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Earth is the cradle of humanity,


But one cannot live in a cradle forever.


—Konstantin Tsiolkovsky, “The Exploration of Cosmic Space by Means of Reaction Devices,” Vestnik Vozdukhoplavaniya 3 (1912)
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OCEANS AND VESSELS


Both in space and time, we seem to be brought somewhat near to that great fact—the mystery of mysteries—the first appearance of new beings on this earth.


—Charles Darwin, The Voyage of the Beagle (1839)1


We are a dying species. All species on Earth are. In a billion years, our ever-brightening Sun will cause Earth’s climate to become a moist greenhouse that pumps water molecules high into the stratosphere. There they will break apart into oxygen and hydrogen, and the hydrogen will escape to space, preventing those water molecules from ever forming again and irrevocably drying the planet out. A few billion years later, the Sun will inflate into a red giant star whose outer reaches will drag the cinder that remains of the Earth deeper into its stellar maw, ending and erasing all history of what once took place here.2 Even before these ultimate acts, the Earth will be smashed again and again by massive asteroids with enough violent force to purge most large and complex life from its continents and oceans, as has already happened more than once across the past four billion years.3


Perhaps we’re instinctively aware of these fraught conditions. Maybe that’s why we can’t help but look for some kind of cosmic salvation. And maybe this is why the velvety darkness of a clear night, experienced far from the pollution of human-made illumination, is a thing of such awe and terror: it reminds us of our entrapment but also of other possibilities. It’s true that our eyes are sensitive enough to see only about two thousand stars in Earth’s night skies, whereas the rest of the hundred billion that constitute our Milky Way galaxy are either too dim or too far, so they dissolve into a subdued haze. Yet those two thousand stellar points, scattered across the black canopy of Earth’s sky, can induce a powerful feeling of vertigo, as if we might fall headlong into that yawning abyss. Our minds fill in the cavern of space with the pull of gravity and mystery even as we feel the comforting weight of our own bodies holding us to the ground.


Modern astronomical breakthroughs have told us that each of these other stars is also surrounded by its own set of planetary shores in an abundance of other worlds. These are the kinds of places that an exploring, or desperate, species might one day find itself washing up onto. All that has to happen to allow that beaching is for the void between to be traversed, and this journey, like most journeys, will always begin with one word: launch.


It is a simple word with great ambition, a word that has been used to describe everything from the gentlest of boating excursions to the most violent and explosive eruptions of missiles and rockets into the blue firmament and beyond. Across the centuries, people and objects have been launched into water, air, and space in aid of an endless parade of human endeavors and schemes. Even intangible things like ideas have been launched into existence, with many intended to co-opt or coerce others into buying wares or to craftily get them to embrace a philosophy or ideology. Other ideas are powerful enough on their own that, regardless of intent, their launch can wind up changing the collective human psyche.


But launches existed before the word existed and before humans existed. Life itself is an eruptive launch in the world, a pulsing fountain of self-directing matter. It swarms and grows, and it fills the niches that surround it and the niches that it creates seemingly out of nothing. Life restructures material and diverts the flow of energy, carrying elements and opportunity into new places and new stories. On Earth, life has been doing this for the last four billion years, first occupying the oceans and invading the land before leaping into the air on shimmering wings.


Now this eruption has taken on a new form. Space exploration has burst forth from seeds of human scientific thought to inspire a ragtag mix of experimentation and wonder, fueled at times by our age-old appetites for cultural and economic power. Our species has produced ways for living and nonliving things to spread away from the Earth and into the cosmic void above our heads. What were hesitant and fraught orbital trips more than half a century ago have become almost routine practices for the wholesale extraterrestrial transportation of terrestrial matter. Intricate devices are being assembled from planetary elements that originally condensed together from cosmic starstuff, only to now be shot back into space. After the passage of billions of years, it’s hard not to see this as a perverse, spitting tantrum that unbinds the stately order of planetary assembly and equilibrium. The world is unmaking itself, and in doing so, it is changing and creating new ecosystems: whether among the tenuous atoms of low orbit around the Earth or with the shells of spent spacecraft that wind up on the surfaces of other cosmic bodies.


These blooms of spaceborne material have often owed their origins to the desires of certain nations and individuals who found themselves sitting atop immense resources from a legacy of dirty conquests and oppressions. But that situation has seen extraordinary change, and launches to space are no longer just the province of the historically wealthiest and most powerful countries. Altogether, eleven nations or joint programs can currently claim to have the raw ability to send things to space,4 and more than forty-eight countries have had their citizens go into orbit.5 Today, private space industries regularly supply anyone with sufficient funds the ability to place satellites around the Earth, leading to a tally of eighty nations that have at some point operated their own orbital hardware.


The urge for space exploration has seeped much farther than many of us might arrogantly imagine. Nations such as Nigeria have established their own space programs and have even committed to efforts in the study and practice of space law.6 The Republic of India first sent a rocket to space in 1963. Today, the Indian Space Research Organisation—the country’s space agency—has one of the world’s most reliable launch systems and has sent successful scientific missions to the Moon and to Mars.7 In August 2023, India became the very first nation to successfully land a robotic probe and rover near the lunar south pole. India also has an astonishing number of “space tech” start-ups, with some 140 registered for business and vying for a slice of a global market that anticipates tens of thousands of commercial launches in the coming decade.8


Where there are blemishes in the story of our presence in space, they mostly come from the tightly entwined history of certain nations’ war machinery with the early space industry, and the grim horrors of human abuse and material destruction in such times.9 Some historians have gone so far as to argue that war is the sole reason that our species first developed powerful rocketry and spacecraft, although that is perhaps an oversimplification. Today, we’re watching the emergence of billionaire technologists and industrialists who exploit—whether knowingly or inadvertently—the enormous romance of cosmic exploration to carve out their own profitable vision of the human future. What history will say of this is yet to be written.


Space, like any pristine environment, can also be polluted to an extent where its most desirable qualities degrade. We’re throwing so many objects into orbit around the Earth (there are nearly eight thousand operational satellites as I write this) that our view of the universe is becoming contaminated by their myriad points of reflected sunlight as these machines skim silently across our nighttime views anywhere on the planet.10 This can thwart the potential of modern astronomical observatories, and it steals away some of our access to the purest kind of wilderness that every human being should expect to be able to explore for free: the compelling starry sky.11 Even the destructive, fiery reentry of satellites now appears to be a factor in the pollution of the upper atmosphere, with implications for Earth’s climate, as I’ll discuss. Overcrowding in orbit also has the potential to curtail the very activities that are of commercial value in space by filling Earth’s orbital terrain to an extent where junk poses an extreme hazard to satellites.


At an even more fundamental level, every single rocket we launch into space creates the possibility of unforeseeable consequences that could echo far into the future. We, as representatives of Earth’s entire lineage of living things, have breached the unseen wall between life on a single world and the rest of the universe. That breach takes parts of an old, deeply evolved planet and its offspring—in microbes, machines, and humans—and disperses them into alien environments completely outside their evolutionary crucible. Whether trapped in endless orbits or marooned on the surfaces of other worlds, these entities are subjected, even if sometimes only briefly, to new pressures and imperatives. This is a cosmic experiment in life’s evolutionary trajectory without precedent for our solar system.


The influence of this dispersal is also not one-directional, not just pushing outward. We’re still firmly connected to these otherwise orphaned devices and ships: tracking them, listening to them, decoding the discoveries they make, and using that knowledge to tinker with our designs and strategies to make even more rockets and probes to be flung into space. We have become an obsessive receiving channel for information unobtainable by any surface-bound, single-planet species. No other organisms on the Earth have access to this kind of knowledge about not just their immediate environment but also the environment over the horizon and on the other side of the planet, as well as what is happening across the solar system and the observable universe. That’s an extraordinarily privileged and influential status.


Detailed sensory data about the Earth obtained from space has been transformative for us and for all the species we’ve co-opted into our style of life, whether they are now inbred and hybridized food sources or marginalized wildlife. For example, in 1960 the very first functioning weather satellite triggered a profound change in how we carry out all of our businesses of farming and traveling. Today, as I’ll show in this book, the human world simply doesn’t function without its feed of information from above our heads. We’re enveloped by a constellation of more than a thousand orbital monitoring stations designed explicitly for tracking weather and other conditions. These stations also capture the detailed properties of the land, the oceans, and the atmosphere, helping us spot events like hazardous wildfires and measuring everyone’s pollutants. Imagine if the Roman Empire or the vast Qing dynasty had been given access to such knowledge. Its decisions and trajectories would have been very different, just as our present course would be entirely altered without these tools.


We’ve also traveled far enough into the universe to be able to look back and see the entire Earth as a lonely island in space. In the late 1960s and early 1970s, the Apollo astronauts snapped several galleries’ worth of color images of the “blue marble” of planet Earth on their journeys to the Moon.12 Those stunning, iconic images came at a time of rising environmental awareness and caught our collective imagination with their clear and uncomplicated expression of Earth’s beauty and unity. Today’s annual Earth Day is part of the legacy of that moment and of the ongoing struggle to find a sustainable pathway for our overconsuming civilization.


