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There are few big questions that rival this one: What is life and how did it come to be? It has always been a big question, though not always for science alone. And there have always been numerous models, scenarios, speculations, and ideas offered in response—most of them not terribly successful. The middle of the nineteenth century was no different. But some samples of slimy mud scooped up from the depths of the North Atlantic along the route of a telegraph cable would change that.

The year 1857 could be celebrated as the time humanity took the first practical step to create a global world on this planet—the global-awareness world we live in today. Converted British and American warships laden with rolls of cable  were laying the first intercontinental telegraph connection on the bottom of the Atlantic Ocean between Europe and America. The human timescales of news traveling on foot or by horse or by pigeon were giving way, ultimately to be replaced by instantaneous communication at the speed of light. Days and weeks were being replaced by hours and minutes. It seemed as if the oceans that had separated humans for millennia “had suddenly dried up,” as newspapers at the time wrote.

In preparation for laying the telegraph cable, ships like HMS Cyclops and USS Arctic were sounding the Atlantic Ocean floor and sampling the ocean bottom. In 1868 Thomas Henry Huxley, an English biologist with major achievements in comparative anatomy (although better known today for his role as a popularizer of Darwin’s theory of evolution), discovered among the samples taken from the Atlantic a substance—gelatinous, colorless, and formless—that he thought was a new life-form. Not just any life-form, Huxley thought, but the primordial organic substance, the undifferentiated protoplasm from which life originates.

It was an audacious idea for a heady time in the quest to understand life and its origins, and Huxley was in the middle of it all. First, in 1859 Charles Darwin published his seminal On the Origin of Species, and the theory of evolution had become a topic of broad and heated debate. Then, between 1860 and 1863, Louis Pasteur completed his famous experiments with sterilization. Between them, long-held concepts about the origin of life were being completely upended.

Before Darwin and Pasteur, Western science had attempted to explain life’s origins through a combination of spontaneous  generation and vitalism. Spontaneous generation was the idea that life emerges from decomposing matter, the latter being imbued by a vital force (common to all organic material, and the air as well). Vitalism was already under attack from chemistry. In its early development, chemistry had separated inorganic compounds from organic ones, the latter being erroneously assumed to derive from living forms only. Once an organic compound was synthesized in a laboratory in 1828, the need for a vital force was on its way out (although organic chemistry still keeps its name).

The fallacy of spontaneous generation had been exposed in experiments involving extensive boiling of meat broths before Pasteur, but his elegant experiments allowed access to air and thus proved that life emerges only from life. The long, sharply curved swan-neck flasks that he used to boil the broth prevented germs (i.e., bacteria and spores) from entering the sterilized liquid but still let in air. It appears that Pasteur convinced everyone.

None of that could help scientists understand life’s origin, except that now they could clearly state the problem. Both Pasteur and Darwin described the origin as a single act of abiogenesis: that the first life-form emerged from inanimate matter, which happened just once. For Pasteur it was an act of God’s creation, while Darwin left it to a “warm little pond,” according to a letter he wrote in 1871.

Against this backdrop, it is no wonder that Huxley thought he had something big on his hands. Indeed, he named the discovery Bathybius haeckelii, for the German biologist Ernst Haeckel, who had recently proposed that all life descended  from a primordial ooze that he called Urschleim. Indeed, Huxley was convinced that he had found the Urschleim, and the “discovery” helped prompt the dispatch of the HMS Challenger on a systematic exploration of the depths of the world oceans. No trace of Bathybius haeckelii, or Urschleim, was found; instead, the chemist aboard the ship found that Huxley’s curious substance was simply a chemical precipitate (a hydrated calcium sulfate). In 1875 Huxley acknowledged his error.

The hunt for beginnings has never ceased, despite Huxley’s error. The twentieth century had its share of milestones and conceptual breakthroughs, though sometimes they felt like a replay of nineteenth-century events but at the molecular level: the germs and microbes were replaced with the molecules of life, but the mystery surrounding life remained.

In 1953 Stanley Miller, working in Harold Urey’s lab, showed that amino acids—the building blocks of all proteins, and the same protein compounds Darwin mused had formed chemically in the “warm little pond”—can be synthesized in a flask containing ammonia, methane, water, and an electric discharge. Good first step! In the same year Watson and Crick resolved the structure of the DNA molecule. It was the high point for twentieth-century biology as a whole, but much less so for research into the origin of life: how could primitive life come up with such a complex molecule?

