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Robert Dicke was an experimental physicist at Princeton University. He liked to build things with his own hands. When NASA began making plans for landing astronauts on the moon, he thought of a scheme that would allow the astronauts to make a serious contribution to science. This would be good for science and also good for the astronauts. The scheme was to measure accurately the distance between two objects, one fixed on Earth and the other fixed on the moon. The measurements would give us improved understanding of the dynamics of the Earth-moon system.

The object on Earth would be a laser emitting very short pulses of light. The object on the moon would be a tray holding a hundred corner-cube glass reflectors. A corner cube is a piece of solid glass cut so as to reflect light efficiently. The corner cubes would reflect the laser pulses back to the laser. The timing of the reflected pulses would measure the distance between the laser and the tray. The astronauts would plant the tray on a firm piece of ground on the moon facing Earth. Because the corner cubes reflect light straight back to its source, the small variations in the orientation of the moon as it moves in its orbit do not disturb the measurement.

Dicke was a practical person. He went to the Edmonds Scientific Company toy store down the road from Princeton and bought a hundred high-quality glass corner-cube reflectors for $25 each. He asked the machine shop at the Princeton University physics department to attach the cubes to a metal tray with a stand to support it. The complete package, including materials and labor, cost a total of $5,000. Then he got in touch with NASA officials and told them he would be happy to supply the package at this cost for a moon mission. The NASA officials accepted his proposal enthusiastically, but they said, “You do not get to build it. We get to build it.” The proposal to build the package was put through the normal bureaucratic NASA acquisition process. According to Dicke, NASA paid $3 million to an industrial contractor for it. The reflectors were duly installed on the moon and are still reflecting laser pulses as Dicke intended. Doing things the NASA way increased the cost by a factor of six hundred.

The moon missions happened long ago. Now, fifty years later, there is still a clash between two cultures. There is Big Space, with big corporations receiving contracts from NASA to produce custom-built hardware and software following NASA procedures at enormous cost. And there is Little Space, aiming to carry out space operations in the Dicke style, using hardware and software mass-produced for other purposes by companies in a competitive market at vastly lower cost. The Big Space culture is still dominant, carrying out spectacularly successful high-cost missions, such as the Cassini mission that sent back detailed pictures of the satellites of Saturn, and the Kepler mission that discovered thousands of planets orbiting around other stars. But there are now several start-up companies operating independently of NASA in the Little Space culture, hoping to do space missions that will be bolder, quicker, and cheaper.

Will Marshall was a young engineer working in the Big Space culture at the Jet Propulsion Laboratory (JPL), a NASA center that builds big expensive spacecraft such as Cassini. He rebelled against that culture and decided to do things differently. Along with two other NASA alumni, he started his own company and built a satellite that he called Dove in his garage in Cupertino. The company then changed its name to Planet Labs and built 150 Dove satellites in a few years, with 150 more to be launched next year. His satellites are radically smaller and cheaper than anything built at the JPL, but they are equally well engineered and more agile. They belong to the Little Space culture, using modern miniaturized cameras and guidance systems and data processors, like those that are mass-produced for the cell phone and recreational drone industries.

A Dove satellite weighs about ten pounds and costs under a million dollars, including launch and operations and a communication system for distributing large amounts of information to the Planet Labs customers. The information consists of pictures of the ground taken from low earth orbit, with accurate color to show the type and condition of vegetation, with complete coverage of the planet every few days, and with “resolution”—the size of the smallest patches that can be seen in the picture—about ten feet. The customers are farmers looking at crops, foresters looking at trees, fire-control authorities looking at fires, environmentalists looking at pollution and erosion of land, and government officials at all levels looking at ecological problems and environmental disasters.

