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In Memoriam

Edmond A. Grin

(January 26, 1920–August 17, 2022)

Who knew that thirty-six years would go by so fast. We did everything together, and most would say today that they could not think of one without thinking of the other; and you could bet that when you saw one, the other was never very far away. We were a team, soulmates, married, and best friends, maybe simply one spirit in two bodies. Together, we climbed mountains, explored deserts, even Mars. We could also simply stand in each other’s arms, silent, gazing at the ocean or at the starry night on top of heavens-high volcanoes in the Andes. You transformed the shy young woman I was into a leader and a volcano diver, and you smiled when I donned my suit to dive in the Licancabur Lake at almost six thousand meters elevation. I do not know where my life’s journey will take me from this point on, but what I know is that, wherever I go, it will bring me back to you.






INTRODUCTION

On July 11, 2022, the James Webb Space Telescope (JWST) returned its first images, penetrating the wall of time to show us the universe just a few hundred million years after its formation. In a marvelous cosmic irony, this immersion into the depths of our origins propels us into the future, where a revolution looms large in astronomy, in cosmology, and in astrobiology—the search for life in the universe. JWST comes after a few decades of space and planetary exploration during which we have discovered countless habitable environments in our solar system—for (simple) life as we know it, but also thousands of exoplanets in our galaxy, some of them located in the habitable zone of their parent stars. We are living in a golden age in astrobiology, the beginning of a fantastic odyssey in which much remains to be written, but where our first steps bring the promise of prodigious discoveries. And these first steps have already transformed our species in one generation in a way that we cannot foresee just yet.



I was born barely two years into the Apollo program and yet, unlike my parents, watching the Earth from space was already in my DNA. It is as natural for me to see our planet rise in an alien sky as it was for them to see the moon rise over the horizon. I embraced my life’s calling and made astrobiology my forever passion, keeping my eyes and mind squarely set on the stars as I explore a backyard of already familiar planetary landscapes. In my mid-twenties, just a few days shy of my birthday, Voyager 2 zoomed by Neptune. The spacecraft flew barely 4,800 kilometers above the planet’s north pole to return historical images that made the front page of newspapers worldwide. It was the farthest humanity had ever reached, albeit through the means of a robotic probe. That would be the last planetary encounter for Voyager 2 before the spacecraft finally left the heliosphere forever, only six years after its twin, Voyager 1. When we think of it, only sixty-seven years went by since Sputnik started to circle Earth’s orbit and the moment the last of the two Voyagers sailed outside the confines of our solar system—a blink of a cosmic eye. Humanity, with increasing curiosity, was just starting to open its eyes to its planetary neighborhood.

In 1996, I saw the first astrobiology workshop at NASA Ames Research Center in California, where I was a young researcher. Two years later, I witnessed the birth of the NASA Astrobiology Institute (NAI). Missions were showing us that the solar system was populated by worlds where simple life could have been possible in the distant past and maybe could still be today. Astrobiology was born from these explorations and today it is at the heart of all spacefaring nations.

Shortly after the NAI was founded in 1998, and just a few kilometers away, I entered a small conference room at the SETI (Search for Extraterrestrial Intelligence) Institute in Mountain View one late-summer afternoon. I knew that the institute’s mission was to lead humanity’s quest to understand the origin and prevalence of life and intelligence in the universe and share that knowledge with the world. It represented everything I was passionate about. My heart was pounding in my chest. On the opposite side of the table was astronomer Frank Drake, a gentle giant in the field, who invited me to sit down. In a soft voice, he kindly inquired about my experience and research. Then he asked me how they related to his famous “Drake equation” and the programs for the search for life in the universe at the institute, which span between the origins of life and the search for extraterrestrial intelligence. Christopher Chyba, then the director of the Carl Sagan Center, the research wing of the SETI Institute, was out of town that week. So it was Frank himself who interviewed me and who accepted my application to become a planetary scientist at the institute.

In 2003, as the coinvestigator of a team supported by the NAI, I began my personal scientific odyssey to understand planetary habitability and the type of life that could have once existed on early Mars and possibly still today. This became the High Lakes Project, and with my team, we started to explore unique analogs to the red planet in extreme terrestrial environments in the Andes. We also began to document how life adapts, what its geological and biological signatures are, how rapid climate change impacts lake ecosystems and habitats, and the relevance of all of these issues to planetary exploration.



Nearly two decades after I became a part of the SETI Institute, it was my turn to lead a new NAI-funded project. With a multidisciplinary team, our goal was to develop techniques for planetary exploration that could enable the detection of the signatures of life, called biosignatures. And 2015 was also the year when I was appointed as the director of the Carl Sagan Center, becoming the SETI Institute’s chief scientist.

Thinking about the history of the SETI Institute, the key role played by Carl Sagan in founding astrobiology and his support of the SETI search, I realize this is, without any doubt, the greatest honor I have ever received. But one of my mottos in life is that titles are only as good as what we do with them. In that spirit, one of my first orders of business was to hang Carl Sagan’s portrait next to my desk to make sure it would be the first thing I’d see when I arrived in the morning. Just as a reminder. I chose a black-and-white photo, showing Carl with his chin resting on his palm, maybe a bit reflective, but with a kind and focused gaze. Although he left us years ago, he remains an endless source of inspiration to all of us astrobiologists. I also attached a deeper meaning to it. First, it was a nod to my past and a bridge to my early years in France, when Carl stirred my passion for astrobiology with his words and his fire during our meeting in Paris in November 1986. It is also a constant reminder of Carl’s urging that we should never be afraid to think bold thoughts: “We can judge our progress by the courage of our questions and the depth of our answers, and our willingness to embrace what is true rather than what feels good.” Of course, this quote has to be immediately followed by his belief that “extraordinary claims require extraordinary evidence.” Known as ECREE, or the “Sagan standard,” it ensures that our ideas pass the smell test. Carl’s standard, which echoes the thinking of some of the greatest minds, like Flournoy, Laplace, Hume, and Jefferson, is a necessity in science at each step, and it is an absolute must in our quest for life in the universe.