Next came a gift from the heavens, literally, with the Murchison meteorite that fell in Australia in September 1969. Quick analysis of this piece of primitive unprocessed material from the early history of the Solar System revealed a rich set of  organic molecules and many amino acids among them—not that different from the ones synthesized in the Miller-Urey experiments. Here we had rocky material that had never been incorporated into a big planet or asteroid, though from a big enough chunk that had warmed up just enough to briefly have liquid water inside it, and the primitive material had produced the building blocks for proteins by pure chemistry. Studies in 2008 and 2010 have revealed about 14,000 different organic compounds, including two nucleobases.

As exciting as these discoveries are, they still don’t answer our big question. The actual origin of life on Earth remains as elusive as ever and may well stay that way. After all, it is a historical question that requires knowing environments that are not preserved in the Earth’s geological record. The more general question—about possible pathways from chemistry to life—appears more within reach of today’s science.

Astronomy and the hunt for exoplanets—planets orbiting other stars—offer an approach to the problem. Exploring other Earth-like planets gives us the opportunity to investigate analogs of our own planet under conditions that held before life emerged. This approach has been wildly successful in astronomy. We study stars by proxy, getting to “know” our Sun through time by examining similar stars at other stages of their lifecycle. So, in a sense, we can answer the general questions about the origins of life, about what life is, and how environments determine its appearance, by simply asking, Is there life on other planets? There are more stars in the Universe than there are grains of sand in all the beaches on the  Earth. And there are at least as many planets as there are stars. If only 1 percent of them are like Earth, does this make life on them inevitable?

Astronomy has always been about big numbers—astronomical numbers—and experience with big numbers has taught us that they do not guarantee inevitability. We have to go and find out for ourselves. Still, it seems likely that on some of those Earth-like planets, we will find signs of life. When we discover New Earth—a planet we could call home—the question of the “plurality of worlds” will come front and center, reminding us yet again that we are not the center of the Universe. The Copernican revolution, which placed the Sun, not Earth, at the center of our system of planets, did it first. That shift launched modern science and technology. Today, two efforts have placed us on the verge of completing the Copernican revolution. One is the discovery of a new Earth. The other is the era of synthetic biology. These two milestones are going to teach us about our place in the universe in ways we could never have imagined.

Want a front-row seat for these unfolding events? Climb aboard and we’ll get under way.






PART I

SUPER-EARTH





CHAPTER ONE

EXTRASOLAR PLANETS AT LAST


In October 1995, I was attending a conference in Florence, Italy, that beautiful old city where the Medicis were the patrons of astronomy during the seventeenth century. I was there to exchange new ideas and thinking with my colleagues. Then during an unguarded moment of casual conversation, as often happens, a bold new concept exploded amid my deeply held presumptions.

At the day’s end, a couple of us were talking to Swiss astronomer Michel Mayor about his discovery of a small companion—a planet about the size of Jupiter—around a star named 51 Pegasi. The claim itself was not a “wow” moment; such claims had come and gone in decades past. What really caught my attention was that Michel and his graduate student, Didier Queloz, had measured the orbital period in  days, not in years, as one would expect. This new planet circled its sun in just four hundred days!

I was incredulous.

Okay, stars are my specialty, not planets, but I know the basics, and this did not fit. As far back as my last year of high school I had known about the Kant-Laplace model of the formation of our Solar System. Although you may know Immanuel Kant as a philosopher, as a young man he was an astronomer and an Isaac Newton groupie. He was at the University of Koenigsberg, today’s Kaliningrad on the Baltic Sea, and he used Newton’s new calculus and theoretical mechanics to solve an obvious but unexplained feature of the Solar System.

Astronomers before Kant had noted that all planets orbit the Sun in the same plane and in the same direction, which is also the direction in which the Sun spins. Most planets spin that way as well. Kant offered an elegant solution for this by analogy with Saturn’s rings. Planets form from particles circling the sun in a rotating flat disk, and the conservation of angular momentum explains its flattened shape.a (Because his publisher went bankrupt, Kant didn’t get the credit due him at the time, as recounted in The Discovery of Our Galaxy by my old mentor, Charles Whitney.)1 Pierre-Simon Laplace added mathematical rigor to Kant’s ideas in 1796, and the Kant-Laplace    model has survived 250 years of critiques, changes, and improvements while retaining its basic foundations.