Marshall likes to describe how he lost twenty-six Dove satellites in 2014. They were sitting together on a big rocket that exploded on the launch-pad. The loss hardly affected his business, since he had had nine successful launches and only one failure. The lost satellites were quickly replaced and the replacements put in orbit. The great advantage of the Little Space culture is that every mission is cheap enough to fail. It makes a huge difference to the running of a business if failures are acceptable. Missions in the Big Space culture are too big to fail. In that culture they typically take a decade to plan and a decade to build. A Dove satellite is planned and built in a few months. Occasional failures in the Little Space culture are a normal part of the cost of doing business. If there are too many failures, the company running the business may collapse, but that is not an unacceptable disaster. Start-up companies evolve in a Darwinian ecology, where the fit survive and the unfit collapse.


Planet Labs and other start-up companies have proved that the Little Space culture is ready to take over a large share of future unmanned activities in space. The question remains open whether the Little Space culture can have a similarly liberating effect on manned missions. Can we expect to see manned missions becoming radically cheaper, so that we can travel with our machines at costs that ordinary people or institutions can afford? Neither Big Space nor Little Space shows us a clear path ahead to the fantasy worlds of science fiction, where bands of brave pioneers build homes and raise children among the stars.

Halfway between Big Space and Little Space, there is a group of companies that grew rapidly in recent years, led by SpaceX, a company founded in 2002 by Elon Musk. Musk is a young billionaire who has dreams of founding human colonies on Mars. His company builds big spacecraft paid for by big NASA contracts in the Big Space style, but he tries to keep the design and manufacture cheap and simple in the Little Space style. In ten years he has built a launcher, Falcon, and a transfer vehicle, Dragon, which ferry unmanned payloads from the ground to the International Space Station. He intends soon to include astronauts in his payloads. The SpaceX culture is a compromise, using commercial competition to cut costs while relying on the government for steady funding. The twenty-first century is likely to see manned missions exploring planets and moons and asteroids, and possibly making spectacular discoveries. But this century is unlikely to see costs of such missions low enough to open space to migration and settlement by ordinary citizens.

The three books under review describe space activities belonging to the Big Space and Little Space cultures that are now competing for money and public attention. Each book gives a partial view of a small piece of history. Each tells a story within the narrow setting of present-day economics and politics. None of them looks at space as a transforming force in the destiny of our species.

Julian Guthrie’s How to Make a Spaceship describes the life and work of Peter Diamandis, a brilliant Greek-American entrepreneur. Diamandis cofounded the International Space University, bringing together each year an international crowd of students and professors to its campus in Strasbourg, and providing a meeting place where academic thinkers and industrial doers exchange ideas. He founded the ISU when he was twenty-seven years old, less than half the age at which Thomas Jefferson founded the University of Virginia. The ISU has been growing smoothly for twenty-eight years. It is successful not only as an educational institution but as a job market where young people interested in space can find employers.

Diamandis also encourages competitive space projects by offering substantial prizes for clearly specified achievements. The latest and biggest of his prizes was $10 million for a privately funded spacecraft to reach an altitude of one hundred kilometers and land safely on the ground twice with a human pilot. The money came from Anousheh Ansari, a young Iranian-American computer engineer who had founded with her husband and brother-in-law the company Telecom Technologies. They sold the company for $440 million, of which they donated a small piece to Diamandis. The winner of the Ansari Prize was Burt Rutan, a legendary designer of weird-looking airplanes. He designed and built the SpaceShipOne vehicle that won the prize in 2004. Many other competitors made plans and built rocket ships. The total amount of money invested, by the winner and the losers, was many times the value of the prize.
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Charles Wohlforth and Amanda Hendrix’s Beyond Earth describes the prospects for future manned space missions conducted within the Big Space culture. The prospects are generally dismal, for two reasons. The authors suppose that a main motivation for such missions is a desire of humans to escape from catastrophic climate change on Earth. They also suppose any serious risks to the life and health of astronauts to be unacceptable. Under these conditions, few missions are feasible, and most of them are unattractive. Their preferred mission is a human settlement on Titan, the moon of Saturn that most resembles Earth, with a dense atmosphere and a landscape of gentle hills, rivers, and lakes.

