounts of oxygen, ozone, and methane in Earth’s atmosphere are a sign of life that could be detected by alien astronomers studying our planet from afar. Indeed, these gases are exactly what astronomers are looking for today among the panoply of newly discovered extrasolar planets. Are there more Earths out there, waiting to be found and explored?


SEE ALSO Birth of the Moon (c. 4.5 Billion BCE), Late Heavy Bombardment (c. 4.1 Billion BCE), Life on Earth (c. 3.8 Billion BCE), First Extrasolar Planets (1992).
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Digital portrait of Earth’s Western Hemisphere on September 9, 1997, using data from a variety of NASA and National Oceanic and Atmospheric Administration orbital weather and geologic/ocean-monitoring satellites.




















c. 4.5 Billion BCE



Mars


We may have to go no farther than the next planet out to find out if life exists—or ever existed—beyond Earth. Mars has seemingly always been the subject of fascination, from ancient times, when it was seen as a cosmic incarnation of the Roman god of war, to the twentieth century, when many imagined the planet to be the abode of Percival Lowell’s desperate canal builders.


Mars is a small planet, about half the diameter of Earth and only about 15 percent of its volume. For further reference, the surface area of Mars is about the same as the surface area of all of the continents on Earth. On average, the planet orbits about 50 percent farther from the Sun than we do. The thin Martian carbon dioxide atmosphere (only 1 percent as thick as Earth’s) can’t trap much heat, so the surface is very cold. Daytime temperatures near the equator rarely rise above the freezing point of water, and nights near the poles routinely drop down to the freezing point of carbon dioxide (which is 150 kelvins, or about -190°F). Today Mars is a dusty world in a deep freeze.


And yet, spacecraft images, meteorites from Mars, and other data over nearly 50 years have shown that Mars is the most Earthlike place in the solar system (besides Earth itself), and that during its first few billion years, the Red Planet may have been a much warmer and wetter world. What happened? Possibilities include gradual cooling of the planet’s core and solar wind or catastrophic impact destruction of the atmosphere. Determining how and why the planet’s climate changed so dramatically is a hot topic of research.


We’ve learned enough about the Mars of 3 or 4 billion years ago to know that parts of the surface and subsurface were habitable to life. The next 50 years of Mars exploration will be all about expanding the search for habitable environments there and finding out if any were—or still are—inhabited.


SEE ALSO Earth (c. 4.5 Billion BCE), Deimos (1877), Phobos (1877), Mars and Its Canals (1906), First Mars Orbiters (1971), Vikings on Mars (1976), Life on Mars? (1996), First Rover on Mars (1997), Mars Global Surveyor (1997), Spirit and Opportunity on Mars (2004).
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This Hubble Space Telescope photo of Mars was taken during the Red Planet’s close approach to Earth in 1999. Dusty, more oxidized areas are orange; volcanic rocks and sand are brownish-black. The north polar water ice cap is at top; wispy bluish water-ice clouds and a polar storm system provide evidence of the planet’s thin atmosphere.




















c. 4.5 Billion BCE



Main Asteroid Belt


The terrestrial planets were rather quickly assembled about 4.5 billion years ago from small rocky and metallic building blocks called planetesimals, which condensed from the slowly cooling, warm inner regions of the Solar Nebula. Each of the growing planets “swept up” planetesimals along and near its orbital path, generally clearing out their orbital zones until the lack of new material to sweep up set the limit on the growth of these rocky worlds.


Beyond the orbit of Mars, however, the accretion of planetesimals and growth into larger planets was continually thwarted and disrupted by the strong gravitational influence of nearby Jupiter. Jupiter’s influence made collisions between planetesimals more energetic, minimizing the gentle collisions that would allow them to stick together and grow, and close encounters with Jupiter itself ejected many of the planetesimals in the Mars–Jupiter zone. Thus, instead of a large planet in the region between Mars and Jupiter, we have a rather diffuse disk or belt of small rocky and metallic asteroids: the main asteroid belt.


Astronomers estimate that there might be more than a million asteroids larger than a half mile (about a kilometer) in size in the main belt. To date, the orbits, positions, and general characteristics of more than half a million of these are known, including the most massive two, Ceres and Vesta. These two, plus asteroids Pallas and Juno, account for more than half of the total mass of the entire main belt.