 






FIGURE1.1. The newly formed star is surrounded by an orbiting disk of gas and dust, the material from which planets form. The disk is heated by the star and there is a curve at a distance where its temperature drops below freezing, known as the snow line. It is outside this line that snowflakes add to the dust in the formation of planets and help create gas giants like Jupiter.
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There was something else that made me find Michel’s discovery a bit hard to believe. According to the modern version of the Kant-Laplace model, there is a curve, roughly two to three times the distance of the Earth from the Sun, at which the temperature of the gaseous disk surrounding a star falls to just 170 Kelvin, or 150 degrees below zero Fahrenheit, at which point water and ammonia molecules in that rarefied atmosphere form ice grains and snowflakes.2 These two light materials, as well as, ultimately, hydrogen, combine with dust particles and grow into giant gas planets orbiting the sun. Within the so-called snow line, dust particles, with no ice grains and snowflakes to aid their growth, combine to form small, dense planets (see Figure 1.1 on the preceding page). This is the beautifully simple explanation for the makeup of our solar system, gas giant planets orbiting the sun farther out and taking years to complete their journeys, and small, rocky planets orbiting closer in. So you can see why I was surprised by Michel’s claim—there was no way a Jupiter-like gas giant planet could have ever formed inside the snow line. And orbiting 51 Pegasi, a star like our Sun, in just four hundred days—that just seemed impossible.

At the press conference the next morning, I found out I had been mistaken about the four hundred days.

It was four days!

Somehow my brain had locked onto the incredible figure and multiplied it by a factor of one hundred. Yet there was  Michel, with the evidence to back his claims, showing that the orbital period of the new planet was 4.2 days!

My deeply held preconceptions fell apart like ice grains and snowflakes meeting the Sun. It was a powerful—and humbling—lesson.

News of many more planets has followed the discovery of 51 Peg b.3 Geoffrey Marcy and Paul Butler in California, already pursuing a similar project and technique, discovered several interesting planetary systems within months of Michel’s announcement, allaying any lingering doubts that what Michel interpreted as planet 51 Peg b might have been an unusual property of its star. It was also easier to go back to an early find and accept it as a possible planet—the companion of star HD 114762, discovered in 1989 by my colleague and pioneer planet hunter, David Latham, and his collaborators.4 It was also possible to see why the pioneers of the technique, led by Gordon Walker of the University of Victoria in Canada, had failed to discover a single extrasolar planet: they had done a systematic search from 1986 to 1995 but looked for planets with periods of ten years or longer, which limited the number of stars they could monitor. With some bad luck, the search ended empty-handed.5


Planets orbiting other stars, dubbed extrasolar planets or exoplanets, now number in the hundreds—about 600 at the time of this writing. All of them lie in our Milky Way Galaxy, relatively close to home, most within a circle of 500 light-years, although a handful are as far away as 5,000 light-years. More than sixty of these planets are similar to 51 Peg b  and are referred to as “hot Jupiters” (Figure 1.2). This number, which is fairly high, reflects the fact that the planets are easy to find, not that they are numerous. These planets, which at first seemed so anomalous (how could they have formed so close to the heat of their stars?), ended up having an explanation that didn’t require throwing out the Kant-Laplace model. The hot Jupiters opened our eyes to the phenomenon of planet migration, the result of slow changes to a newly formed planet’s orbit due to its interaction with the disk of gas and dust. As the orbiting planet raises density waves in the disk, its orbit can spiral inward or outward. In most cases, the shift is inward; the result is hot Jupiters.6


 






FIGURE1.2. The orbit of the first “hot Jupiter” planet, 51 Peg b. The two orbits are shown at the same scale. The distance from the Earth to the Sun is 93 million miles, from 51 Peg b to 51 Peg, 5 million miles.
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So while my experience in the beautiful old city of the Medicis took some time to sink in, when it did, I was deeply inspired to find answers to the questions that just days before I had taken for granted.

Thirteen years later Michel and I met again at the same conference. This time Michel described a bounty of small planets, perhaps like Earth, that he had discovered. I reported, based on computer calculations, on the strange worlds some of them might be. These smaller planets are more numerous and diverse than anyone had expected—searing hot planets with iron rain, atmospheres with 1,000 mile an hour winds, planetary systems with two suns, a planet that literally skims the surface of its star once every three months, and more.