But the authors would not permit the humans to grow their own food on Titan. Farming is considered to be impossible because an enclosed habitat with the name Biosphere Two was a failure. It was built in Arizona and occupied in 1991 by eight human volunteers who were supposed to be ecologically self-sufficient, recycling air and water and food in a closed system. The experiment failed because of a number of mistakes in the design. The purpose of such an experiment should be to learn from the failure how to avoid such mistakes in the future. The notion that the failure of a single experiment should cause the abandonment of a whole way of life is an extreme example of the risk-averseness that has come to permeate the Big Space culture.

Farming is an art that achieved success after innumerable failures. So it was in the past and so it will be in the future. Any successful human settlement in space will begin as the Polynesian settlements in the Pacific islands began, with people bringing pigs and chickens and edible plants on their canoes, along with the skills to breed them. The authors of Beyond Earth imagine various possible futures for human settlement in various places, but none of their settlers resemble the Polynesians.

Jon Willis’s All These Worlds Are Yours describes the possibilities for alien forms of life to exist in remote places and the practical steps we might take to discover them. The places that are discussed are the planet Mars, the moon Europa of Jupiter, the moons Titan and Enceladus of Saturn, and the newly discovered planets orbiting around other stars. Willis considers Enceladus to be the most promising place for us to look for evidence of life. Enceladus has active geysers spraying jets of salt water and steam into space from hot spots on its surface. The geysers must originate in an underground system of channels connected to a warm deep ocean in which life might be flourishing. To study possible traces of life in microscopic detail, we should send an unmanned spacecraft through the jets to collect samples of droplets and vapor and bring the samples back to Earth to be examined at leisure in a well-equipped laboratory.

Such a proposal would make sense as a first step in a continuing sustained program of exploration of Enceladus. It makes no sense as an isolated one-shot venture. It unfortunately belongs to the NASA Big Space culture, the same culture that gave us the Viking mission to Mars in 1975. Viking was also a one-shot venture, announced with great fanfare as giving a decisive answer to the question whether there is life on Mars. When Viking found no evidence of life, the further exploration of Mars was abandoned for twenty years.

The effect of the Enceladus sample return mission, if it were a one-shot venture like Viking, would probably be the same. Even if kelp is sprouting and sharks are swimming in the Enceladus ocean, the spattered droplets collected from its geysers would probably show no conclusive evidence of life, and the essential question would remain unanswered. The most likely result of a sample return mission would be to raise new questions for following missions to answer. To discover life on an unexplored world will never be a job for a single mission.

All three books look at the future of space as a problem of engineering. That is why their vision of the future is unexciting. They see the future as a continuation of the present-day space cultures. In their view, unmanned missions will continue to explore the universe with orbiters and landers, and manned missions will continue to be sporting events with transient public support. Neither the unmanned nor the manned missions are seen as changing the course of history in any fundamental way.

The authors are blind to the vision of Konstantin Tsiolkovsky, the prophet who started thinking seriously about space 150 years ago. Tsiolkovsky saw the future of space as a problem of biology rather than as a problem of engineering. He worked out the theory of rockets and saw that rockets would solve the problem of space travel, to get from here to there. Getting from here to there is the problem of engineering that Tsiolkovsky knew how to solve. That is the easy part. The hard part is knowing what to do when you have got there. That is the problem of biology, to find ways to survive and build communities in space, to adapt the structures of living creatures, human and nonhuman, so they can take root in strange environments wherever they happen to be. Tsiolkovsky knew nothing of biotechnology, but he understood the problems that biotechnology would enable us to solve.

With Tsiolkovsky, we leave behind the parochial concerns of the twenty-first century and jump ahead to a longer future. In the long run, the technology driving activities in space will be biological. From this point on, everything I say is pure speculation, a sketch of a possible future suggested by Tsiolkovsky’s ideas. Sometime in the next few hundred years, biotechnology will have advanced to the point where we can design and breed entire ecologies of living creatures adapted to survive in remote places away from Earth. I give the name Noah’s Ark culture to this style of space operation. A Noah’s Ark spacecraft is an object about the size and weight of an ostrich egg, containing living seeds with the genetic instructions for growing millions of species of microbes and plants and animals, including males and females of sexual species, adapted to live together and support one another in an alien environment.