Asteroids aren’t just randomly located, though. Jupiter’s gravitational pull has cleared out many gaps in the main belt (see Kirkwood Gaps), and some groups of asteroids travel together in “families” that may represent the disrupted and slowly scattering remains of once-larger objects. Jupiter’s Trojan asteroids are two large groups of small bodies trapped in special orbits where Jupiter’s gravity and the Sun’s gravity balance each other out.


Small pieces of impact-shattered asteroid interiors fall to Earth all the time—we call them meteorites—and their ages and compositions provide an enormous amount of detailed information about the timing, formation, and evolution of our solar system.


SEE ALSO Solar Nebula (c. 5 Billion BCE), Meteorites Come from Space (1794), Ceres (1801), Vesta (1807), Kirkwood Gaps (1857), Jupiter’s Trojan Asteroids (1906).
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Overhead computer-generated plot of the inner solar system on August 14, 2006, out to the orbit of Jupiter (outer blue circle) with the Sun at center. Asteroids in the main belt are colored white. Orange dots are the Hilda asteroid family, and green dots are Jupiter’s Trojan asteroids.




















c. 4.5 Billion BCE



Jupiter


Our solar system is basically comprised of the Sun (about 99.8 percent), Jupiter (about 0.1 percent), and everything else. Jupiter is truly the king of the planetary realm, with more than twice the mass of all the other planets combined. Sixty-three known moons and a series of faint rings orbit this colossal world. Jupiter’s diameter is 23 Earths across; if it were hollow, more than a thousand Earths would fit inside.


Partly because of its enormous size and its orbital position at the inner edge of the outer solar system (around 5.2 astronomical units), Jupiter is the fourth-brightest object in our night sky after the Sun, Moon, and Venus. Jupiter is also luminous because its visible surface is made up of bright clouds. Indeed, there is no “surface” visible on Jupiter or any of the other giant outer planets—everything we see is cloud or haze, made of exotic and sometimes colorful chemical compounds like methane, ethane, ammonium hydrosulfide, and phosphine. Winds traveling several hundred miles per hour twist the clouds into horizontal belts, and giant Earth-size storm systems, such as the Great Red Spot, have churned for many hundreds of years.


Below the clouds, Jupiter’s pressure and temperature increase dramatically, but the chemistry is, on average, much simpler: Jupiter is about 75 percent hydrogen and 25 percent helium, just like the Sun. In fact, if the Solar Nebula had been bigger and Jupiter had formed with about 50 to 80 times more mass, it would have become a star.


Jupiter’s formation has had a major influence on the architecture of the solar system, perturbing the orbits of the other giant planets, preventing a planet from forming in the region of the main asteroid belt, and gravitationally scattering asteroids and comets on orbits that caused impacts with other planets in the Late Heavy Bombardment. Some objects were even flung into the Kuiper Belt or out of the solar system entirely! Today Jupiter is a gravitational magnet, still occasionally drawing in small bodies such as Comet SL-9, which split up and smashed into its cloud tops in 1994.


SEE ALSO Solar Nebula (c. 5 Billion BCE), Main Asteroid Belt (c. 4.5 Billion BCE), Late Heavy Bombardment (c. 4.1 Billion BCE), Great Red Spot (1665), Kuiper Belt Objects (1992), Comet SL-9 Slams Into Jupiter (1994), Galileo Orbits Jupiter (1995).
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True-color mosaic of Jupiter and the Great Red Spot obtained in 2000 by the NASA Cassini spacecraft when it flew past the giant planet for a gravitational assist on its way to Saturn.




















c. 4.5 Billion BCE



Saturn


There might be no more enchanting experience to a fan of astronomy than viewing Saturn and its glorious rings through a small telescope. The scene is almost surreal: a shimmering, egg-shaped orb hanging against the blackness of space and girded by what seems like an incredibly delicate, thin disk of material almost twice as wide as the planet itself. It is truly one of the gems of the sky.