In December 2016, I was standing at the podium of a large conference room in the Moscone Center in San Francisco, where hundreds of my colleagues had gathered. The American Geophysical Union honored me that year with the presentation of the Carl Sagan Lecture. I had butterflies in my stomach. As I stood at the podium, I decided to start by mentioning our 1986 encounter. I spoke about how momentous this had been for me. Carl seemed to so uncannily show up at the most unexpected times and in the most unexpected ways in my life, even long after his death. In our brief time together in Paris, he told me about passion, resilience, and never letting anybody define what I should do or who I should become. I smiled when he insisted that I always be true to science and data, not opinions, even when they go against the establishment. That day, he did not give me any advice about going to this or that fancy school or asking for support from a big lab. Instead, his were words for life that would serve me anywhere I would go. He went on about his own passion for a brief moment, and there he was in front of me, the great Sagan; even better, just for me.

Preparing this lecture made me reflect on how much has changed since Carl’s vision of “the shores of the cosmic ocean” in the eighties. This idea was introduced in an episode of the TV series Cosmos, where he examined Earth’s place in the universe by taking us on a journey of exploration into space. And here, the answer is ambiguous. What has dramatically changed is the number of missions, the amount of data, and the technology, systems, and instruments we can apply today to the search for life in the universe. In barely a few decades, we saw dizzying progress supported by constant innovation exponentially advance our knowledge and provide more and smarter ways to explore. And we now have astrobiology, a scientific field dedicated to this search. The vast volumes of data returned from planetary and space exploration since the seventies called for a multidisciplinary approach and a holistic perspective to their interpretation. Astrobiology provided this new platform for the search for life in the universe and has since revolutionized how we do science, by bringing together distinct domains of inquiry, their perspectives and methodologies, and demonstrating elegantly that discoveries and innovation lie at the nexus of disciplines.

But while exploration brings an abundance of data, we seem to be generating new intellectual frameworks at a slower pace. Our vision of the universe and life’s potential has been completely transformed in less than forty years; however, fundamental questions regarding life’s origins and nature remain unanswered. Maybe part of the challenge resides in the fact that we are both the observer and the observation; we are life trying to understand itself and its origin.

Today, we might still not know exactly where we are heading and what we are looking for, but it does not really matter. Answers will present themselves as we go. What truly matters is that we have set sail. We are now on our way on the most remarkable journey humanity has ever undertaken, searching for our origins and for a cosmic echo that will finally tell us one day that we are not alone.

This is the odyssey that I wish to share with you in the following pages—the discoveries, of course, but also the questions that remain unanswered, including that of our humble beginnings: What is the origin of life? What is life? Are we alone in the universe?

This is an epic quest that seeks answers to the mysteries of life, a balancing act of microscopes exploring the most elemental bricks of life and radio telescopes searching for advanced extraterrestrial civilizations in the farthest reaches of the universe. This voyage of incredible significance sparks awe, curiosity, and an insatiable thirst for understanding. And it brings necessary changes in perspectives. We start thus by reflecting on the meaning of the Overview Effect experienced by astronauts who ventured to the moon, and into Earth’s orbit, and returned profoundly transformed. From their unique vantage point, they gazed upon our “Pale Blue Dot” suspended in the vastness of space. There, they saw the fragility of our planet and the dire need for humanity to start thinking as one, the destiny of all people of Earth irremediably sealed in one ephemeral sea of blue. This apparent fragility is also our strength and a beacon lighting up our way toward a brighter future of togetherness. And it is the source of inspiration for our most profound questioning, making it even more important to understand who we are, where we are coming from, and if others out there are wondering about the same questions while looking up in their own night sky.

We next embark on a quest to uncover the origins of life, pondering the mysteries of Earth’s early history. Today, new biogeochemical and biophysical theories challenge past models, pushing the boundaries of our understanding and redefining the conditions for life’s inception. With these new perspectives, we set out to understand if the conditions for life, and maybe life itself, would have been possible beyond Earth in the past of our solar system. Could it still be possible today? Finding even the smallest of microbes on another world would be incredibly important for what it would foretell for the potential for life in the universe. And the more we advance, the more the possibilities broaden. The hellish world of Venus, still shrouded in secrecy, beckons us to unveil its mysteries, which it may soon reveal. The debate over the presence of phosphine gas in its atmosphere and hints of active volcanism pose questions that cannot be ignored and that upcoming missions will soon address. Mars holds an enduring fascination. Recent missions have demonstrated that it was once a habitable planet and suggest that it could still harbor habitable environments at depth. From its early exchange of materials with the Earth, it also raises a tantalizing question: Could life on Earth have Martian origins? Farther yet into the solar system, ocean worlds capture our imagination with their potential for life lurking beneath the icy moon surfaces. From the frozen expanses of Enceladus to Europa and their subsurface oceans, we explore alien aquatic realms in search of signs of life. Of them all, Titan is the most exotic world and our best shot at studying processes that could lead to life as we do not know it in our own solar system. The Dragonfly mission will aim to reveal the secrets of this enigmatic world.

Then we go beyond our own neighborhood to discover other planetary systems and explore exoplanets. The revelations of the Kepler mission were just the beginning. The seminal mission has since been followed by many more advanced observatories on the ground and in space, opening new frontiers in our search for Earth-like worlds in our galaxy. A multitude of exoplanets entice our curiosity, often blurring the lines between science and science fiction. We seek Earth 2.0 among the stars, revisiting Carl Sagan’s vision of an expansive universe. And, in the pursuit of technologically advanced extraterrestrial life, we explore the Drake equation. The Fermi paradox challenges our expectations, leading to radical hypotheses, understanding that, ultimately, they might be simply a reflection of our own limited capacity to think outside the human and terrestrial box. But, relentless, our quest extends across galaxies as we seek signs of advanced extraterrestrial civilizations with new SETI projects scanning the cosmic ocean for signals.

In our concluding chapters, we confront the definitions of life and artificial intelligence. We traverse ethical dilemmas and contemplate the possibility of synthetic life. We finally reflect on the pathways and destinies of life’s journey through the cosmos.

As we set our course for interstellar exploration, we are reminded that the universe is both an enigmatic puzzle and a profound mirror reflecting our own existence. And this is how the search for life beyond Earth, a quest that began with a simple perspective-altering moment, has now evolved into a profound exploration of our place in the universe.
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The Earth viewed from the Apollo 8 spacecraft as astronauts circle the moon for the first time on December 14, 1968.