After the inevitable mistakes and failures, we will have acquired the knowledge and skill to build such Noah’s Arks and put them gently into suitable places in the sky. Suitable places where life could take root are planets and moons, and also the more numerous cold dark objects far from the sun, where air is absent, water is frozen into ice, and gravity is weak. The purpose is no longer to explore space with unmanned or manned missions, but to expand the domain of life from one small planet to the universe. Each Noah’s Ark will grow into a living world of creatures, as diverse as the creatures of Earth but different. For each world it may be possible to develop genetic and other instructions for growing a protected habitat where humans can live in an Earth-like environment. The expansion of human societies into the universe will be a small part of the expansion of life. After the expansion of life and the expansion of human societies have started, the new ecologies will continue to evolve in ways that we cannot plan or predict. The humans in remote places will then also have the freedom to evolve, so that they can move out of protected habitats and walk freely on the worlds where they have settled.

The essential new species, enabling Noah’s Ark communities to survive in cold places far from the sun, will be warm-blooded plants. A warm-blooded plant is a species with leaves and flowers and roots and shoots in a central structure, kept warm by sunlight or starlight concentrated onto it by mirrors outside. The mirrors are cold, separated from the warm center by a living greenhouse with windows that let the light come in but stop heat radiation from going out. The mirrors are attached to the greenhouse like feathers on a peacock. The mirrors and the greenhouse perform the same functions for a warm-blooded plant that fur and fat perform for a polar bear.

The entire plant, with the warm center and the greenhouse and the mirrors, must grow like a mammal inside its mother before it can be pushed out into the cold world. The new species of plants will be not only warm-blooded but also viviparous, growing the structures required for independent living while still inside the parent plant. To make viviparous plants possible, the basic genetic design of warm-blooded mammals must be understood and transferred to become a new genetic design for plants. Our understanding and mastery of genetic design will probably be driven by the needs of medical research, aimed at the elimination of disease from human, animal, and plant populations. Warm-blooded and viviparous plants will fill empty ecological niches on Earth before they are adapted for life support in Noah’s Arks. They may make Antarctica green before they take root on Mars.

Almost all the current discussion of life in the universe assumes that life can exist only on worlds like our Earth, with air and water and strong gravity. This means that life is confined to planets and their moons. The sun and the planets and moons contain most of the mass of our solar system. But for life, surface area is more important than mass. The room available for life is measured by surface area and not by mass. In our solar system and in the universe, the available area is mostly on small objects, on comets and asteroids and dust grains, not on planets and moons.

When life has reached the small objects, it will have achieved mobility. It is easy then for life to hop from one small world to another and spread all over the universe. Life can survive anywhere in the universe where there is starlight as a source of energy and a solid surface with ice and minerals as a source of food. Planets and moons are the worst places for life from the point of view of mobility. Because Earth’s gravity is strong, it is almost impossible for life to escape from Earth without our help. Life has been stuck here, waiting for our arrival, for three billion years, immobile in its planetary cage.

When humans begin populating the universe with Noah’s Ark seeds, our destiny changes. We are no longer an ordinary group of short-lived individuals struggling to preserve life on a single planet. We are then the midwives who bring life to birth on millions of worlds. We are stewards of life on a grander scale, and our destiny is to be creators of a living universe. We may or may not be sharing this destiny with other midwife species in other parts of the universe. The universe is big enough to find room for all of us. One writer who grasped the universal scale of human destiny was Olaf Stapledon, a professional philosopher who dabbled in science fiction. His books Last and First Men and Star Maker, written in the 1930s, remain as enduring monuments to his insight. Stapledon gave us a larger view of space, teeming with life and action, as the stage of a cosmic human drama.