Saturn is the second largest of the gas giants, more than nine times wider and nearly one hundred times as massive as Earth. The flat disk that circles the planet’s equator is, of course, the famous Rings of Saturn. Composed mostly of ice, the ring system is probably no more than 22 to 33 yards (20 to 30 meters) thick. No one knows whether the rings of Saturn are an ancient, primordial feature, or whether they are a relatively new feature, perhaps formed from the catastrophic breakup of a former icy moon. Accompanying Saturn are 62 known moons, hundreds of smaller “moonlets” embedded in the rings, and billions of ring particles ranging from the size of houses and cars to specks of dust. Saturn’s largest moon, Titan, is larger than Mercury and is the only moon in the solar system with a thick atmosphere.


Saturn’s clouds and haze bands are fainter and less colorful than Jupiter’s, although the composition of the atmosphere is fairly similar. Perhaps the biggest chemical difference between Saturn and Jupiter is that, for reasons not fully understood, Saturn has a little less helium relative to hydrogen, making it less “solar” than Jupiter. Another mystery is why the wind speeds on Saturn are much higher than on Jupiter, or anywhere else in the solar system—more than 1,120 miles (1,800 kilometers) per hour in places! Detailed studies of Saturn and Jupiter by the Pioneer, Voyager, Galileo, and Cassini spacecraft show us that not all gas giants are the same. As we discover more gas giants among the extrasolar planets, those worlds, too, are likely to be both lovely and enigmatic.


SEE ALSO Titan (1655), Saturn Has Rings (1659), Pioneer 10 at Jupiter (1973), Pioneer 11 at Saturn (1979), Voyager Saturn Encounters (1980, 1981), First Extrasolar Planets (1992), Galileo Orbits Jupiter (1995), Cassini Explores Saturn (2004–2017).
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NASA Cassini orbiter photo of Saturn’s northern hemisphere in 2016, as that part of the planet neared summer solstice. Distinctive cloud zones can be seen in the planet’s atmosphere, as well as the enigmatic, darker, hexagon-shaped zone surrounding the north pole.




















c. 4.5 Billion BCE



Uranus



William Herschel (1738–1822)


Our solar system’s seventh planet, unlike the first six, was not known to the ancients. Uranus (pronounced YUR-uh-nus by astronomers) was discovered in 1781 by telescopic observations of the English astronomer Sir William Herschel. Indeed, it had been observed by many other astronomers as early as 1690, but because of its extremely slow motion across the sky (an 84-year orbit period), it was mistaken for a star. Because Uranus has an average orbital distance of about 19 astronomical units (Saturn, the next closest planet to the Sun, has an average orbital distance of about 9.5 astronomical units), its discovery instantly doubled the size of the solar system.


At 4 times the diameter and 15 times the mass of Earth, Uranus is classified as a giant planet, but it is much smaller than planetary cousins Jupiter and Saturn. Still, the atmosphere of Uranus contains mostly hydrogen and helium, and the planet’s distinctive blue-green color is caused by methane clouds and hazes in the upper atmosphere. Storms on Uranus are rare, and the cloud and haze bands are usually quite faint. Uranus has a different overall planetary composition from Jupiter and Saturn, however, with significant amounts of ice and rock in the deep interior. In fact, the ratio of ice and rock to gas is so much higher in Uranus (and Neptune), as compared to Jupiter and Saturn, that the planet is more appropriately called an ice giant instead of a gas giant.


As discovered by telescopic observations and the Voyager 2 flyby in 1986, Uranus has 5 large moons and 22 smaller moons, all of them dark and icy. The planet also sports a series of about a dozen thin, dark, icy rings, possibly formed from a relatively recent breakup of one or more small moons.


Perhaps the strangest thing about Uranus is that its spin axis is tilted on its side by about 98 degrees relative to the ecliptic (the plane of Earth’s orbit around the Sun). The unusual axial tilt of Uranus may be a result of a grazing giant impact or a close encounter with Jupiter long ago. Whatever the case may be, it is yet another of our solar system’s many unsolved mysteries.