1 THE OVERVIEW EFFECT


Astronauts often describe an overwhelming feeling of awe as they watch the Earth from above. They call it the Overview Effect, an expression that tries to capture the profound emotional impact of seeing our planet suspended in the darkness of space with only a thin atmosphere for a protective shield. From this vantage point, political borders disappear. The tumult of human hustle vanishes in a deafening silence to give way to the realization that we are all aboard the same vessel in space, united by the same fate. Any other consideration is simply irrelevant. Most of these space wanderers come back to Earth with a heightened sense of responsibility toward our environment and an acute understanding of the vulnerability of life, which so profoundly contrasts with how our civilization treats them both down here. Many feel compelled to share their experience; some become activists. The Overview Effect is possibly the most profound legacy our generation will leave to those who will follow. It marks a turning point in humanity’s history, a change in perspective, one that comes at a pivotal time when it is up to us to decide whether we want to drive ourselves into oblivion or soar into the vastness of space.

Thinking of our place in space, of whether we are alone in the universe or what is the origin of life, is as old as humanity. However, our generation is the first to see Earth from above and beyond its atmosphere. With that perspective comes new knowledge—and a few messages for the ages. The first one was delivered by astronauts making their way to the moon, speaking of our planetary cradle and humanity’s place of origin. The oneness of a fragile biosphere and our responsibility as the dominant species were then revealed for the first time.


A PALE BLUE DOT

Other overview moments took place in the decades that followed, and their messages were delivered from much farther away. On February 14, 1990—ten months before the Galileo experiment, Carl Sagan asked to turn the Voyager 1 camera back toward the Earth. The spacecraft was by then already 6 billion kilometers away. In an image forever immortalized as “the Pale Blue Dot,” the Earth appeared no larger than a pixel. Carl described it as “a mote of dust suspended in a sunbeam.” The Pale Blue Dot showed our fragility and the need to preserve “the only home we’ve ever known.” It illustrated our togetherness, “our responsibility to deal more kindly with one another,” and the necessity for us to stop fighting for a mere “fraction of a dot.” The Voyager mission also gave us a family portrait, the first perspective of our place within our planetary family in the solar system’s neighborhood.

Other spacecrafts have looked back at the Earth and the moon since, an unlikely duo in a sea of darkness. But the vision of the Pale Blue Dot will forever remain the first one. It was also the prelude to something much bigger. An astronomical revolution was about to unfold barely a few years later and extend far beyond our neck of the galactic woods. In January 1992, astronomers Aleksander Wolszczan and Dale Frail announced the discovery of two planets orbiting a pulsar (PSR B1257+12) some 2,300 light-years away. These were the first planets beyond our solar system, or “exoplanets,” to be found. In 1995, Michel Mayor and Didier Queloz discovered 51 Pegasi b, an exoplanet orbiting a sun-like star fifty light-years away. Over twenty-five years later, space telescope missions like Kepler, TESS (the Transiting Exoplanet Survey Satellite), Hubble, and now the James Webb Space Telescope (JWST) have helped us discover and confirm over five thousand exoplanets. Some of them are Earth-like, and a fraction of them sit in the habitable zone of their parent stars. But it is not all about space technology. Cutting-edge ground-based telescopes significantly contribute to these discoveries through direct imaging and spectral analyses as well. In their field of view, exoplanets, just as our Pale Blue Dot was with Voyager, are no bigger than a pixel.

The Overview Effect, wherever it happens, is about a change in perspective, one from which there is no turning back. Copernicus taught us long ago that the Earth was neither at the center of the universe nor the center of the solar system, for that matter. We also learned from the work of Harlow Shapley and Henrietta Swan Leavitt that the solar system does not even occupy any particularly prominent place in our galaxy. It is simply tucked away at the inner edge of Orion’s spur in the Milky Way, 27,000 light-years from its center, in a galactic suburb of sorts. Our sun is an average-sized star located in a galaxy propelled at 2.1 million kilometers per hour in a visible universe that counts maybe 125 billion such cosmic islands, give or take a few billion. In this immensity, the Kepler mission taught us that planetary systems are the rule, not the exception.





ARE WE ALONE IN THE UNIVERSE?

This is how, in a mere quarter of a century, we found ourselves exploring a universe populated by as many planets as stars. Yet, looking up and far into what seems to be an infinite ocean of possibilities, the only echoes we have received so far from our explorations have been barren planetary landscapes and thundering silence. Could it be that we are the only guests at the universal table? Maybe. As a scientist, I cannot wholly discount this hypothesis, but it seems very unlikely and “an awful waste of space,” and for more than one reason.

To begin with, the elementary compounds that make the life we know, carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur (CHNOPS for short), are common in the universe. It is no accident that we are made of them. They are the star stuff Carl always talked about. Organic molecules and volatiles are found at the surface of Mars, in the geysers of Saturn’s tiny moon Enceladus, in the atmosphere of Titan, in Triton’s stratosphere, and on comets. We also discovered them on asteroids, not to mention dwarf planets Ceres and Pluto, and these are only a few examples. Much farther away still, nearly two hundred types of prebiotic complex organic molecules were detected in interstellar clouds near the center of our galaxy. They included the kinds that could play a role in forming amino acids—the building blocks of the life we know. Granted that organic molecules are not life, but they are the elemental building blocks life uses for its carbon and hydrogen backbone, and they are everywhere.

The sheer number of possibilities adds to the probability of an abundance of life in the universe. A basic extrapolation of the Kepler data on the number of exoplanets in our galaxy alone suggests that tens of billions of Earth-sized planets could be located in the habitable zone of sun-like stars. Suppose only one in a billion has developed a type of life that made it to higher levels of complexity and intelligence. Then nearly a dozen advanced civilizations could populate our galaxy alone. Even if it were only one per one hundred galaxies, there could still be billions of them in the universe. And because the probability distribution in nature predicts more puddles than large lakes, more small buttes than Himalayas, more small planets than large ones, and more simple life than complex life, it follows that the universe is likely teeming with planets harboring simple life. What precedes is an obvious oversimplification, but it is not an unreasonable one, and there are several possible scenarios.