The modifications induced in human behavior by our cosmic experiences then modify the environments and circumstances experienced by all species of life on Earth, whether through climate states or food chains. We may now be starting to do the same beyond our planetary shores, even learning how to significantly and deliberately modify the orbits of celestial bodies themselves—a strange and unsettling skill unlocked in 2022 when a “moonlet” of an asteroid was deliberately hit by a spacecraft and slowed in its orbit. This was a test of a methodology for protecting the Earth and all of its life from the impact of hazardous asteroids. But it was also a taste of a possible—maybe even probable—future in which the fundamental architecture of our solar system becomes far more malleable than we might now imagine.


It is also no secret that our species is living in the midst of a major evolutionary tipping point. We’re faced with terrible uncertainty about the human trajectory, brought about by global warming and resource use. We’re also faced with the compounding effects of an ongoing mass extinction all around us that changes the diversity and stability of the planetary biosphere. The revolution of space exploration and the increasingly interplanetary nature of life around this one lonely star we call the Sun aren’t often seen as factors in this evolutionary moment, yet they are of the utmost importance. They mark a fundamental change in the possibilities afforded life and the option of a trajectory that sees our species, and others, as both vastly grown and diluted, as well as irrevocably altered.


I call this trajectory into the future “Dispersal.” It describes a scenario that is the synthesis of everything that we’ve learned about the physical principles behind space exploration, the history of that exploration, and the history of how our ideas have changed the nature of our own evolution. Dispersal is an acknowledgment that the sheer scale and diversity of our solar system create a new paradigm for life’s future. Most importantly, Dispersal is not a philosophy that anyone has to buy into for it to take place, although things might be easier if we did. Instead, Dispersal seems likely to be nigh-on inevitable. I’d argue that it is a future that life will now be driven toward by the central, universal logic of natural selection and evolution. In fact, in a very real sense the dispersal and alteration of life is life. It is an essential component of what differentiates living things from nonliving things.


To fully unpack this and to see what Dispersal is—to create this guiding synthesis of knowledge—we have to understand the cojoined and complicated histories of the worlds of our solar system and the intricacies and novelties of our forays into the surrounding cosmos during the past century. At the same time, those fine-tooth details have to be balanced against a much larger vision of what the phenomenon of life really is and how the nature of physical reality sculpts and is sculpted by that phenomenon.


That’s all very grand stuff, but the reality is that most of us spend very little time worrying about space exploration. In this era of informational overload, what’s going on far above our heads has a lot of competition for attention. The only exception is when something goes so explosively wrong or so exceedingly right that our news feeds and social media light up for a flashing instant. If we do ever pause to think about the topic, it can easily seem that space travel has not progressed so very much since the 1960s and 1970s, that the age of space is a little bit stalled or mundane. In other words, space falls into the pop-culture category of “Where are the flying cars I was promised?”


Yet the truth is that there has been an extraordinary and accumulating advancement and expansion of space exploration of such complexity and scale that it needs many more than a few sentences to unpack. I’d further argue that the drivers and qualities of this expansion aren’t just about human behavior but are also tied to deep principles that govern the physical universe: principles of motion, energy, and gravity that our hominin brains have expended thousands of years toying with and grasping for before finally decoding them and recognizing what we can do with that knowledge.


None of these advances make space exploration or the potential settlement of humans beyond the Earth easy. In fact, this is arguably the most difficult and dangerous endeavor that humans have arrived at in our brief span as a species. It is right up there with “tease the mammoth,” “dive into this watery cave,” and “try to create a utopian society.” No aspect of it is simple. The engineering needed just to get beyond Earth’s 100-kilometer skin of atmosphere is extraordinarily tricky.13 The current prospects for maintaining life in space or on a world like Mars for any real length of time appear, at first glance, fantastically awful. The challenges run the gamut from how to handle our most basic physiological needs in space to the unknowns of how to create functional and equitable societies and systems of governance in alien environments where entirely new hazards and resources become fresh items to squabble over.14


Yet… all of these hurdles almost certainly appear disproportionately intimidating precisely because we’re the very first life on this world to move beyond its confines. We’re the pioneer species flowing into a new landscape and making all the mistakes. Consequently, the present time is a moment when abrupt changes to our philosophical stances on the questions of existence really do matter: whether, for example, we think space exploration is a part of nature or separate from nature, and whether we have all been just staring at the shadows of the world, like Plato’s unfortunate cave dwellers, before being thrust out into the real cosmos.


An unexpected starting point in coming to grips with this odyssey—its past, its present, and, most of all, its future—is a tale that is simultaneously allegorical and intimately, definitively connected to the cosmic arc of things because it combines all of the exquisite possibilities of life, people, machines, and revolutionary ideas into one singular launch.


On Monday, October 24, 1831, a rather tall, round-faced twenty-two-year-old human by the name of Charles Robert Darwin tumbled from his horse-drawn carriage into the bustling naval community of Devonport (formerly Plymouth Dock), on the southern coast of England. The enterprise he was about to engage in would be a wholly new and extraordinary experience for him, and highly unusual for anyone at the time. It would be an experience almost infinitely removed from his preceding years as an affluent and happy student at the University of Cambridge, in the flat lowlands of eastern England. Although the young Darwin was already a lively and gifted communicator, his journals convey little of his deepest feelings in Devonport. We can only speculate about exactly what was going through his mind as he stood there watching his luggage being unloaded. However, it’s a pretty good bet that as much as he expressed his appreciation of the coming adventure in his diary, he was probably also reasonably terrified.


In the docks at Devonport the sailing ship HMS Beagle was getting fitted and supplied in preparation for a planetary journey, a literal voyage around the world, to parts largely unknown to many of its crew.15 For the British government and the royal empire, the Beagle was to undertake a critical mission to survey the eastern shores of South America and possibly beyond. The information gathered would help ensure superiority in navigation and solidify knowledge of lands that already supplied (or might supply) the British imperial power with raw materials and goods. For the captain, Robert Fitzroy—a wealthy and hugely capable but occasionally volatile career navy officer—this was a second voyage on the Beagle and a relished opportunity to develop his own interests in geology and natural history. For Darwin, offered the role of ship’s naturalist through connections with his favorite Cambridge botany professor and some tactical twisting of his father’s arm by an uncle, it was the scientific chance of a lifetime. For the crew, it was a skilled and secure yet extremely hard job that they expected to last for about two years.


The Beagle itself was a heavily hybridized and customized machine that was built out of centuries of hard-won maritime experience and the expectations of what Earth’s oceans could confront a sailing ship with. It had begun life a decade earlier as a vessel of warfare, designed and built as a ten-gun, two-mast brig-sloop that was later modified to three masts. But by the time Darwin boarded, it had been substantially upgraded and had already spent several years proving its worth in the southernmost parts of South America. The Beagle weighed in at 242 tons, and its upper deck had been rebuilt and raised by nearly a foot under Captain Fitzroy’s directions in order to help reduce the amount of water it would take on in rough seas and to actually make it less top-heavy in those situations. The oak hull was newly and heavily reinforced, and it was equipped with a recently invented lightning conductor. This consisted of metal plates fixed all the way from the masts down to the hull’s copper sheathing and connected to all of the major metallic structures on the vessel. The Beagle was also, in turn, a mother ship that carried several other boats: a 24-foot sailing yawl with a smaller cutter stored inside it, as well as four open-deck whaleboats and a dinghy.


Despite all of these features, by modern standards this ship was astonishingly compact and claustrophobic: only 90 feet long and 25 feet across at its widest. Crammed into those dimensions was a crew of seventy-four people. The hold was only 13 feet deep at its maximum, so in some places the inner decks were about 63 inches apart, which must have been incredibly uncomfortable for someone like Darwin, who was close to six feet tall. This was, in so many ways, a vessel that had more in common with the cramped environments of today’s crewed spacecraft than any large ship that civilians might now find themselves on.


Because of its financing from the British Empire, a lot was riding on the Beagle’s capabilities. Accurate timekeeping was essential for navigating and surveying, and this enabled the ship to determine its longitude by comparing the time—locked to a standard datum—to the position of celestial objects in the sky. But the art of engineering precision timekeeping devices for use at sea was still evolving, and under Fitzroy’s command the Beagle carried no fewer than twenty-two new chronometers to be tested and compared throughout the voyage. This was a subtle but profound evolution in the basic structural approach to handling redundancy and error correction in critical systems, and one that would continue to develop and eventually be implemented in spaceflight. Indeed, Fitzroy’s single-minded concerns over his equipment would make modern rocket engineers proud. He even used his own money to replace the iron cannons with ones made of brass to reduce the chances of unwanted magnetic influences on the ship’s compasses.


The crew members of the Beagle were also carefully and strategically picked. Sixty-five of them were regular, experienced sailors who were supported by carpenters, surgeons, cooks, surveyors, and a cohort of Royal Marines. The rest were nine specialists, including the keen young Cambridge graduate Charles Darwin as well as the artist Augustus Earle. Very little was left to chance in who was selected because once they left the oceanic orbit of the British Isles, there would be strange new environments and dangers that would test all but those best equipped to be adaptable and resourceful.