SEE ALSO Earth (c. 4.5 Billion BCE), Saturn (c. 4.5 Billion BCE), Jupiter (c. 4.5 Billion BCE), Neptune (c. 4.5 Billion BCE), Discovery of Uranus (1781), Titania and Oberon (1787), Discovery of Neptune (1846), Ariel and Umbriel (1851), Miranda (1948), Voyager 2 at Uranus (1986).
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The Keck telescope in Hawaii obtained this spectacular false-color infrared composite image of Uranus and its rings in 2004. Rare white storm clouds can be seen in the atmosphere.




















c. 4.5 Billion BCE



Neptune


If Earth and Venus can be considered fraternal twin planets, Uranus and Neptune are more like identical twins. Both are denizens of the deep outer solar system, with Neptune, out at 30 astronomical units, taking approximately 165 Earth years to orbit the Sun once. Both ice giants are about the same size and mass (Neptune is slightly heavier, at 17 Earth masses), and both have a similar composition: about 80 percent hydrogen, 19 percent helium, and trace amounts of methane and other hydrocarbons. As it does on Uranus, methane gives Neptune its beautiful azure color.


Neptune, like Uranus, is another ice giant world with a modest number of icy satellites (13) and a system of dark icy rings. From telescopic measurements, data from the 1989 Voyager 2 flyby, and laboratory studies, astronomers have deduced that Neptune’s gaseous atmosphere extends about 10 to 20 percent of the way to the center of the planet. Then, as pressure and temperature increase, higher concentrations of water, ammonia, and methane form a hot liquid mantle. Astronomers refer to this zone as “icy” because the molecules there are thought to have originally come from the mostly icy outer Solar Nebula planetesimals that were part of Neptune’s original building blocks. Some astronomers even think of this zone as a water-ammonia ocean, and computer simulations suggest that a rain of diamonds fall through this ocean to the planet’s Earthlike core of rock, iron, and nickel.


It’s puzzling to astronomers that the ice giants reside in the far outer solar system, because there may not have been enough solar nebula material at those distances to form them. One explanation may be that they formed closer to the Sun and slowly migrated out, perhaps gravitationally nudged by Jupiter and/or Saturn. We think of the solar system today as stable, running like clockwork, but when the planets were forming, it was much more violent and chaotic.


SEE ALSO Solar Nebula (c. 5 Billion BCE), Venus (c. 4.5 Billion BCE), Earth (c. 4.5 Billion BCE), Uranus (c. 4.5 Billion BCE), Discovery of Uranus (1781), Discovery of Neptune (1846), Triton (1846), Voyager 2 at Neptune (1989).
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Voyager 2 photo of Neptune’s Great Dark Spot, a smaller dark spot to the south, and fast-moving, wispy, cirrus-like white clouds. Winds in excess of 1,300 miles (2,100 kilometers) per hour were measured in these atmospheric storm systems.




















c. 4.5 Billion BCE



Pluto and the Kuiper Belt



Gerard P. Kuiper (1905–1973)


Most of the rock and ice from the Solar Nebula that didn’t fall into the young Sun eventually went into building Jupiter and, to a lesser extent, the other big planets of our solar system. But there were still some leftover building blocks that never got incorporated into planets, like the small (0.6–6 miles [1–10 kilometers]) rocky planetesimals in the main asteroid belt that Jupiter’s gravity prevented from growing into full-fledged planets, and similar icy ones beyond Neptune that were simply too far apart and that collided too rarely to grow into large planets. This latter class of so-called trans-Neptunian objects is of special interest, partly because the first one ever discovered is also the most famous: Pluto.


Pluto is a small, icy, rocky world in an elliptical orbit between about 30 to 50 astronomical units (AU). It is only about 20 percent the mass and 35 percent the volume of our Moon, and yet it has a large icy moon of its own, Charon, along with at least four other smaller icy moons, and a thin comet-like atmosphere of nitrogen, methane, and carbon monoxide.


Since the early 1990s, astronomers have discovered many more “Plutos” out beyond Neptune, orbiting within a doughnut-shaped disk called the Kuiper belt, named after the Dutch-American astronomer Gerard P. Kuiper. Beyond the Kuiper belt, which contains small icy bodies that formed in the zone between about 30 and 55 AU, another “scattered disk” consists of icy bodies that formed closer to the Sun but were flung out there by gravitational encounters with Jupiter to between 30 and 100 AU. More than 1,100 trans-Neptunian objects are now known. As it became clear that there are huge numbers of Pluto-like objects in the Kuiper belt and scattered disk, the International Astronomical Union demoted Pluto and other similar objects in 2006 to dwarf-planet status.


Pluto is the last well-known body in our solar system not yet visited by a space mission. That will change in 2015, when the New Horizons mission flies past Pluto and its moons and reveals them as new worlds rather than just fuzzy points of light.