The Earth might not be a gold standard for how rapidly life develops. One the one hand, it could represent a population of relatively slow planetary bloomers. After all, it took over 80 percent of our planet’s geological evolution to reach complex life. On the other hand, it could be an example of life on a universal fast track. Living organisms possibly left indirect traces of their presence on our planet in the few oldest rocks that still exist, which formed less than a couple of hundred million years after the Earth’s crust had cooled. In truth, we do not know any better because we only have one data point, and that’s us. Everything is relative and depends on what type of life we refer to. Our knowledge is still modest and imperfect, particularly for these deep times of early Earth, since plate tectonics and erosion have destroyed most of the geological record. Further, life could also be the result of a generational process associated with the formation of specific stars—in our case, sun-like stars.

Our galaxy is about 13.6 billion years old, formed barely 200 million years after the Big Bang, but it did not produce sun-like stars right away. The oldest (Population III) were short-lived (2 to 5 million years), massive, luminous hot stars that would have existed very early in the universe. They had virtually no metals (elements other than hydrogen or helium) in their composition. Their existence remained hypothetical for a long time, only inferred from indirect observations of a galaxy seen through gravitational lensing in a faraway region of our universe. Recent observations with Gemini North, a ground telescope, and the James Webb Space Telescope seem to confirm their past existence and hint at titanic stars, hundreds of times more massive than our sun.

Population II stars are more recent and metal-poor in comparison to younger stars like ours, for instance. They are distributed between the bulge near the center of our galaxy and its halo. The death of these Population II and III stars produced the heavier elements now being used by life as we know it. Population I, or metal-rich stars, are the youngest, and our sun is part of that population. The biogenic elements that make life on Earth are the most abundant in the universe and on our planet. The exception is phosphorus, which could have been delivered to Earth’s early atmosphere by extraterrestrial material. It could have been incorporated into Earth during accretion and the Late Heavy Bombardment period through impacts with asteroids and comets. Phosphorus was repackaged into useful forms for biology through chemical reactions and became an essential component of the structural backbone of our genetic code. It drives the energy behind nearly all of life’s metabolism.

The universe has produced biogenic elements for a very long time, as demonstrated by JWST, with the discovery of complex organic molecules in a galaxy more than 12 billion light-years away! Still, life developed on Earth, and maybe elsewhere, possibly because they became sufficiently abundant with the most recent Population I stars, like our sun. If true, this could make life a process associated with specific generations of stars. On the other hand, these biogenic elements are so old that they had to experience a long and complex chemical history before being incorporated into the Earth’s biochemistry, a transformative pathway that could also be key to the origin of life. We do not know if this history played a role in the origin of life on Earth. But if life as we know it is indeed associated with the birth of specific stars, then the universe could just be starting to blossom with cradles of life, the kind that might be chemically and biologically familiar to us.




COEVOLUTION: A KEY PRINCIPLE

Critically, this relatively quick and dirty back-of-the-envelope estimate only considers life as we know it and Earth-like planets as the only worlds with the potential to develop life, but nothing at this point allows us to declare that life’s inception should be limited to these criteria. Decades of exploration in space and extreme terrestrial environments have broadened our search horizons rather than narrowed them down. They have helped us refine our understanding of planetary habitability and environmental habitats. They also emphasized the role of a fundamental concept in astrobiology: the coevolution of life and its environment.

Earth’s biological and environmental evolution are intertwined and inseparable, and environmental changes have accompanied life since its very beginnings. Today, we take this notion for granted, but that was not always the case. Barely three centuries ago, we still believed that the environment stayed the same over time, and species were adapted once and for all. Then, in the nineteenth century, the naturalist Charles Darwin proposed that the environment was ever-changing and forced life to adapt or disappear. Organisms that adjusted to their environments were the most successful in surviving and reproducing. That’s the famous “survival of the fittest.” Today, our understanding is that changes between environment and life are directional and interdependent. In other words, environmental changes accompany changes in the history of life, either as causes or as effects, and they take place at many different scales in space and time.

At large temporal scales, the habitability of our planet is closely connected to the evolution of the sun’s activity, which varies over time. Our sun formed 4.6 billion years ago and went through early birth pangs, blasting intense solar winds for a few million years before entering its main sequence, a phase when a star is fusing hydrogen in its core and the outward pressure from core nuclear fusion and the inner push from gravity are balanced. It is about halfway through its life now. Its luminosity might have been only 75 percent of today’s during the Archean eon, 2.5 to 3.8 billion years ago. In theory, temperatures would have been too low at that time to allow liquid water at the surface of the Earth, and liquid water is central to life’s development and survival. Yet, the earliest fossils show that life took hold anyway. If our planet had fewer continental masses, it would have reflected less light into space than it does today. More oceans would have absorbed more sunlight and stored more heat, thus possibly compensating for a fainter sun. The Earth’s atmosphere in the Archean was also rich in carbon dioxide and methane, two powerful greenhouse gases that could have helped maintain the surface temperature between 0 and 40 degrees Celsius.

By contrast, toward the end of the sun’s life, nearly 7 billion years from now, it will enter a red giant phase. Its gas envelope will expand past the orbit of the Earth, possibly Mars. But life on Earth will run into trouble long before its star incinerates it. As the sun evolves, its brightness increases by 10 percent every billion years. This process will lead to changes in the solar system’s habitable zone, a region defined as a range of distances away from a star where liquid water can be stable on the surface of a planet. An increase of 10 percent means temperatures will become too hot for liquid water within the next billion years. The oceans will then start to evaporate. As they do, more water vapor will accumulate in the atmosphere, acting as a greenhouse that will accelerate the rise in surface temperatures and trigger even more evaporation. Our planet will then face a runaway greenhouse effect from which life ultimately will not recover. Closer to the sun, Venus has already faced this scenario.

One billion years is both far into the future and the blink of an eye at a geological scale. Life’s odyssey on Earth is already 4 billion years old, or about 80 percent into its possible residence time on this planet. Today, the sunlight is just right to support life, but it is not the only source of energy. The Earth itself provides a range of free energy, including geothermal and geochemical energy, oxygen, and radiolysis, the latter producing elemental hydrogen and oxidants that some microbes use as nutrients. These energy sources mediate the diversity and complexity of living organisms. In turn, life develops, and its increasing diversity and complexity affects the Earth’s carbon cycle, climate, ecosystems, and the oxygen level in its atmosphere. Changes in biodiversity are thus critical in shaping our planet’s geochemical cycles.