Today we stand on the threshold to new worlds—planets that we could call home, planets that someone else might call home already. The search for them has spawned a new space race: the race to discover an Earth twin planet. The  zeal and effort going into this race may seem odd and unjustified. Even for scientists there is no overwhelming benefit in discovering an Earth twin, because to study the properties of Earth-like planets they could rely on bigger ones, which are much easier to find. Yet everyone agrees that this is a historic moment. What gives rise to the extraordinary excitement of this race is the human yearning for meaning and belonging. It is the twenty-first-century version of the age-old question of “the Other,” but on a grand scale.

The question of the Other is about how a conscious human being perceives his own identity: Who am I and how do I relate to others? It arises front and center during first encounters. Human history is full of first encounters: Homo sapiens encounters Homo neanderthalensis somewhere in today’s Europe, Mayans encounter Spanish conquistadors in Central America, and so on.7 The time of first encounters on our planet is now over. For better or worse, we humans—all of us—know about each other. The present generation of Homo sapiens has a global awareness, a sense of social connectedness, and an understanding of a common genetic makeup. The end of the twentieth century marked a real watershed in this sense.

The discovery of new worlds orbiting distant stars offers a fresh opportunity to contemplate a first encounter. As in the past, humans approach it with both insatiable curiosity and fear, with mixed, very strong emotions. As in the past—amazingly, despite all our modern technology and the visions of Star Trek—the new worlds we have just begun to uncover  are enshrouded in mystery and full of surprises. And we will never stop exploring, as T. S. Eliot famously wrote: “We must never cease from exploration. And the end of all our exploring will be to arrive where we began and to know the place for the first time.”






CHAPTER TWO

THE WORLD OF PLANETS


In the mid-1990s the world of planets was a small one that comprised the nine planets of the Solar System; Pluto’s “planethood” had not yet been challenged. Still, those planets represented a diversity of environments not imagined. The cameras aboard the flotilla of spaceships exploring our Solar System had shown us those exotic places and taught us the basics of comparative planetology. We couldn’t be sure just how important planets, let alone life, were to the Universe at large. Today, for the first time, scientists can look at both planets and life as integral parts of the Universe and its history. In what follows we’ll do just that.

 



The planets in our Solar System form two groups—the gas giants and the terrestrial planets. Jupiter, by name and by physical stature, is the ruler of them all. How the ancients  could have sensed that is a mystery, since it took scientists more than two and a half millennia to measure Jupiter’s mass and size and confirm its enormity for a fact.1 Four hundred years ago in Padua, Galileo Galilei first used his unusual optical device, the telescope, to look at Jupiter. Galileo saw a planet, not a point-like star, orbited by four moons. He called them stars—Medicean stars, naming them for his Florentine patrons, the Medicis—the distinction between stars and planets not having been clarified yet. Now we call them the Galilean moons of Jupiter; their orbits help us discern the planet’s gravitational pull and measure its mass.b That measurement was one of the triumphs of Isaac Newton’s law of gravity in the generation of scientists that followed Galileo, and it inspired young thinkers like Immanuel Kant to figure out how the planets formed. It showed that Jupiter had the mass of more than 300 Earths and more than two times the mass of all the other planets taken together. Jupiter is a giant indeed, rivaled only by its distant second—the ringed planet Saturn.

Jupiter is a gas giant planet—we know that from its average, or mean, density. Its radius is ten times larger than   Earth’s, which makes Jupiter’s volume a thousandfold larger. Given that Jupiter has only 300 times more mass, it must be made of stuff that is less dense than our rocky Earth. Indeed, Jupiter and Saturn are composed mostly of hydrogen and helium, the two most common and lightest elements in the Universe, very similar to the makeup of the Sun and the stars (Figure 2.1).