Like the ships and spaceships that would come after it, the launch of a vessel like the Beagle consisted of a laborious number of steps until all conditions favored its moment of release to the oceans. After a month of initial preparations, on November 23 the Beagle finally untied from its dock at Devonport and sailed a short distance to a staging post across the neck of Plymouth Sound, where the fresh water of the River Tamar intermingles with the salty flow of the English Channel. Here, the Beagle dropped anchor by the leafy Tudor estate of Mount Edgcumbe, at a spot on the water within sight of a monument called Milton’s Temple.16 This small domed folly had been built just above the shoreline in 1755 and to this day is adorned with a plaque carrying a quotation from Milton’s epic poem Paradise Lost that evokes a landscape at the border of the Garden of Eden: “A sylvan scene, and as the ranks ascend / Shade above shade, a woodie Theatre / Of stateliest view.”


Despite this mythological pretension, to the casual observer, and most probably to the bulk of the Beagle’s working crew, it must have seemed like a pleasant but forgettable location as a part of the ship’s slow progress to readiness. But on the grander geological scale of deep time and evolution, Milton’s paradise resonates a little more. The entire British Isles actually tilts in a southeastern direction down to this lush shoreline, the whole landmass still rebounding from the weight of an ice sheet more than one kilometer thick that sat to the north some thirty thousand years before. It’s as if the Earth’s crust is determined to send things rolling off into the ocean just south of Mount Edgcumbe, the force of gravity willing explorers to push away from their sheltered sylvan scene and launch to another realm.


In this case, as much as Darwin might have wanted to move on and begin the voyage, he and the crew were held in suspense as they waited for favorable winds, giving him time to learn that his body didn’t appreciate the bobbing motion of the ship or its finicky sleeping hammocks. To add injury to the insults of seasickness, the Beagle then made two failed attempts to sail out of Plymouth Sound just as a series of gales battered southern England that winter. The first, on December 9, was a wholly embarrassing failure to launch, with the ship slinking back to anchor the very next day. At the second attempt, on December 21, they got within sight of Lizard Point, at the southernmost tip of England, before temporarily running aground on a rock and having to retreat once again as storms came in.


By Christmas, it must have seemed to Darwin that they’d never be under way, and while he dutifully—and perhaps gratefully—went to attend holiday services at a church on the firm soil of the mainland, the crew dutifully got into a drunk and boisterous state, so much so that when perfect sailing conditions appeared on the next day, they went nowhere, except to their hammocks to nurse hangovers and punishments for misbehaving. Finally, as December 27 rolled around, a sobered-up Beagle made a successful launch and was on its way. This clearly caught Darwin by surprise because he had to race to catch up by riding in a friend’s boat, getting aboard just as the vessel entered the ocean proper.


In the end, Darwin wrote in his diary of these two months as “the most miserable which I ever spent.” It was a thoroughly inauspicious start to a journey that has now become enshrined in the history of scientific discovery. In retrospect, though, the launch of the Beagle was remarkably similar to the painful and glitch-ridden processes that would eventually apply to early spaceflight, a little more than 125 years later.


Technologically supported exploration is never going to be easy because it involves so many variables that are uncontrollable: from the natural environment to the microscopic structural properties of vehicle materials, as well as the complexities of sensory apparatuses. This type of exploration consists of an assemblage of processes and structures that bend and react to what the external world throws at them, sometimes breaking altogether. For the Beagle, humans were an integral part of that assemblage. The mind and body of crew member Charles Darwin were instruments of detection and deduction that would wade through tropical waters, jungles, mountainous terrains, rivers and lakes, forests and scrubland. He would experience different human cultures with empathy (or sometimes without), as well as witness radically varied flora and fauna along with everything from violent storms to crystalline night skies to grinding earthquakes amid somber and bleak landscapes where life seemed to be hanging on by a thread. He would see and touch countless rocks and fossils, and be exposed to landscapes sculpted by time measured in millions and billions of years.17 Soaked in these rich data, he would emerge to interlink the living, the dead, and the structure of the world itself.


In doing so, Darwin himself became an unwitting catalyst of evolutionary change. His new insights about the origins and selective forces of life eventually caught fire in the world of human thought. Darwinian evolution was a framework that would help create tools to transform life just as much as they describe life. By 1944, some eighty-five years after the publication of Darwin’s On the Origins of Species, the physicist Erwin Schrödinger astutely identified the possibility of heritable biological information being contained in aperiodic molecular structures. By 1959, Rosalind Franklin, Francis Crick, James Watson, and Maurice Wilkins had done the critical work to identify exactly what those structures looked like—in the double-stranded helical polymers of DNA. Today, we have tools like CRISPR-Cas9, expressly designed to edit the genes encoded in DNA in order to fix dysfunction or create new function, but also to divert the flow of natural selection.


Along the way, we’ve applied the ideas of evolutionary theory to many things in the world. In some instances, we’ve directly influenced the genetic inheritance of species with refined methods of hybridization.18 In other arenas, we simply developed strategies of behavior or commerce that produce a cascading effect down the lineage of life, whether in our farmed monocultures or in selective pressures brought about by attempts to eradicate or nullify pests and pathogens.


We’ve adopted evolutionary concepts into economics, where we talk about adaptation and survival of the fittest, as well as the role of psychological evolution. Simplified evolutionary mechanisms of variation and selection are incorporated into computer science and engineering. We build “genetic algorithms” that perform optimization tasks or zero in on algorithmic solutions to problems largely without human supervision, relying instead on the same weighing of success and failure that applies across the biological world. Building from these ideas, today’s astonishing advances in artificial intelligence and machine learning have their heritage deep in the concepts of feedback-induced evolutionary change and adaptation.


All these things have drastically affected our species in the past century and have consequently affected all species of life on the planet. Darwin and his contemporaries didn’t just produce ideas about how the world changes; they also produced ideas that caused new kinds of change in the world. In a real sense, the evolution in humans and human tools that helped create and launch the Beagle on its journey also provided the means for us to learn enough about evolution to turn around and change the process of evolution. It resulted in nothing less than the evolution of evolution—it was a point of inflection in the history of living things. This is why the voyage of the Beagle has more than a passing similarity to the complicated history and future of space exploration. Both that wooden ship and the ships of space involve more than inspirational ideas; they also provoke tangible changes in life on Earth and in the possible scope and nature of those changes.


In the simplest biological terms, whenever life finds its way into new terrain, the potent mechanisms of variation and natural selection will start to discover new solutions to the problem of existence. When that new terrain extends onto scales of space, time, and matter that are millions of times larger than they have been, we have to anticipate solutions that are shocking in their inventiveness and breadth. Dispersal is one such solution.


Since Darwin’s time, scientific research has also unpacked a great deal more of the messy details that operate within the grand boundaries of evolution. Organisms are molded by their environments, but they also mold those environments across all scales, whether in the concentrations of biochemicals contained within microliters of fluids or in global cycles of nutrients and energy. The popular idea of genes as direct blueprints for biological function and adaptation, or as irreducible units of natural selection, now seems less and less accurate. It may be better to think of genes as malleable algorithmic seeds that code for interactive mechanisms and functions that then unfurl into ever more complicated systems and are not truly fixed in space or time.


That algorithmic vision certainly fits with our present technological age, where humans don’t just alter environments but rebuild them completely, sometimes atom by atom. Space exploration is a preeminent example; it is a process that is entirely dependent on augmentations to living systems. Those augmentations may be in the form of speeding rockets and communicative, autonomous robots or in the form of encapsulated habitats to sustain life. These technological components have their own forms of natural selection and evolution that are sometimes intriguingly similar to aspects of biological evolution.19 For example, we’ve learned that microbial life plays merry havoc with comforting ideas of inheritance by engaging in horizontal gene transfer. Single-celled bacteria regularly exchange snippets of genetic material with species that may be only remotely related, scrambling any orderly “tree of life” but gaining functions and opportunities. Technology is also rife with shared and stolen ideas, sometimes obscuring where these originated but enabling incredible flexibility in the face of new terrain.


Take all of these phenomena together, and there is good reason to believe that a species that develops the capacity to launch itself, and other life, beyond its planetary point of origin really does pass through a new kind of evolutionary bottleneck. It indicates the possibility of a monumental transition. Writers and thinkers have long appreciated that space travel could mark a major change in the history of our species, and they have often made grandiose predictions and claims about the implications for the future. But they, and the rest of us, have not always recognized the intricate and powerful interplays between the acts involved in space exploration and the evolutionary shifts that are already being forced on humans and on the rest of life on Earth. Understanding those existing interplays could help improve our predictions for what is yet to come. As with Darwin’s colorful story, we’re not going to be able to fully understand the future implications of space exploration without carefully scrutinizing its history and present trajectory.


Just as the extraordinary voyage of the Beagle helped launch a new theory of evolution that unlocked new evolutionary opportunities, the present voyage off the planet is set to do the same. And if we’re smart enough, we might just find a way in these opportunities to improve our chances in the cosmic night. This is the story of how that might happen.
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A HISTORY OF PROPULSIVE IDEAS


In the case of any bird soaring, its motion must be sufficiently rapid so that the action of the inclined surface of its body on the atmosphere may counterbalance its gravity.