Mutations are another driver of change for life, and, in turn, its environment. They modify the genetic sequence of organisms and are an indispensable requirement for life’s evolution. In most cases, they appear spontaneously without a specific cause being identified. As they shape life’s diversity, gene mutations also impact biodiversity and planetary habitability.

Other examples of how life modifies its environment can be found at both ends of the temporal scale of evolution with planetary-wide repercussions. When the Earth formed, its primordial atmosphere lacked free oxygen. A couple of billion years later, blue-green algae started to photosynthesize using sunlight, water, and carbon dioxide to produce carbohydrates and oxygen. Once the biological production of oxygen began, it took an additional few hundred million years for its accumulation in the atmosphere. The air we breathe today results from life changing the environment.

Meanwhile, we are currently the most visible illustration of this process at the other end of Earth’s history. As a result of human activity, the global average concentration of carbon dioxide has increased by 12 percent since 2000. Likewise, the concentration of methane has more than doubled since preindustrial times. Increases in greenhouse gases are associated with global warming and changes in habitability worldwide, loss of countless species across the entire biosphere, and a severe alteration of the ecosystem. In a twisted irony, the most advanced species on this planet is methodically cutting the branch it sits on, and knowingly destroying the environment responsible for its rise and its development.




NATURAL CYCLES AND COSMIC THREATS

Earth’s natural cycles, environment, and physical and chemical characteristics were initially dictated by the composition of dust, gas, and ice from which it was born, the distance of our planet to the sun, and other astronomical parameters. Here, three aspects of Earth’s orbit around the sun play a fundamental role in the evolution of our planet’s habitability. The first is the shape of Earth’s orbit, which deviates from a perfect circle; the second is the angle of the Earth’s axial tilt. The third is the wobble of the Earth as it rotates and is being pulled by tidal forces generated by the sun and the moon’s gravity. These cycles affect the amount of energy that the surface of the Earth receives from the sun. They are known as the Milankovitch cycles1 for the Serbian astrophysicist who developed the theory.

Individually and together, they influence long-term climate patterns over tens to hundreds of thousands of years, driving ice ages and interglacial periods. These natural cycles are sometimes perturbed by external forces. Random events reset the clock for both environment and life over periods ranging from years to millions of years. They may be cosmic in origin, like asteroids and comets that collided with our planet regularly throughout its geological history and have redirected life’s evolution more than a few times. If we look at Earth’s impact cratering record over the past 260 million years, a peak appears every 27.5 million years that aligns well with a known cycle of mass extinctions. Five of the six largest impact craters identified from this extended period, including the one attributed to the extinction of the non-avian dinosaurs, were formed within the time frame associated with mass extinctions. Some see a cause-and-effect relationship in these observations. Every 27.5 million years, our solar system passes through our galaxy’s dense mid-plane. At these times, gravitational tugs-of-war may expel comets from the Oort cloud, where they otherwise reside, and send them on a collision course with the inner planets. Wandering stars passing close to the Oort cloud would have the same effect, but with much less predictability.
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The Manicouagan crater in Quebec, Canada, is a large 100-kilometer-wide impact crater formed around 212 million years ago by an asteroid. It has been shaped since by glacial activity and is now a reservoir drained by the Manicouagan River, flowing into the St. Lawrence River.



So far, in recent times, we have been surprised only by asteroids of relatively small sizes, but the Chelyabinsk airburst on February 15, 2013, with its explosion and debris from a seventeen-to-twenty-meter asteroid, was enough to wreak havoc all over town. On June 30, 1908, the Tunguska event was also attributed to an airburst from a 200-meter stony meteoroid hurtling through the Earth’s atmosphere at 72,500 kilometers per hour. In the process, it leveled 80 million trees over a 2,150 kilometer area of the forest without even leaving a crater, since it exploded high in the atmosphere.

Future impacts of asteroids and comets are not a matter of if, just a matter of when, and, in this department, there is good news and there is bad news. The good news is that the bigger asteroids and comets are, the fewer their number and the less frequent the risk of impact. The bad news is that it only takes one to trigger a mass extinction event that we are neither immune to nor prepared for. We already know of potentially dangerous near-Earth objects, like the 2.4-kilometer-wide asteroid Toutatis or the 365-meter-wide Apophis predicted to pass barely 30,600 kilometers away from the Earth on April 13, 2029, closer than many of our geostationary satellites. And for those who are superstitious, yes, that will be on a Friday.

Understanding and modeling the trajectories of these objects and characterizing their size, shape, mass, composition, and rotational dynamics is critical. It helps us forecast the risks they represent and may give us enough time to react. To that end, new initiatives are being pursued to develop a planetary defense program to find and track these near-Earth objects that pose a threat to the Earth and find solutions to either destroy them before they destroy us or modify their trajectories. NASA’s Double Asteroid Redirection Test (DART) mission represents a first attempt at understanding how we can deflect asteroids by crashing a spacecraft into one to change its motion in space. The target of this mission was the 170-meter-wide Dimorphos, a moonlet orbiting near-Earth asteroid Didymos nearly 10 million kilometers away from Earth. The spacecraft reached the asteroid on September 26, 2022, and struck it with remarkable precision, and the orbital period of Dimorphos around Didymos was altered by two minutes by the impact. The European Space Agency’s mission Hera will conduct a follow-up investigation of the dual asteroid system in a few years. The Chinese National Space Administration (CNSA) might also launch a kinetic asteroid defense mission on an unspecified target as part of an effort to build a Near-Earth Objects (NEOs) defense system and increase our ability to monitor and catalog them and be in a position to provide early warnings and responses.

Comets and asteroids are only one of many other potential cosmic threats to life on Earth, as shown by the Hangenberg event. Toward the end of the Devonian period, 359 million years ago, all placoderms (armored fishes with the front part of their bodies encased in broad flat bony plates) and nearly 70 percent of Earth’s invertebrates died off. Fossil spores of that period show traces of substantial damage from ultraviolet (UV) radiation, the telltale sign of a long-lasting disruption of the ozone layer. While climate change and volcanic activity could contribute to damaging the ozone layer, their effect is usually short-lived, and the oceans should have provided an effective shield against UV. What struck the Earth then had to be capable of destroying part of the ozone layer and penetrating deep underground and into the oceans. The leading suspect in that case is a supernova event powerful enough to blast the Earth’s atmosphere and hit its surface with high-energy particles, leaving a lingering effect for up to one hundred thousand years. There is currently no threatening star within a distance that could lead to a biological cataclysm of this magnitude. While we might see Betelgeuse go supernova in our lifetime, this red supergiant located 642 light-years away from Earth is too far to present any danger. Local gamma-ray bursts directed at the Earth could have similar extinction-level results, but so far, their sources have been located billions of light-years away and only outside of our galaxy.