SEE ALSO Solar Nebula (c. 5 Billion BCE), Main Asteroid Belt (c. 4.5 Billion BCE), Jupiter (c. 4.5 Billion BCE), Discovery of Pluto (1930), Charon (1978), Kuiper Belt Objects (1992), Demotion of Pluto (2006), Pluto Revealed! (2015).
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Artist’s rendering of the orbits of the four giant planets (circles) and the tilted, elliptical orbit of Pluto. The dots represent the doughnut-shaped cloud of small trans-Neptunian objects known as the Kuiper belt, of which Pluto was the first member to be discovered.




















c. 4.5 Billion BCE



Birth of the Moon


Earth is unique among the terrestrial planets in having a very large natural satellite. But where did our Moon come from? Many possible ideas have been considered by astronomers. One idea is that the Moon formed in orbit around our planet at the same time and in the same way that Earth formed: by the accretion of rocky and metallic planetesimals condensed out of the warm inner Solar Nebula. Another idea is that the early (molten) Earth was spinning so fast that a blob of it shed off (fissioned) and went into orbit, forming the Moon. Yet another hypothesis proposes that the Moon was formed somewhere else in the inner solar system and was captured by Earth’s gravity.
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		c. 1608: First Astronomical Telescopes



		1610: Galileo’s Starry Messenger



		1610: Io



		1610: Europa



		1610: Ganymede



		1610: Callisto



		1610: Orion Nebula “Discovered”



		1619: Three Laws of Planetary Motion



		1639: Venus Transits the Sun



		1650: Mizar-Alcor Sextuple System



		1655: Titan



		1659: Saturn Has Rings



		1665: Great Red Spot



		1665: Globular Clusters



		1671–1672: Iapetus and Rhea



		1676: Speed of Light



		1682: Halley’s Comet



		1684: Tethys and Dione



		1684: Zodiacal Light



		1686: Origin of Tides



		1687: Newton’s Laws of Gravity and Motion



		1718: Proper Motion of Stars



		1757: Celestial Navigation



		1764: Planetary Nebulae



		1771: Messier Catalog



		1772: Lagrange Points



		1781: Discovery of Uranus



		1787: Titania and Oberon



		1789: Enceladus



		1789: Mimas



		1794: Meteorites Come from Space



		1795: Encke’s Comet



		1801: Ceres



		1807: Vesta



		1814: Birth of Spectroscopy



		1838: Stellar Parallax



		1839: First Astrophotographs



		1846: Discovery of Neptune



		1846: Triton



		1847: Miss Mitchell’s Comet



		1848: Doppler Shift of Light



		1848: Hyperion



		1851: Foucault’s Pendulum



		1851: Ariel and Umbriel



		1857: Kirkwood Gaps



		1859: Solar Flares



		1859: Search for Vulcan



		1862: White Dwarfs



		1866: Source of the Leonid Meteors



		1868: Helium



		1877: Deimos



		1877: Phobos



		1887: End of the Ether



		1893: Star Color = Star Temperature



		1895: Milky Way Dark Lanes



		1896: Greenhouse Effect



		1896: Radioactivity



		1899: Phoebe



		1900: Quantum Mechanics



		1901: Pickering’s “Harvard Computers”



		1904: Himalia



		1905: Einstein’s “Miracle Year”



		1906: Jupiter’s Trojan Asteroids



		1906: Mars and Its Canals



		1908: Tunguska Explosion



		1908: Cepheid Variables and Standard Candles



		1910: Main Sequence



		1918: Size of the Milky Way



		1920: “Centaur” Asteroids



		1924: Eddington’s Mass-Luminosity Relation



		1926: Liquid-Fueled Rocketry



		1927: The Milky Way Rotates



		1929: Hubble’s Law



		1930: Discovery of Pluto



		1931: Radio Astronomy



		1932: The Öpik-Oort Cloud



		1933: Neutron Stars



		1933: Dark Matter



		1936: Elliptical Galaxies



		1939: Nuclear Fusion



		1945: Geosynchronous Satellites



		1948: Miranda



		1955: Jupiter’s Magnetic Field



		1956: Neutrino Astronomy



		1957: Sputnik 1



		1958: Earth’s Radiation Belts



		1958: Nasa and the Deep Space Network



		1959: Far Side of the Moon



		1959: Spiral Galaxies



		1960: Seti



		1961: First Humans in Space



		1963: Arecibo Radio Telescope



		1963: Quasars



		1964: Cosmic Microwave Background



		1965: Black Holes



		1965: Hawking’s “Extreme Physics”