—Charles Darwin, The Voyage of the Beagle


Space exploration may be a supremely important evolutionary turning point, but there is no denying that life on Earth has taken nearly four billion years to begin to lift itself into the cosmos. This raises the simple but profound question of why this hasn’t happened before now. A part of the answer lies in the many contingencies of evolution, where a mixture of small and sometimes large consecutive steps are necessary in order to unlock new possibilities in the future. In the case of space, those steps were all about very special ideas that had to be formed and acted upon. Both the voyage of the Beagle and space exploration have involved stepwise developments in the fundamentals of how we model the physical world and in how those models manifest themselves in our actions. For example, there is celestial navigation, which uses observations and models of the movement of stars and planets, and there are models and maps of planetary phenomena like the Earth’s rotation and its magnetic fields that dictate a need for a vessel like the Beagle to be so well-equipped with chronometers and compasses. But there are also critically important concepts for our exploration of the world that are much more esoteric and abstract—like those of gravity and the theories of energy and its many manifestations.


Where space exploration diverges from a maritime voyage is that reaching space would be almost inconceivable without the ecosystem of mathematics, physics, and chemistry that has developed across the past couple of thousand years in multiple cultures and circumstances. It might be possible to build an explosively powerful rocket to launch away from the Earth with only an empirical, artisanal knowledge of how the world works—gained by constant trial and error—but it seems almost impossible that this could ever provide the precision and reliability that is so essential for genuine exploration. Similarly, the challenge of negotiating the complexities of orbital mechanics to move and transport spacecraft around the solar system would be extraordinarily difficult without a theoretical basis in mathematical physics that, though not easy to implement, can provide immutable truths about what you can and simply can’t do.


Life’s long lead time before escaping the Earth is also a consequence of the fact that reaching space involves overcoming a very special kind of physical barrier for organisms that sit in the filth of a planetary surface. This barrier is different from the intimidating expanse of a great ocean, the rugged mountains and deserts of a continent, or even the variations and currents of an atmosphere. Those environments all represent major challenges of isolation and scale, and can test physiological maintenance to its breaking point in conditions that range from hot to cold and wet to dry. But to simply get into those environments is not so difficult: life can often just scatter or ooze its way through. For space, though, nothing matters unless you can first overcome the fundamental problem of gravity.


Starting from scratch, it’s not entirely obvious what mechanisms can be used to climb out of the gravitational well of a planet. An organism could climb in a literal sense by just building a high enough ladder or staircase and walking its way to the universe—a tower of Babel poking into the heavens. That’s perhaps not as unfeasible as it sounds (as we’ll see), but humans have instead taken a more impatient approach by pushing our way upward with rockets. On the Earth, that involves a number of fundamental choices. For example, you could expend an enormous (and ultimately impractical) amount of continuous propulsive energy to hover farther and farther away from the planetary surface. Or you could expend a burst of energy to propel yourself in one heroic push to a vast distance where the gravitational pull of the planet no longer bothers you very much. Or, if you’re clever, you could choose an intermediate option, where you expend significantly less energy to throw yourself into a sustainable orbit.


The catch is that in these latter two cases, the velocities that have to be attained are huge compared to anything that life on Earth usually confronts. To fling yourself away from the Earth to never return means reaching what is termed an escape velocity that amounts to 11.2 kilometers per second (or 40,270 kilometers per hour) from the planet’s surface.1 To reach a sustainable orbit a few hundred kilometers above the Earth involves reaching a velocity of some 8 kilometers per second, a rate that would carry you the entire length of Manhattan Island in about 2.5 seconds. To loft a human of average mass into that orbit takes as much energy as is stored in about 1,200 fully charged modern electric cars.


Inside the Earth’s atmosphere, the density and friction of the surrounding gases make velocities like these essentially unmanageable for common machinery. In other words, to get to these high speeds you really have to get out of the atmosphere as soon as possible. Consequently, rocketry boils down to moments of high acceleration and terror, where almost any deviation from the intent of propulsive mechanics will produce a null result or, worse, complete disaster. There are not many physical actions in the world of biological evolution that hang on quite such a thread, where the future is entirely predicated on the perfect functioning of a briefly unstoppable surge of so much energy.


That energetic cost points to a more sophisticated response to the original question of why it has taken billions of years for life on Earth to purposefully lift itself into space. Measured in cosmic terms, the phenomenon that we call biochemistry is extraordinarily thrifty when it comes to energy, and natural selection abhors inefficiency. The kind of density of energy needed to form complex molecules, string them together into polymers and proteins, or even to coordinate great clumps of them into oozing and flexing, perambulating masses is very modest compared to many other phenomena in the cosmos. The energy density in a biological cell is tiny compared to the cumulative energy density of the nuclear furnaces of shining stars or even the low, grumbling heat deep down in a molten planetary interior.2


Estimates of the total power flowing through Earth’s entire biosphere are not easy to make, but they range from around 100 terawatts (a terawatt is 1012 watts) for all active metabolic biochemistry to as much as 5,000 terawatts, or 5 petawatts (a petawatt is a quadrillion watts, or 1015 watts).3 That larger upper estimate includes biophysical phenomena like plant evapotranspiration, which lifts a global volume of more than 70,000 cubic kilometers of water from the ground up through the vascular system of plants, transporting nutrients, and eventually evaporating into the atmosphere, forming a key piece of Earth’s water cycle.


Superficially, these estimates sound like an awful lot of power, and they certainly dwarf humanity’s present technological power use, which registers at about 15 terawatts.4 But the total amount of solar power that the Earth’s atmosphere and surfaces absorb is around 122 petawatts. The Sun’s total output is around 100 billion petawatts, and even the planet Jupiter—a goliath of brooding hydrogen and helium more than three hundred times the mass of Earth—glows with an internal flow of some 460 petawatts. By comparison, life on Earth is barely sipping at what is laid out before it, like the most painfully polite dinner guest. Single-celled microbes, like the bacteria that are quietly wedged into the nooks and crannies of Earth’s soil and rocks, have individual power budgets somewhere around a billionth of a billionth of a watt. For comparison, an ordinary smartphone being used to browse the web slurps up as much power as a billion billion microbes.


In other words, life has to this point evolved to require far, far less power density (less spatial concentration of energy flow) than is needed to fight against gravity’s barrier in any substantial way. If anything, biology has steadfastly gone in the other direction than it should have if it needed to escape into the cosmos. For humans, or any other life on Earth, to have a chance of reaching space, there first had to be a revolution comparable in scope to the revolutions of photosynthesis, or of multicellularity and nervous systems, except that this revolution would take place in a different fabric, the fabric of ideas. In a very real sense, the ultimate evolutionary trait for overcoming gravity’s barrier was thought itself.


The story of that revolution takes us to the heart of what we even mean when we talk about this mysterious thing called energy or when we talk about overcoming an equally mysterious thing called gravity, and about flinging ourselves into something called an orbit. It’s an epic tale stemming from all the human cultures that have ruminated on the nature of the heavens. Those origins also owe a debt to every human child who has thrown objects and learned the puzzling disappointment of how they fall down but not up. A debt is also owed to great thinkers across the planet, from the Mediterranean civilizations to the Islamic world to the Indian subcontinent and beyond, who agonized over explanations for these observations long before we even had names for the phenomena that we now call mass, motion, and gravity.


As luck would have it, the greatest steps in the story of how life has reached space came from connecting the threads between observations of the configurations of the planets and stars, and the revelation that there are universal laws of nature. Finding some of those laws was intimately linked to the issue of heliocentrism—the once on-again-off-again and often blasphemous idea (in at least some parts of the world) that the Earth is not the center of the solar system or of creation itself. The displacement of the Earth from the center of existence was a big deal, but an equally big deal was finding a reason why this world and all the other planets in our solar system are constantly moving through the universe the way they are. It was a conundrum that many thinkers wrestled with, but the person who did more than anyone else to finally fit those puzzle pieces together, just so, was Isaac Newton in the seventeenth century, and he did this by explaining how a set of rules of motion and forces is at the heart of almost all things.


But connecting the dots between that revolution in thought and today’s space exploration is complicated, and it is a history most easily told selectively, through the story of a few people at the right place at the right time and with the right connections.5 In this case, that story starts with the lives of three intellectually dazzling women whose works spanned three centuries.


The first of these people was Émilie du Châtelet, who was no average human—whether measured by circumstances or by personality and intellect.6 Born in Paris in December 1706, she was the daughter of one of the chiefs of protocol in the Versailles palace of French king Louis XIV, also known as the Sun King. Despite her family status in this rarefied and indulgent layer of the upper, upper classes of France, it was still an environment that didn’t particularly value the education of women any more than did the rest of society. Du Châtelet was a force of nature, though, and with parental backing she contrived to study and to gain an entry into the philosophical, scientific, and mathematical community of the time. The only thing that apparently matched her lust for intellectual adventure and growth was a lust for good times at high-stakes gambling tables, as well as quite a few amorous relationships.