Geological and environmental catastrophes have also profoundly affected life’s evolution. Some were sudden and violent; others disrupted the environment over extended periods. A classic example is the Deccan Traps, which started to form 66 million years ago through a series of pulsing volcanic eruptions that lasted over thirty-three thousand years during the Cretaceous period and correlate well with significant climate variations and mass extinctions. The wandering of plate tectonics may also be responsible for the Ordovician extinction 445 million years ago. As the supercontinent Gondwana moved into the Earth’s southern hemisphere, sea levels fluctuated over millions of years, destroying countless life habitats and eliminating 85 percent of all species. These are only samples of how the environment also shapes life’s evolution.

Over eons, life had to adapt or perish. It battled countless assaults from a changing environment following random events and natural cycles of glacial ages, atmospheric and oceanic chemistry changes, and decline in ocean oxygen levels. The sum of knowledge we accumulate through the study of the Earth gives us an ever more profound understanding of the coevolution of life and its environment, of what habitable zone and habitability mean at a planetary scale, and how they can fluctuate over the course of a planet’s history.

Meanwhile, as spacecrafts roamed the solar system in the past decades, the scientific exploration of our world intensified in parallel, reaching into its most extreme environments. That exploration brought yet again a change in perspective. Everywhere we looked, from the highest mountain to the deepest abyss, in the most acidic or basic environments, the hottest and coldest regions, in places devoid of oxygen, within rocks—sometimes under kilometers of them—within salts, in arid deserts, exposed to radiation or under pressure, life was still present. And it told us tales of possible places of origin and life’s extraordinary ability to adapt to the most extreme conditions.


[image: Image]
After a journey of 10 million kilometers, the DART mission successfully struck the 170-meter-diameter Dimorphos with head-on precision. The image sequence shows DART nearing impact, Dimorphos covered in impact debris and resembling Bennu and Ryugu, and the probe’s final approach before hitting the surface. DART covered the last ten kilometers in just one second.



As images and data streamed back from faraway planets and moons, we realized that some of their ancient and present environments offered close analogies with these terrestrial extremes. From that moment on, the exploration of our planet would not only help us piece together the origins and the coevolution of life and its environment here on Earth. It would also add to our vocabulary the notion of environmental habitability, which shows that a planet or a moon can be located well outside our sun’s habitable zone and yet, still be habitable. And that’s how Earth’s exploration opened up alien worlds of possibilities for the search for life in our solar system and beyond.








2 SPARKS OF LIFE


Today, thanks to the search for exoplanets, we know of at least 3,800 stars with planets orbiting them, and that’s in a very small region of our galaxy. Over a third of them have at least three planets. Our sun, Kepler-90, and TRAPPIST-1 have between seven and eight planets, and Tau Ceti may have up to ten. Our solar system is only one of countless planetary systems in our galaxy. Still, we are unique in many ways, first and foremost in how stardust assembled to make us who we are: complex and sentient actors and spectators of an infinite cosmic show. But unique does not have to mean alone, and, to finally answer whether life is a common or rare occurrence in the universe, we must first understand how it emerged here on Earth.


THE ORIGIN(S) OF LIFE ON EARTH

Life’s origin is still uncertain today and probably the most fundamental and fascinating question of astrobiology for its scientific and philosophical implications. It is also central to any consideration of extraterrestrial life because how we search for life beyond our planet is guided, and possibly limited, by what we know from Earth. But this is all we have to get started on our quest.

Recent studies have proposed that biogenic carbon—carbon that has been produced by life—may be present in 4.1-billion-year-old rocks from Jack Hills in Western Australia. Tiny fossils, possibly as old as 4.28 billion years, have been found in remnants of an ancient oceanic floor in Canada. The confirmation of these two discoveries would be profound. It would tell us that simple, albeit already complex, life was present on Earth barely 200 million years after the surface of our planet had solidified. To date, the oldest evidence of life has been produced by seafloor hydrothermal vents, shallow marine continental margins, and intertidal environments. There are also microfossils and rocky formations created by the interactions of microbes with their environment. Isotopic and molecular biomarkers show that single-celled organisms were already abundant at the dawn of time on our planet. Hot spring and vent deposits constitute the earliest evidence of life on land 3.5 billion years ago. They are close in age to the Strelley Pool fossils that formed in a shallow sea 3.43 billion years ago in Australia. This chronology reveals that life appeared quickly on Earth. The few fossils of these early times give us a glimpse into what life was then, or in other words, the type of simple microbial organisms that existed, descendants of precursors that had made it through the hellish conditions of the late Hadean eon, a time when our planet was still cooling down and volcanic activity was widespread. The Earth then was still bombarded by enormous asteroids and comets, some reaching tens to hundreds of kilometers wide. However, we are still trying to grasp how it happened and what led to the dawn of life.


[image: Image]
An active hydrothermal vent at El Tatio in the Chilean Andes, a type of environment analogous to those that preserve the earliest fossils on Earth.



The how of the origin of life is approached through various theories. One of them is that life results from a supernatural event, which is the foundation of religions. It is generally considered outside the scientific description of nature. But, beyond their differences, science and religions are confronted with similar paradoxes and questions, such as what came before the Big Bang? What came before God? Why does the universe or God even exist, since there is no necessity for them or anything at all? These are profound questions that each of us approach in a personal way. But to put it in simple terms, science tries to understand nature by measuring it, whereas spirituality tries to understand what can’t be measured.

From a scientific perspective, it is not excluded at this time that there could be more than one origin to life. As a result, we often talk about “the origin(s)” instead of “the origin” of life. This subtle, yet fundamental, difference reflects distinct ideas. One proposes that life might have started and gone extinct countless times before taking hold on our planet, long before the first fossils were preserved in the geological record 3.5 billion years ago. This concept is fairly intuitive when thinking of Earth’s early environment. The mountain-sized asteroids and comets that regularly collided with the young Earth excavated gigantic impact craters hundreds of kilometers wide and kilometers deep. These impacts were often powerful enough to blast debris back into space and obscure the Earth’s atmosphere for hundreds of years or longer. The energy delivered by these violent collisions triggered enormous and long-lasting eruptions. The young Earth itself produced volcanism as it slowly released heat. But another idea proposes that there might have been more than one lineage for life on Earth. While it seems that all terrestrial life goes back to a unique ancestor in what we call the “tree of life,” some scientists argue that there could have been more. We will come back to this idea.