		1966: Venera 3 Reaches Venus



		1967: Pulsars



		1967: Study of Extremophiles



		1969: First on the Moon



		1969: Second on the Moon



		1969: Astronomy Goes Digital



		1970: Organic Molecules in Murchison Meteorite



		1970: Venera 7 Lands on Venus



		1970: Lunar Robotic Sample Return



		1971: Fra Mauro Formation



		1971: First Mars Orbiters



		1971: Roving on the Moon



		1972: Lunar Highlands



		1972: Last on the Moon



		1973: Gamma-Ray Bursts



		1973: Pioneer 10 at Jupiter



		1976: Vikings on Mars



		1977: Voyager “Grand Tour” Begins



		1977: Uranian Rings Discovered



		1978: Charon



		1979: Active Volcanoes on Io



		1979: Jovian Rings



		1979: An Ocean on Europa?



		1979: Gravitational Lensing



		1979: Pioneer 11 at Saturn



		1980: Cosmos: A Personal Voyage



		1980, 1981: Voyager Saturn Encounters



		1981: Space Shuttle



		1982: Rings Around Neptune



		1984: Circumstellar Disks



		1986: Voyager 2 at Uranus



		1987: Supernova 1987 A



		1988: Light Pollution



		1989: Voyager 2 at Neptune



		1989: Walls of Galaxies



		1990: Hubble Space Telescope



		1990: Venus Mapped by Magellan



		1992: Mapping the Cosmic Microwave Background



		1992: First Extrasolar Planets



		1992: Kuiper Belt Objects



		1992: Asteroids Can Have Moons



		1993: Giant Telescopes



		1994: Comet SL-9 Slams into Jupiter



		1994: Brown Dwarfs



		1995: Planets Around Other Suns



		1995: Galileo Orbits Jupiter



		1996: Life on Mars?



		1997: “Great Comet” Hale-Bopp



		1997 253: Mathilde



		1997: First Rover on Mars



		1997: Mars Global Surveyor



		1998: International Space Station



		1998: Dark Energy



		1999: Torino Impact Hazard Scale



		1999: Chandra X-ray Observatory



		2000: An Ocean on Ganymede?



		2000: Near at Eros



		2001: Solar Neutrino Problem



		2001: Age of the Universe



		2001: Genesis Catches Solar Wind



		2003: Spitzer Space Telescope



		2004: Spirit and Opportunity on Mars



		2004–2017: Cassini Explores Saturn



		2004: Stardust Encounters Wild-2



		2005: Deep Impact: Tempel-1



		2005: Huygens Lands on Titan



		2005: Hayabusa at Itokawa



		2006: Demotion of Pluto



		2007: Habitable Super Earths?



		2009: Kepler Mission



		2010: Sofia



		2010: Rosetta Flies by 21 Lutetia



		2010: Comet Hartley-2



		2011: Messenger at Mercury



		2011: Dawn at Vesta



		2011: ALMA



		2012: Mars Science Laboratory Curiosity Rover



		2013: Chelyabinsk Fireball



		2015: LightSail-1



		2015: Dawn at Ceres



		2015: Pluto Revealed!



		2016: Juno at Jupiter



		2016: ExoMars Trace Gas Orbiter



		2016: Gravitational Waves



		2017: North American Solar Eclipse



		2017: Planets around Trappist-1



		2018: InSight to Mars



		2019: James Webb Space Telescope



		2020: Start of Mars Sample Return



		~2022: Europa Clipper



		2022: Jupiter Icy Moons Explorer



		~2025?: Wfirst



		2029: Apophis Near Miss



		~2035 –2050: First Humans on Mars?



		~2050?: Breakthrough Starshot



		~100 Million: Sagittarius Dwarf Galaxy Collision



		~1 Billion: Earth’s Oceans Evaporate



		~3–5 Billion: Collision with Andromeda



		~5–7 Billion: End of the Sun



		~1014: Last of the Stars



		The End of Time: How Will the Universe End?



		Notes and Further Reading
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