The largest planets in our planetary system resemble the Sun in another important way—they have no solid surface or geography. From the top of the atmosphere that we see going down, it is all clouds and more clouds, getting denser and hotter as we sink deeper. Most of Jupiter’s interior is hydrogen and helium under pressures a million times higher than we are used to on Earth. One reason why the pressure inside is so much higher is that the larger the planet the stronger it pulls itself together by its own gravity—you and I would weigh 2.4 times more on Jupiter. If we were to venture deeper inside the planet, like diving in the ocean, the pressure would become higher as well. No wonder, then, that things can get a bit out of hand inside Jupiter. The hydrogen gas turns into a liquid known as metallic hydrogen. It conducts electricity, which is why we call it that; otherwise the substance has the least bit of resemblance to the copper wire in your bedside lamp. Studying the properties of this exotic material is a challenge in a lab—it was produced on Earth about ten years ago. Today we know it sufficiently well to describe—in computer calculations—more or less confidently the interiors of Jupiter and Saturn, and consequently hot Jupiters like 51 Peg b as well.

Both Jupiter and Saturn have a small core (small for them, but enormous by Earth standards) made of elements heavier than hydrogen, helium, and neon. A core is typical of a planet, left over from its birth and formative years. For comparison, stars are born without cores and live long without them. As they age, stars grow a core, as lighter elements are fused into heavier ones, which simply pile up inside the star. Surprisingly, Saturn’s core, with a mass of about fifteen planet Earths, is bigger than Jupiter’s, at three to ten Earth masses. Or at least we think so. Jupiter is so much bigger, with so much metallic hydrogen, that the content of its core is difficult to determine. If its core indeed turns out to be smaller than Saturn’s, that could have happened by birth, or it could have eroded slowly and gotten mixed into the upper layers. More importantly, both Jupiter and Saturn have a similar fivefold excess of heavy elements compared to the Sun in their core and mixed in throughout, revealing in no uncertain terms their planetary ancestry.

Uranus and Neptune are a different story. While Jupiter and Saturn, like the Sun, are mostly hydrogen and helium, Uranus and Neptune have only 10 percent of their mass in hydrogen and helium. The rest contains lots more oxygen, carbon, and nitrogen, in the form of frozen water, ammonia, and carbon dioxide. Although ten to twenty times less massive than Jupiter and Saturn, they are giants compared to Earth, and so they are known as the ice giants. Pluto is compositionally quite similar to Uranus and Neptune, but much smaller.

 






FIGURE 2.1. Proportions of the most abundant elements in the Universe today. This is the makeup of our Sun and most of our Milky Way Galaxy.
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Much closer to the Sun is the province of the terrestrial planets, where Earth (a.k.a. Terra) rules in size and mass over Mercury, Venus, and Mars. Here hydrogen is almost gone—less than 0.1 percent by mass—and helium is virtually nonexistent. 2 The terrestrial planets are mostly oxygen, iron, and silicon, although iron predominates on Mercury. Most of the iron in these planets resides in central cores. During the planets’ formative periods, iron (and a few other metals, such as nickel, that could not be part of the rocks) precipitated in large droplets in the center of the planets. The opposite is true of water: some is bound in rocks, but the rest, rather than sinking, stays at the surface. If the temperature and atmospheric pressure are right, a terrestrial planet will have liquid oceans.

An obvious question, given how different these planetary groups seem, is whether they could have come from the same “stock.” The modern Kant-Laplace model teaches that planets form from material left over from the making of the star, which consequently ought to have the same proportions of heavy and light elements. Images taken with the Hubble space telescope and the infrared Spitzer space telescope show that planet-forming disks are just 1 percent as massive as their stars, and that less than 2 percent of that mass is in all the elements heavier than hydrogen and helium. So why don’t the small planets have any hydrogen or helium? Because of their mass. It takes the gravitational pull of a very large planetary seed to catch and keep those light gases. Smaller planets, such as Earth or Pluto, just can’t hold them, and the intermediate-mass ice giants formed so far out in the disk that they could only grow slowly. By the time they were ready to catch the hydrogen and helium, it had all but dissipated.

Now we can project the knowledge we have gained about these planets onto the planets discovered around other stars. We have seen among them Jupiters and Saturns, with small or large cores, and we have seen Neptunes as well. And we have seen more diversity than we ever imagined. As we hone our techniques to discover and study smaller planets, we are in for more surprises.

In the hierarchy of structures and objects in the Universe, planets occupy a place at the bottom of a sequence that starts with clusters of galaxies and continues through galaxies and stars. All of these structures assemble and develop under the pull of gravity—their own weight keeps them together. All except the planets have similar compositions that are dominated by hydrogen and helium. Thus planets, in breaking with this uniformity, are more than just the products of gravity: they present the richness of form that the full table of elements—chemistry—can afford.
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