At the time of her tragically early death at age forty-three, from complications associated with the birth of her last child, she had become a fixture among the scholarly elite. Not only was she notorious for her long-term extramarital relationship with the multitalented French writer and scholar Voltaire, but du Châtelet was also very much her own intellectual star. She had a capacity to stir and influence the most renowned thinkers of the age, a cohort of minds that appears to have included the philosopher Immanuel Kant and his ideas about the continuity of space and time. In this mix of people, du Châtelet presented as an intellectual sparring partner, a keen questioner, and an academic producer of substance in her own right. Her most widely celebrated and influential contribution was an immensely skillful translation of Newton’s monumental mathematical treatise, the 1687 Principia (all three volumes of it), from Latin into French.7 Her commentary in those pages proved essential for European scholars who were still coming to grips with what was often perceived to be a tricky and intimidating text.


For all of these reasons, du Châtelet found herself deep in the intellectual fray as people navigated the complicated implications and subtleties of the revolutionary scientific insights of the previous century. Although the framework provided by Newtonian physics was remarkable, it still contained some surprisingly ill-defined or confusing concepts and gaps. This was a condition that also applied to the works of his contemporaries and archrivals such as the German polymath Gottfried Wilhelm Leibniz—who independently developed the mathematics of calculus. For space exploration, as it would roll into view two centuries later, some of du Châtelet’s most essential contributions revolved around her deeply insightful and influential discourse on some of those gaps and on the nature of what we now call energy.8


Energy is a peculiar concept. It is not a “‘thing” in and of itself, despite the many earnest science-fiction stories and movies where mysterious beings “made of pure energy” crop up with dismaying regularity. Energy is a quality that we can assign to the contents of the world in order to understand what is happening, how it happens, and to a large extent why. The earlier Greek philosopher Aristotle thought about the innate properties of matter somewhat differently from the way science does now, but he considered the “potency” of objects and their capacity to do things. In modern physics, energy is the quality associated with matter and radiation that can give rise to actions, to having things happen. Energy helps us calculate with exquisite accuracy and precision how change takes place in the world, whether it is a ball rolling down a hill, a pot of water coming to a boil, or a pair of subatomic particles evaporating into a puff of electromagnetic radiation.


We can create inventories of energy in objects and systems that even encompass the entire universe itself, where the changing fabric of space is hostage to opposing forces in gravity and the bubbling quantum pressures of an empty vacuum. The accountancy of energy allows us to not only predict the future outcomes of physical situations and understand the complex hierarchies of systems that extend from nuclear physics to biology; it also provides some explanation of why stuff happens the way that it does.


Yet until people like du Châtelet started coming to grips with a universal picture of energy, even the notion of inventing such a concept was challenging because it was a property of the world that lurked like a blurry figure out of the corner of your eye. To add to the confusion, there is another vital property of the world called momentum that shares some of the same qualities. Momentum is the mathematical product of an object’s mass and velocity, and by the mid-1700s, Newton’s laws of motion had codified the observable fact that momentum tends to persist, even if objects bounce around off other objects. In fact, if you take a system like a set of perfectly bouncy balls (the technical term is actually “elastic” balls), the total momentum—the sum of all those masses times their velocities—remains exactly the same as time passes, no matter how many collisions and bounces take place. In other words, the total momentum tends to be conserved for objects and for systems of objects as long as other secondary effects like friction are small.


Although we experience this all the time (it’s part of why a batter can send a baseball into the stands by exchanging and conserving the total momentum of the bat and the ball), it’s a deeply strange property of the universe. As Newton articulated in his first and second laws of motion, anything at rest or moving in a straight line will continue to do so forever unless acted on by a force. And when this force acts on an object, it causes the momentum to change at a specific rate that is equal to this force (or, to say this another way, acceleration is force per unit of mass). This implies that an object’s motion is a property of that object in the same way that it may have a color, a shape, or an electrical charge, and it will change only when something happens to it. In the English language, at least, we don’t really express the motion (or lack of motion) of things as an intrinsic property; it’s more like something that happens to objects. But for physics, in any given instant that intrinsic nature is exactly how motion and momentum are treated, which can seem pretty weird.


Perhaps that weirdness contributed to the lengthy gap in time between Newton’s formalization of the laws of motion (that included momentum) and the rigorous development of the concept of energy. Perhaps it was also the fact that a lot of the intellectual elite, especially in Europe, just didn’t agree with Newton’s deference to the truth of the mathematics behind his proposals, where a force like gravity could reach mysteriously across empty space. Instead, some other scholars still hoped for something more explicable within the framework of religion and philosophy of the time.


For these reasons, before the time of thinkers like du Châtelet, most natural philosophers were rather vague about the idea of energy, and they considered it as another kind of property that was more or less equivalent to momentum and that seemed to be conserved in systems. Newton himself thought that energy, just like momentum, was a quantity directly proportional to an object’s velocity. But du Châtelet, a voracious reader, was intimately familiar with Leibniz’s work, and Leibniz had not agreed with all of Newton’s theories.9 Instead, Leibniz had proposed an alternate theory of motion that made use of two new concepts: kinetic energy and potential energy (although the latter wasn’t labeled this way at the time). Leibniz saw—correctly as it turned out—that Newton’s conceptions of momentum and energy didn’t quite complete the physical description of how objects behaved in the world. Leibniz considered kinetic energy to be the vis viva (“living force”) of matter and saw it as a quantity that would also be conserved. He further brought up the idea of a “motive force” that was equal to the product of an object’s weight and its height above the ground. For Leibniz, this motive force, in effect, represented the amount of stored change or action that an object could bring to the world. After all, if you raise an object up and then release it, the higher up it was, the faster its eventual impact on the ground. Today, we call this stored action the gravitational potential energy. Critically, in Leibniz’s formulation the kinetic energy (the vis viva) was equal to the mass of an object multiplied by the square of its velocity, and for a falling object this could, in turn, be related to its original gravitational potential energy.


But his particular use of all these terms like motive force and vis viva was, frankly, a bit of a mess and was definitely unfortunate: Leibniz’s kinetic-energy formula represents one of the great “almost got it right” moments in physics. We now know, after many more investigations by physicists in the nineteenth century, that the true formula for kinetic energy is simply Leibniz’s calculation of mass times the square of velocity, but divided by two. That may not seem like such a big deal, but that factor of two is the difference between experimental measurements making sense or being nonsense, and the difference between reaching space or dying in a catastrophic rocketry nosedive.


To be fair, during Leibniz’s time there was little experimental data to go on to even support his claim that it was the square of velocity that measured kinetic energy. But by the time du Châtelet came on the scene, a Dutch physicist called Willem Jacob ’s Gravesande was performing experiments in which heavy balls were dropped from different heights onto soft clay to measure the size of the deformation they caused and to relate these values to kinetic energy and potential energy, as they would later be called.10


The story goes that du Châtelet learned of these experiments and even repeated them for herself. From the size of the deformation of the clay’s surface, it was possible to show that kinetic energy was indeed likely proportional to the square of the final velocity of the balls (after they accelerated down from being dropped). It was also possible to show that the size of the deformation was directly proportional to the height that they were dropped from, multiplied by the weight. This was intriguing because it provided empirical evidence that one definition of energy—the motive force of Leibniz, the potential energy—was indeed directly related to another definition of energy, the kinetic energy.


Du Châtelet eventually realized that it wasn’t just momentum that could be conserved; the sum of these energy qualities might be conserved as well. And if that happened in an ordinary system of dropping balls, then by extension it might be a universal law. In more precise, modern terms, the conserved quantity was the total energy: the summation of potential and kinetic energy at any instant. At the outset, when a ball sat motionless at the top of the experiment, all the energy could be said to be in the form of potential energy. At the last split second when the ball hit the clay, all the energy could be said to be in the form of kinetic energy. In between, as the ball fell, energy was, in effect, moving from its potential form to its kinetic form—it was being exchanged while the total remained constant throughout.


Although the case was far from closed at the time, from her records and writings about her observations of this simple experiment and its implications, together with her role as a sharp intellectual influencer in physics, du Châtelet helped set the stage for the development of some of the most elegant and useful concepts in modern physics. In doing so, she also played her part in setting humanity on a course to the stars, because it is this very same conservation of energy and its exchange between forms, along with the conservation of momentum, that provides not only a full description of the nature of orbital mechanics but also the essential rules of propulsion in rocketry or by any other means.


Before those pieces could come together, though, there were two more chapters in the evolution of ideas that provided critical dovetail joints. The first of these stories involves the Scottish scientist Mary Somerville, who was born in 1780 and worked until her death, in 1872.11 Like du Châtelet, Somerville was born to a family of some status (her father was an admiral), but unlike du Châtelet, that didn’t mean any real wealth. Fortunately though, Somerville’s parents made sure that she had a decent education, and after her first husband died when she was just twenty-seven, she found herself with resources to pursue her interests in mathematics and astronomy. Within just a few years, she had built a reputation for solving difficult mathematical problems and was becoming more and more engaged with the scientific world. In fact, during her life Somerville interacted with an extraordinary range of people and their scientific pursuits. These included the astronomer William Herschel, who discovered the planet Uranus; the polymath Charles Babbage, who originated the concept of digital computation; Michael Faraday, the creator of electric motors and discoverer of many of the principles of electromagnetism; and eventually the great scientist Pierre-Simon Laplace.