WHAT ROLE FOR THE MOON?

Before its crust solidified, our planet did not resemble the world we know today. Instead, it was scorching hot and molten, its surface covered with a magma ocean and isolated islands of solid materials. The discovery of zircons confirms that over 4.4 billion years ago stable landmasses had started to form, and the temperature cooled enough to reach below the boiling point of water. The young Earth was still a violent, unforgiving, barren hell at this stage. And things were about to become a lot worse. Theia, a planetoid the size of Mars, collided with the proto-Earth in what is known as the giant impact hypothesis (or Theia impact). This hypothesis for the formation of the moon is well supported by the characteristics of the lunar rocks and the dynamic of the Earth-moon duo. Before the collision, Theia would have been in a stable position nearly along the orbit of the proto-Earth. Gravitational disturbances from either Jupiter’s migration or Venus destabilized it and sent it hurtling toward the Earth.

The giant impact hypothesis has a few alternate versions. In the first one, Theia hit the Earth once in an off-center collision and was destroyed; another proposes a violent head-on collision. The similarity of oxygen isotopes between the Earth and the moon makes this scenario plausible since it would be possible through a high-energy mixing of materials from both protoplanets. In the last scenario, Theia glanced off the Earth a first time, barely escaped destruction, only to come back hundreds of thousands of years later to deliver the final blow. This last hypothesis covers a few unresolved issues with the previous scenarios, including the impact velocity. If Theia had come in too fast, both worlds would have been pulverized; too slow, and the Earth-moon duo dynamics would have been very different. Understanding what happened is critical because this event set the stage for the rest of Earth’s evolution. The collision modified the Earth’s axial tilt to set it to 23.5 degrees and initiated the seasons of our planet. After the collision, Earth’s temperature rose once again. Any water that would have been at the surface then was vaporized. The remains of Theia were partly incorporated into the Earth, and both cores merged. Vaporized rocks and dust from both Theia and the Earth were blasted into orbit, forming a ring of debris that took merely a hundred years to coalesce and form the moon, maybe less. Right after its formation, the moon would have looked enormous in the Earth’s sky, orbiting only 25,000 kilometers away compared to 383,000 kilometers today.


[image: Image]
The collision between Theia and the proto-Earth played a significant role in our planet’s fate, modifying its axial tilt and setting the stage for the seasons as we know them today, which are essential to biological cycles.



The proto-Earth and moon system did not look anything like it does now, either. The duration of a day would have been just two to three hours long, while the moon orbited around the Earth every five hours. About 1.5 billion years back, the moon was still close enough for a day to last only eighteen hours, and not so long ago, a year was still 420 days instead of the current 365 days. These changes are preserved in 430-million-year-old fossilized corals. Just like trees, corals record their growth in layers. When a coral grows, it accumulates a fine layer of calcium carbonate every day, and its monthly deposits are linked to the lunar cycle. Seasonal changes are visible, too, and in between them, thinner lines indicate daily deposits. This record tells us that during the Silurian period (444 to 419 million years ago), a day would have lasted about twenty hours. A few million years later, other fossilized coral records from the Devonian period (419 to 359 million years ago) show that the Earth’s spin had slowed down to 410 days per year. A day then lasted about twenty-one hours. As the Earth continues to slow down, its rotational energy is being transferred to the moon, causing it to pull away from the Earth about three centimeters a year. In time, the length of a day will continue to increase on average by about 0.00001542857 seconds a year to be twenty-five hours long 180 million years from now.1

The role played by the cataclysm that formed the moon in the dawn of life, if any, still has to be fully understood. Environmentally, the axial tilt of the Earth imparted by the collision with Theia is responsible for our seasons. The moon’s gravitational tug generated tides in the oceans. A twelve-hour day would have produced high tides every six hours. They still reached over three hundred meters high during the Archean eon, 2.5 to 4 billion years ago, pushing the ocean waters kilometers inland. Without them, climate oscillations from the Ice Age to the interglacial periods might have been less extreme than they are. By stirring and mixing cold and warm waters, they drove how much the oceans absorbed sunlight. This stirring is vital, as it produces more predictable and habitable climate conditions and regulates our planet’s temperature. Locally, intertidal areas provide intense evolutionary pressures for species living in rapidly changing environments. They may also have contributed to producing the energy necessary to the transition between prebiotic chemistry and life. One thing is certain, however. The formation of the moon certainly played a central role after life took hold, as Earth’s seasons produced by the axial tilt directly drive life’s rhythms, metabolisms, dispersals, migrations, and speciation over time.




LIFE FROM SPACE?

With this environmental background staged 4.4 billion years ago, science envisions various theories to explain the beginnings of life on Earth. (It also abandoned some along the way, like the Aristotelian notion of a “spontaneous origin of life,” where living beings could arise from dust and corpses.) Among the theories and hypotheses still being investigated today is the idea that life did not originate on Earth but came from outer space. This theory is known as panspermia. This term was first found in the antique records of Greek philosopher Anaxagoras (500–428 BCE). Chemist Svante Arrhenius structured it as a scientific hypothesis in 1903. It has recently found renewed interest in the realization of how ubiquitous the building blocks of life actually are in objects of all sizes and types from the solar system to interstellar space. Panspermia conveys the idea that life and the building blocks for it exist throughout the universe and are being delivered by space dust, asteroids, meteors, comets, and planetoids. With the advent of technology, the notion that spacecrafts can inadvertently carry both to another world through contamination was added, and special attention is paid to this question under the label of “planetary protection.”

Panspermia provides a mechanism to distribute life and its elemental components throughout the universe readily. It would support the notion that life could be common, as planetary formation by accretion is a universal process. One could thus assume that it only takes a planet to form in the habitable zone of their parent stars and be seeded to have a chance to develop life. The rest would be left to planetary evolution and random catastrophes. We already know of terrestrial microorganisms adapted to living in extreme environments. They are known as extremophiles and would make plausible candidate space travelers. Many can endure extreme cold, dehydration, acid, and the vacuum of space, and especially resilient forms could undertake an interplanetary journey given the opportunity. However, the transfer through space is only one part of the panspermia process.