In her early thirties, Somerville began studying Laplace’s five-volume, highly mathematical “summary” of gravitational physics since Newton, called Mécanique Céleste (Celestial Mechanics).12 These books contained many of the advances that du Châtelet’s scientific colleagues had been hard at work on decades earlier, and they included Laplace’s application of calculus, which would eventually become the default approach in the physical sciences. Because of Somerville’s expert grasp of Laplace’s heady mix of mathematics and physics, she was eventually asked by the Society for Diffusion of Useful Knowledge (an organization devoted to making knowledge accessible to all) to produce a popular account of Celestial Mechanics, in 1827, just after Laplace’s death.13


What she ended up creating was far more than a simplified popular version. Her book was called the Mechanism of the Heavens, and it took the first two volumes of Laplace’s opus and filled in the mathematical blanks. Somerville skillfully illuminated the places where Laplace had made leaps of insight that left most readers in the dark—and she connected this version of physics directly to Newton’s approach. In doing so, she brought clarity to the confusion over Leibniz’s vis viva and kinetic energy, as well as one of the most profound elements of physics: the principle of least action. This is a principle that is inextricably entwined with calculus (and the calculus of variations, to be more precise) and was an idea ruminated on by du Châtelet and others. The principle has many, many applications, but it can be represented in simple terms by asking how it is that an object sliding down a surface because of gravity will “find” the quickest path down. It turns out that calculus can allow you to determine that path. In fact, if the surface has a mathematical description, you can find how to minimize the “action” of the sliding object.


In explaining Laplace’s analyses, Somerville pinpointed the extraordinary fact that Newton’s basic laws of motion and, by extension, the universal rules of behavior under gravitational forces can be derived mathematically from that same principle of least action. To put this another way, the universe seems to abhor wasted effort and consequently seems to select one path or trajectory for objects out of what could be, in principle, an infinite number of ways that things can go from point A to point B.


At this point in history, however, the concepts of energy and its conservation were still frightfully muddy. Somerville, in interpreting Laplace’s work, found herself grappling with some of the same puzzles that du Châtelet had faced in trying to figure out the connections between Leibniz’s intuitive physics and Newton’s mathematical but more obscure rendition of the same ideas. In fact, it wouldn’t be until the 1850s and into the 1870s that experimental work by physicists like Lord Kelvin and James Joule produced the exact definitions of energy and work that we have today, as well as confirmed the idea of equivalence between types of energy.


Perhaps Somerville’s greatest accomplishment in interpreting Laplace’s work, as well as work on the calculus of variations by Joseph-Louis Lagrange (whom we’ll meet again later), was her exposition of the theory of perturbations as applied to the motion of planets and objects in the solar system.14 There’s a famous part of Newton’s investigation of gravity where he states (paraphrased here) that although it’s easy to solve the equations that describe two objects orbiting around each other, like the Earth and Sun, to solve exactly the equations describing the motion of three or more objects appears to be beyond the scope of any human. In a memorable example of scientists saying “Hold my beer,” Laplace, Lagrange, and others in the 1700s and 1800s came up with a brilliant albeit exceedingly technical way to at least partially solve this problem.


Newton had actually already suggested a way to try to approximate the effects of the many gravitational pulls that might act on an object. In Newton’s fix, you took the mathematical description of a simple, idealized two-body orbit and then gauged how the real world might perturb that solution and an object’s motion. What Laplace and Lagrange did was to put that idea on calculus steroids, extending it to the solution of the motions of all planets and objects in the entire solar system. They did this by recognizing that the way the planets’ gravitational forces perturbed one another’s repeating orbits was itself periodic, except that those perturbing periods could span thousands and millions of years before they repeated themselves.


The mathematics behind these ideas is intense, but Somerville provided a usable guide that laid out the tools to help explain the nagging peculiarities that astronomers were measuring in planetary motions. This was, in retrospect, a critical step that prepared science for the revolutions of Albert Einstein’s theory of general relativity, which would upgrade and transform Newton’s version of gravity. But the increasing rigor of these mathematical devices also helped set the stage for our third player to illuminate an even deeper piece of the nature of the physical world and a path to exploring the cosmos.


By the early twentieth century, the very nature of the conservation of qualities like momentum and energy was itself subject to some extraordinary intellectual insight. Central to these efforts was the mathematician Amalie Emmy Noether, who was born in Germany in 1882, just a decade after Somerville’s death and almost exactly 155 years after Newton’s death. Although she too struggled with society’s prevailing attitudes toward women academics and experienced misogynistically dismal institutional support, by the early 1900s Noether became recognized as a once-in-a-generation mathematician.15 Albert Einstein would later write of her, in a letter to the New York Times in 1935, as “the most significant creative mathematical genius thus far produced since the higher education of women began.”


Among her many other contributions to mathematics, in 1918 Noether discovered—using mathematical methods from Lagrange—a profound connection between symmetries in systems and their laws of conservation. What became known as Noether’s Theorem explained, in effect, where the conservation of properties in nature came from in the first place. For example, the symmetry of space translation (if objects remain the same when moving or translating back and forth, or by changing the coordinate system) is what gives rise to the conservation of momentum. The symmetry of time translation (if objects and their behaviors are unchanged through different time intervals) actually gives rise to the conservation of energy.


Because these translations in space and time boil down to saying that the laws of physics don’t change depending on where or when you determine them, this means that the conservation of qualities like momentum or energy is deeply, profoundly connected to the fabric of reality. Noether’s Theorem tells us that if we look hard, we will, with complete certitude, find properties of the world called invariants, which are conserved. In fact, the conservation of energy is ultimately a consequence of the fact that (as far as we know) physics today is the same as physics yesterday and tomorrow.


People like Noether, Somerville, and du Châtelet all helped change the fundamental way that we think about the nature of the world and the universe beyond. Hypotheses about unseen forces like gravity and unseen properties like energy and momentum took centuries to come into proper focus. As they did, though, they sent ripples through many, many other fields, from political philosophy and social philosophy to economics, where people like Locke and Hume adopted the successes and implications of inductive reasoning, which was bound together with a mathematical vision of reality. These perspectives also changed our conceptions of “place” in the cosmos and of the rules that separate the possible from the impossible.


Just as Darwin and his contemporaries brought about one evolution in thought, the peeling apart of the workings of motion, gravity, and energy to find the cosmic in the colloquial was intertwined with great changes in how we thought. The history of space exploration, with its roots in these shifting cognitive frames, was never just a thread of mechanical achievements; it was a long-germinating agent in the human psyche.


Translating all of these deep physical insights into methods for actually getting into space and becoming interplanetary is, however, a whole other story. It is one thing to quantify the energy and momentum of planets emplaced in the cosmos, but it is another thing to wander among them. Newton’s posthumously published work A Treatise of the System of the World (1728) describes a beautifully simple and intuitive thought experiment to explain how you might transition from the surface of the Earth to move in an orbit that never again touches the planet.16


Imagine, he says, a projectile (that many have later interpreted to mean a cannonball) fired horizontally from the top of a tall mountain. (See Figure 2.1.) Based on everyday experience, we’d anticipate that the trajectory of this object will curve down until it hits the ground. That curvature, Newton says, is caused by the pull of gravity toward the center of the Earth that accelerates the projectile downward from its horizontal path. The faster you fire the projectile, the farther it will make it before hitting the ground. In principle, then, if you fired it fast enough, its path would curve at precisely the same rate as the Earth’s spherical surface and it would never hit the ground at all! That special path is an orbit. Fire the projectile even faster, said Newton, and the shape of the orbit will change: it will become a larger ellipse with the nearest point to the Earth still at the top of the mountain.
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Figure 2.1. Newton’s diagram of projectile motion from a mountaintop on the Earth (point V). This version shows several trajectories that eventually hit the surface, as well as a trajectory from the mountain to its antipodal point (G). Faster projectiles will miss the surface of the Earth altogether.








This description contains much of what we need to know about movement in the cosmos. First, orbits are when objects fall—without further propulsion—under the pull of gravity.17 Anything else, such as when you’re busy firing a rocket or accelerating in some other fashion, is not an orbit; it is a maneuver. Because freely falling in a gravitational field means that all parts of an object are accelerating at the same rate, no weight is felt by objects in an orbit. Second, to tweak the size or shape of the orbit, you must affect the velocity, or, in the terminology of rocketry and celestial mechanics, you must apply a “Delta-v,” meaning a change in velocity. Finally, Newton’s simple example sets the stage for incorporating how the gravitational force weakens the farther away you are from a mass, in proportion to the inverse of the square of the distance.


However, the next step is to figure out exactly how the application of a Delta-v actually modifies an orbit, and that’s where there is a direct link to the nature of energy and its conservation that vexed Leibniz, du Châtelet, and many others over the centuries. Newton’s mountaintop projectiles help illustrate that closed orbits are, in general, elliptical. In fact, orbits are described mathematically as “conic sections,” whose shape can be any of the shapes you find if you slice through a cone with a flat plane. That includes shapes that are not closed circles or ellipses but parabolas or hyperbolas that correspond to open trajectories where an object like a comet may sail around the Sun once only before arcing back to an endless outward journey.


In a closed orbit, the quantities of kinetic energy and potential energy are also held in balance. In fact, twice the kinetic energy summed with the potential energy (that is treated as a negative quantity) is always equal to zero at any point in an elliptical or circular orbit.18 If the kinetic energy is changed by applying a Delta-v, the orbit must adjust to ensure that this sum remains zero; therefore, the potential energy must change, and consequently the shape of the orbit must change.


Mathematically, this balance can also be expressed in an equation that, rather confusingly, is called the vis-viva equation in homage to Leibniz. The vis-viva equation is key for astrodynamics because it relates five properties: the velocity of an object in orbit, the distance at that instant from the focus of the orbit (the center of a circle or the focus of an ellipse), and the overall size of the orbit. It also incorporates the mass of what’s being orbited (a planet or star) and the intrinsic strength of gravity—Newton’s fundamental and unchanging gravitational constant. Consequently, you can plug in any values for an object in an orbit and figure out what Delta-v is needed to change to another orbit at any point.


Because of its utility, Delta-v is really the currency of space exploration: it is the most directly relevant physical property to talk about when getting around in a place like our solar system, and creating it incurs costs. Whether you want to add a Delta-v to the velocity of your spacecraft or subtract a Delta-v, you have to either fire your propulsion system and expend propellant or perform some other trickery (like using a planetary atmosphere to slow down). The biggest catch is that Delta-v’s for space exploration are huge compared to the velocities that life on Earth is used to. Consequently, spacecraft engineers and celestial navigators agonize over the budgets of Delta-v’s necessary to explore the solar system. You can even draw up a map of Delta-v’s for getting around between destinations that looks like a map of public transport in a large and somewhat poorly designed city.19


Imagine that you want to plan a trip to Mars. Your starting Delta-v budget will include what’s needed to launch from Earth’s surface into orbit, and that might involve a Delta-v of around 8 kilometers per second. Then you decide to follow what’s considered close to the most efficient trajectory in terms of balancing Delta-v and time spent in interplanetary space: the so-called Hohmann transfer, named after the German physicist Walter Hohmann, who published the idea in 1925.20 This involves exiting your orbit around the Earth and putting yourself into an orbit around the Sun. That orbit has to be elliptical in shape so that it will carry you out to the distance of Mars at the orbit’s far point (or apoapsis) and, if you get the timing right, arrive at Mars just as it is passing through the same spot as you are in its own path around the Sun. (See Figure 2.2.)


The beauty of this approach is that the Earth is already orbiting around the Sun at about 30 kilometers per second, so you simply need to add on to that velocity. Using the vis-viva equation, you’ll find that it will cost a Delta-v of about 3 kilometers per second to enter the Hohmann elliptical orbit around the Sun that intersects with Mars some six to nine months later (depending on the timing). Then, when you arrive at Mars—as it scoots along in its own orbit—you’ll need to apply a Delta-v of about 2.5 kilometers per second to match pace. If you want to get into orbit around Mars itself or go directly to landing on its surface, you’ll have to budget for even more Delta-v changes. The upshot of all of this is that any space mission has to have a very precise plan for its maneuvers and Delta-v requirements at every step. That is, in the broadest terms, what space exploration looks like on paper, but it still leaves us with the puzzle of how to create Delta-v and to somehow claw our way off the surface of the Earth in the first place.
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Figure 2.2. Diagram of a Hohmann transfer orbit from Earth to Mars.








In the story of the development of modern rocketry, nobody really surpasses the intellectual contributions made by the Russian scientist Konstantin Tsiolkovsky.21 Born in 1857 in central Russia, Tsiolkovsky was one of seventeen siblings. At age ten he contracted scarlet fever, which mostly destroyed his hearing and his chances at a formal education. He was extraordinarily precocious, though, and his parents eventually sent him to Moscow, as an older teenager, where he ended up under the wing of the brilliant yet eccentric Russian philosopher Nikolai Fedorovitch Fedorov. Fedorov was an ardent proponent of a school of thought known as Russian Cosmism. This was an all-encompassing, wide-eyed (and rather wild-eyed) view of humans and the cosmos that blended philosophy, modern science, religion, and ethics into a heady stew of how human labor could quite literally conquer the stars. By today’s standards you might call it a cyberpunk, transhumanist version of Star Trek, so nothing too modest.


Driven by these ideas and his admiration of the works of Jules Verne, Tsiolkovsky found employment as a mathematics teacher and began to build an enormous body of scientific work that would end up as more than four hundred papers on the physics and engineering of what would become space flight and space exploration. He was a fountain of prophetic ideas that included the fundamentals of rocket propulsion, the principles of steerable rocketry and rocket fuels, orbital space stations, the concept of airlocks and the essential elements of biological life support, and even the outrageous concept of space towers and elevators reaching from the ground up to orbit.


Presumably thanks to Fedorov, Tsiolkovsky also remained a staunch cosmist, writing in his 1926 Plan for Space Exploration that “men are weak now, and yet they transform the Earth’s surface. In millions of years their might will increase to the extent that they will change the surface of the Earth, its oceans, the atmosphere, and themselves. They will control the climate and the Solar System just as they control the Earth. They will travel beyond the limits of our planetary system; they will reach other Suns, and use their fresh energy instead of the energy of their dying luminary.”


Despite this enormous output of material, it was only toward the end of Tsiolkovsky’s life—from the 1920s to his death, in 1935—that his work gained much greater notice and acknowledgment, especially in the Western world. In among his many efforts, one idea stands out in particular because it sits at the very heart of the physics of rocket propulsion. Tsiolkovsky describes this as the mechanism of “reactive flying machines,” and although the British mathematician William Moore had explored this concept much earlier, in 1810, it was Tsiolkovsky’s independent discovery and refinement that finally attracted broader attention. In fact, almost all records of Moore’s earlier efforts were lost, rather ironically, in the destruction wrought by German bombs and flying machines in World War II.22


The underlying principle of reactive flying machines is that, as Newton had phrased it centuries earlier, for every action there is an equal and opposite reaction. Push against something, and you will tend to move in the other direction. Throw things away from yourself, and you will be thrust back by the kick of doing so. The exact amount of movement you experience can be quantified by keeping track of the momentum of everything involved—that mathematical product of mass and velocity whose conservation Noether proved is a consequence of nature’s symmetries. The more mass you throw and the faster you can throw it, the greater the force—or thrust—and the greater the acceleration you’ll experience in the opposite direction.


But if you propel yourself by throwing things away, you will also reduce your total mass with every throw, adding a complication to the bookkeeping of conserved momentum and acceleration. Tsiolkovsky provided the mathematics to describe the consequences by treating a rocket like a point of variable mass (variable because it is shedding stuff by throwing or blasting it in the opposite direction) and by using momentum to calculate precisely what your final velocity should be after a certain mass of propellant pushes itself away at a certain velocity.


Before it starts up, a rocket consists of its own mass (including a payload, like you and your spacecraft) plus the mass of the propellant that will be pushed away for you to gain velocity. Over time, the overall rocket mass gets smaller by the mass of propellant you’ve used. But the frustrating thing is that a rocket has to expend propellant to accelerate the remainder of its propellant until it too can be pushed out the back. A simple thought experiment helps illustrate just what a problem this is. Imagine that the mass of propellant that has to be ejected to accelerate and increase the velocity of a one-ton spacecraft to an orbital speed is also one ton. But in order to carry that ton of propellant, you will need even more propellant to accelerate what starts out as two tons of spacecraft and propellant. It’s as if a nightmarish Zeno’s paradox was created especially for rocket engineers.


Tsiolkovsky’s rocket equation tells us precisely what the consequences are. There is a diminishing gain to the final velocity that you can reach by using more propellant because that propellant has mass and has to be carried and accelerated before being used. The actual equation—and a helpful diagram if you don’t like equations—is shown in Figure 2.3, expressed in terms of the final maximum velocity that is reached (Vmax) and the velocity of material in the rocket exhaust (Vr) multiplied by the natural logarithm of the ratio between the initial mass (MInitial) of everything (rocket, spacecraft, and propellant) and the final mass (MFinal) after expending all the propellant.
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Figure 2.3. The behavior of Tsiolkovsky’s equation is sketched in this illustration. As the mass ratio of the initial total rocket mass to the final payload grows, so does the final rocket velocity (Vmax), but that velocity grows less and less easily with larger mass ratios.








To appreciate the profound implications of this otherwise innocent-looking equation and curve, it helps to consider two examples. First, suppose that you want to launch a rocket and reach a velocity that places you into a low orbit around the Earth. If you take off from somewhere near the equator and head toward the east to have help from the Earth’s own spin (adding about 1,670 kilometers per hour, or 460 meters per second, at the equator), you need to gain a velocity of about 8 kilometers per second. If you and your spacecraft and the fabric of your rocket have a not untypical total mass of around 10,000 kilograms, then Tsiolkovsky’s equation says that you would need about 74,000 kilograms of typical rocket propellant. That propellant will, in reality, often consist of two things: a fuel like kerosene, plus the liquid oxygen to burn it with in order to produce a roaring chemical-exhaust velocity of 4 kilometers per second. Bear in mind too that because the structure of the rocket has to house everything, the mass of that structure will grow with the amount of fuel and oxygen, and this calculation ignores the added effort needed to fight atmospheric friction.