Before microbes can hitchhike an interplanetary ride, they have to survive the ejection from their planet of origin first. Then a transfer in space can last millions of years. If the microorganisms make it that far, the hypervelocity entry into the new host’s atmosphere is the next hurdle before enduring the energy of impact upon landing. Some microorganisms do better than others in experimental settings, and survival may depend not only on the species but also on the object transporting them and the location of the microorganisms on it. For instance, non-photosynthetic organisms sheltered deep within a rock may have a better chance to survive the initial ejection and the atmospheric entry than photosynthetic organisms located much closer to the surface.

Ultimately, it does not matter how much biogenic or biologic material is circulating in outer space if it fails to survive only one of these phases. And, for the lucky ones making it through all these stages, survival in a new world is by no means guaranteed. Therefore, while panspermia may provide a vector for spreading life or its elementary bricks, the ultimate survival and seeding rate might not necessarily be high. But there again, it is a game of numbers. Even if one in a hundred or one in a million attempts makes it through, millions of planets could be harboring life in our galaxy alone. And the more planets are seeded, the more chances they have to become part of the panspermia process by contributing seeds in their neighborhood through planetary exchange, thereby augmenting the probability that life will start somewhere. What panspermia does not do, however, is explain how life begins. It only displaces the question elsewhere.




BIOGEOCHEMICAL THEORIES OF THE ORIGIN OF LIFE

The first modern biochemical model for the origin of life was proposed by Alexander Oparin in 1923 and independently supported by John Haldane in 1928. Their theory suggests that life arose gradually from inorganic molecules, building blocks like amino acids forming first. They then combined to make complex polymers (large molecules composed of many repeating subunits) in warm pools at the water’s edge. Oparin did not see any fundamental differences between a living organism and lifeless matter. He thought that the characteristics of life had arisen as part of the evolution of matter. In other words, prebiotic chemistry transitioned into biology. Haldane proposed a very similar idea. For him, the primordial ocean served as a chemical laboratory powered by energy from the sun and lightning. In his model, organic compounds were produced by gases in the early Earth’s atmosphere interacting with UV radiation. The ocean became, in Haldane’s words, a “primordial soup.” This soup was populated by organic monomers and polymers. They would have acquired lipid membranes in time, eventually leading to the first living cells. In 1953, Stanley Miller and Harold Urey tested the Oparin-Haldane model in the lab. They built a closed system that re-created a heated pool of water and a mixture of gas assumed to be representative of the early Earth’s atmosphere. They simulated lightning with electrical sparks and let the experiment run for a week.

While no large and complex molecules formed, Miller and Urey demonstrated that eleven of the twenty amino acids used in proteins, sugar, lipids, and other organic molecules could form under these conditions. In 2007, after Miller’s death, the original vials from the experiment were reanalyzed with modern chromatographs and mass spectrometers and revealed the presence of twenty-five different amino acids in them. While the composition of the early Earth’s atmosphere as simulated by the Miller and Urey experiment has been questioned since, subsequent experiments confirmed that inorganic precursors could produce at least some organic building blocks. Although the exact conditions were still unknown, this was an essential step in understanding the origin of life because it demonstrated that at least some of its building blocks could have formed from non-biological sources on early Earth.

This result was the foundation for the abiogenesis model. It gave us the building blocks of life, but this was not life yet. Oparin thought he was a step closer when his experiments showed the spontaneous formation of small (one- to one-hundred-micrometer) vesicles named coacervates that can provide stable compartmentalization without a membrane. They readily form by the millions upon the cooling of small amounts of hot saturated solutions of proteinoids and can retain their shape for several weeks. Oparin thought they represented an essential stage in precellular evolution. They provide a protective environment for the material inside them, and, from Oparin’s perspective, this could have represented an early form of metabolism. However, even if they form spontaneously, these vesicles do not have a mechanism to reproduce, leaving them short of the properties defining living organisms.

According to this biochemical model, the transition from prebiotic chemistry to biology took place in the ocean, where organic compounds aggregated and grew by absorbing nutrients. Like bacteria, they could also divide by budding, a form of asexual reproduction. They would have been intermediate between molecules and organisms at this stage, and some proteins would have acted as enzymes and began metabolic activities. To summarize the process described by Oparin and Haldane, it all started with free atoms, then simple inorganic molecules, followed first by simple organic molecules and simple organic compounds that then evolved into complex organic compounds like the ribonucleic acid (RNA), the deoxyribonucleic acid (DNA) and proteins, and then the first forms of life.

The first organisms that developed from these conditions were heterotrophs, which means they could not produce their own food. Instead, they derived their energy from the fermentation of the ocean’s primordial soup. They also did not need oxygen to survive, which defined them as anaerobic. Autotrophs, organisms that can produce their own food in the form of complex organic compounds such as carbohydrates, fats, and proteins, using carbon from simple elements like carbon dioxide, appeared 2 billion years ago. They took their energy from sunlight through photosynthesis or inorganic chemical reactions (chemosynthesis). Oxygen evolved from photosynthesis and built up in the Earth’s atmosphere, transforming it into an oxidizing environment. From there on, life would evolve to adapt to oxygen and aerobic respiration. To some extent, this period can also be seen as the beginning of the first form of a free-market economy, with food producers and food consumers.

Another biochemical theory, the “RNA world,” simplifies the process leading to the origin of life. DNA, RNA, and proteins play a critical role in forming life. DNA can store genetic information, and proteins can catalyze the reactions. But RNA has the advantage that it can do both without any help. It has catalytic power and can self-replicate, allowing it to propagate its chemical identity over generations. This particular theory thus proposes that life began with simple RNA molecules that could copy themselves without help from any other molecule. An experiment performed in 2022 by researchers at the University of Tokyo appears to support this theory.2 For the first time, they were able to create an RNA molecule that replicates, diversifies, and develops complexity following Darwinian evolution, which means that it could evolve and adapt over time. Their experiment provided the first empirical evidence that simple molecules can lead to the emergence of complex, replicating natural systems.
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