That may sound like a lot, and it certainly is. Recalling how this chapter began, you now have an even more precise answer about why it’s taken life so long to get into space. But this sort of launch is also clearly within the realm of possibility because we now do this kind of thing all the time. However, let’s look at another, more extreme, scenario. Imagine that we instead want to launch something and send it to the nearest star to the Sun, a diminutive red dwarf called Proxima Centauri. Proxima is 4.246 light-years away, or about 40 trillion kilometers. That’s quite a distance, so we’re going to want to go as fast as possible to get there in a reasonable amount of time. However, we know it’s going to be costly, so our compromise is that we’re willing to travel for a hundred years. If we spent half that time accelerating and half that time decelerating in order to arrive and come to a halt precisely at Proxima, we’d need to reach a maximum midway velocity of about 26,000 kilometers per second (roughly 8.7 percent of the speed of light).


To keep our ambitions exceedingly modest, we’ll further restrict ourselves to sending a single paper clip to Proxima Centauri. (I know that sounds strange, but you’ll understand very shortly.) That paper clip has a mass of roughly 0.1 gram, so the fabric of our rocket can be made as light as possible. All that is left is to plug our requirements into Tsiolkovsky’s formula to work out how much propellant a typical chemical rocket will need. The answer is 102273 grams.


That is a big number: the digit 1 followed by 2,273 zeros. In fact, it represents 102200 times all the mass contained in the observable universe. This is what it would take just to send a single measly paper clip to the nearest star in a hundred years’ time. What does this mean? Well, it means that we can’t do this. There is no way to use a chemical rocket to reach the nearest stars in any reasonable amount of time compared to a human lifetime. If we went a lot slower and took perhaps tens of thousands of years to get there, then maybe yes.23 Or if we used a very different approach that doesn’t involve carrying all of our propulsive mass along for the ride, we might begin to circumvent the problem. We’ll discuss some of those ideas later on, but for less ambitious exploration, restricted to within our solar system, there are indeed some other tricks that can help a little bit.


For conventional chemical rockets, the most straightforward improvement is to make a vehicle out of detachable pieces: stages that hold the propellants. Each stage is then dropped or ejected as soon as it’s empty, a technique employed by the majority of large launch systems today, perhaps most memorably by the giant Saturn V three-stage rockets of the Apollo program. Staging results in a significant reduction in the mass being propelled as time passes, at least by a factor of a few. The division of mass between the stages also allows for nuanced plans for when and where stages are separated. A first stage might be made bigger in order to power you high enough in the atmosphere so that when the next stage takes over, the surrounding air pressure is low enough to call for a different and more efficient rocket type and exhaust. For reusable rockets, staging lets you optimize things to help the components fly back safely. But staging also introduces many technical challenges and expenses, including having to build separate rockets for each stage, each entailing all the plumbing required to hold and pump fuel, control the system, and so on.


Some systems try to simplify this by using solid rocket boosters that are the direct descendants of the gunpowder-packed projectiles that people were using in the thirteenth century. A solid booster is generally a single cylinder of material with a hollow core that acts as a combustion chamber when the material is ignited and helps funnel the hot gases out through a rocket nozzle. The United States’ space shuttle famously used a pair of solid rocket boosters to help lift off from the Earth, jettisoning these 45-meter-high tubes once they’d burned out so that they could be refilled and reused. Solid rocket fuel varies, but large rockets like those for the shuttle use a powdered metal like aluminum, together with a powdered oxidant that provides the oxygen to burn the metal. These powders are mixed with rubbery binders and then cast into the final cylindrical form—essentially forming a giant chunk of plastic explosive.


Like those home fireworks that you light with trepidation at arm’s length, once a solid booster has ignited, there’s not much control. By comparison, liquid-fueled rockets, pioneered in the early twentieth century by the likes of Robert Goddard, as I’ll discuss, may be more complex but are also far more controllable. However, even rocket staging and the surreptitious use of solid or liquid rockets and boosters won’t ever gain us enough to send that paper clip to Proxima Centauri within a hundred years.


The engineering of rockets is incredibly challenging, which is another factor in the whole natural history of space exploration. Liquid-chemical propulsion often uses inherently reactive substances that combine violently, converting chemical energy into undirected kinetic energy and momentum in a scorching gas. But then that momentum has to be coerced into creating as much forward thrust as possible. The chain of processes to make that happen takes place in a nearly continuous flow of whirring turbopumps, coolers, heaters, valves, and gimbals, and an awful lot of sensors and software. Large rockets will typically combine oxygen with a combustible component like kerosene, methane, or hydrogen. These compounds are pumped furiously into a chamber where they combust, expand, and are then funneled into the bell-like opening of a nozzle before whooshing off.


In order for a rocket to carry those ingredients efficiently, they need to be liquified. For oxygen and lighter gases like methane or hydrogen, that means pressurized propellant tanks and temperature control. The propellants are typically pumped into the tanks in a super-chilled, cryogenic state to reduce the pressures needed to contain them. This can involve a system that infuses deep-chilled liquid helium into the tanks to help maintain the low temperatures and to control pressure as the tanks empty. There is an added benefit of carrying all of these cold liquids, though, because they can be pumped around the rocket engine itself to help prevent it from melting as the propellants are combusted. Modern rocketry is in some ways all about high-stakes plumbing.


A big liquid-fueled rocket can pump a metric ton of material per second through pipes and chambers, urging that stuff on its way to explode outward and provide thrust without freezing, melting, or bursting anything. In fact, one key to making a good liquid-fueled rocket is to have the pressure of propulsive reactants in the combustion chamber be as high as possible. This means that you don’t just need pumps to flow those reactants to the combustion chamber; you also need pumps capable of maintaining very high pressures. One way to do this is to siphon some of those reactants into a pre-burner that is in effect a separate internal rocket engine whose sole purpose is to drive the powerful turbopumps channeling fuel to the main rocket. It is an engine within an engine, and one of the Soviets’ great engineering feats around the time of the Apollo missions (and part of the Soviets’ failed N1 lunar rocket) was figuring out how to expel the pre-burner waste directly into the main rocket combustion chamber, adding as much as 25 percent lift power to the whole system.


Starting off in Earth’s thick atmosphere and ending in the vacuum of space also calls for drastic adjustments to the way a rocket exhaust plume must be shaped and directed to maximize the thrust—the rate at which momentum changes. Rocket engineers also talk about a property called specific impulse that measures, in effect, the efficiency of a rocket. You can think of specific impulse as being similar to the measures of miles per gallon, or miles per kilowatt hour, that get applied to terrestrial automobiles. Specific impulse can be calculated as the change in momentum per unit mass of a rocket’s propellant. The higher its value, the more thrust you get for a certain amount of propellant, and if you know what thrust you need and how long you need it to get a rocket to a desired velocity, you also know how much propellant is needed by just looking at the specific impulse. And specific impulse depends on the velocity of the exhaust as well as its composition, so you can gauge how much better things will be with a faster exhaust.


All of these steps, from calculations on a page (or in a piece of software) to the brutally abused alloys and chemicals in a rocket engine, end up generating a vector of ferocious forces targeting a tiny spot in order to send a machine onto a precise and stable arc of motion. Rocketry to get off a planetary surface is akin to asking an over-caffeinated monster to balance perfectly on one toe while hurling thousands of axes at a small, imaginary target all while on the back of a speeding truck that is plunging off a cliff. It looks majestic and easy only when all of those things are under firm control.


Using a continuous explosion for propulsion is also far from an obvious approach, despite its historical significance across centuries of gunpowder experiments. The violent reactions in this system transform chemical energy into kinetic energy in hot gases, but that kinetic energy results in matter moving in random directions—it does not naturally produce directional thrust. The superheated, high-energy gases of chemical propulsion have to be contained and channeled to turn chaos into a stream of momentum and thrust, with huge costs in efficiency. There is some gain if you can provide that kinetic—thermal—energy from something like a nuclear fission or fusion reaction to heat propellant, but it’s still inefficient. A better option, in principle, is to purposefully accelerate all the microscopic parts of your exhaust in one direction from the get-go, something that can be accomplished using electrical fields to accelerate electrically charged ions of chemically inert elements like xenon into a forceful beam of thrust.


We have engines like this, called ion thrusters, that can work only in the vacuum of space, and they’re incredibly efficient—reaching specific impulses ten times higher than their chemical-thruster counterparts (and were first brought to public attention by Tsiolkovsky in 1911). But without a big electrical power supply, they generate a tiny thrust that is practically useful only because it can be left switched on almost indefinitely in space. That works well for long-running robotic interplanetary missions like the Dawn mission, which operated from 2007 to 2018 and visited the large asteroid Vesta and the dwarf planet Ceres out beyond Mars, but it is pretty much useless for lifting off from a planetary surface. However, pair such engines with a bigger power supply, like a nuclear reactor, and in space you might be able to produce much higher thrusts and reach Delta-v’s of an astonishing 100 kilometers per second. The efficiency gains also drastically reduce how much fuel is needed, and consequently how much extra mass you need to accelerate.
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