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I’m looking at the river


But I’m thinking of the sea


—Randy Newman















GUIDE TO THE COLOR PHOTOGRAPHS



Here


The Webb Deep Field: This image was the public’s initial glimpse of the power of Webb. The eight-spiked objects are foreground stars. The rest are galaxies, some dating to the first billion years of the universe’s existence. For more on the decades of preparation leading to Webb’s scientific commissioning, see the Prologue and Chapters One and Two. For more on the initial release of Webb images in particular, see here and here.


Here


By Jupiter: This image of the gas giant vividly reveals several features of not just the planet itself but its immediate vicinity. The planet’s aurorae are visible at its north and south poles but, outside the planet’s disk, so is the auroral diffraction of light. The planet’s rings, though faint, are evident to its left and right. Also to the left are two of Jupiter’s moons: Adrastea at the tip of the rings and, farther to the left, Amalthea. (Jupiter’s Great Red Spot, a storm that spans more than twice the width of the Earth, looks white because of the choice of filters and colors.) Upon closer examinations of Webb data, astronomers discovered a high-speed jet stream more than 4,800 kilometers (3,000 miles) wide above the clouds at the planet’s equator. For more on astronomy within our solar system and Webb’s contributions to that field, see Chapter Three. For more on Jupiter in particular, see here–here.


Here


A star is born: This image of the creation of a star system about 1,000 light-years from Earth reveals a possible infant analog to our Sun and its planetary system. The violent processes at the heart of star birth can produce stellar winds or jets of gas that collide with nearby gas and dust, creating dramatic phenomena such as the bow shocks in this portrait. For more on astronomy within our galaxy and Webb’s contributions to that field, see Chapter Four. For more on protostars in particular, see here–here.


Here


Cosmic Cliffs: Another of the initial release of Webb images, this composite photograph shows a part of the Carina Nebula that is an example of what astronomers call a “stellar factory,” a region of hyperkinetic star creation. This factory is 7,600 light-years from Earth. For more on the genesis of stars within our galaxy, see here–here.


Here


Pillars of Creation, Part One: The Hubble Space Telescope’s 1995 image of this stellar factory, about 6,500 light-years from Earth, popularized the term “Pillars of Creation.” In returning to this region with Webb, astronomers chose to observe through several filters corresponding to specific wavelengths on the electromagnetic spectrum, to which technicians and astronomers assigned colors. This page and opposite: For more on the art and science of Webb images, see here–here.


Here


Pillars of Creation, Part Two: The public release of the image reflects a composite of six filters plus further refinements for aesthetic and scientific purposes. Former protostars that have reached the hydrogen fusion stage—and thereby have gained the official status of “stars”—are visible as bright red dots at the “fingertip” ends of the pillars, lending the image a distinctly E.T. vibe.


Here


Dust, dust, everywhere: “Empty” space isn’t actually empty. It’s full of dust and other ejecta of the potentially star-, planet-, and even life-forming variety, as revealed in this image of galaxy NGC 6822, 1.5 million light-years from Earth. For more on astronomy within the galaxies beyond our own Milky Way and Webb’s contributions to that field, see Chapter Five. For more on the relationship between galactic evolution and dust, see here–here.


Here


The many faces of spiral galaxies: The “Physics at High Angular resolution in Nearby GalaxieS” (PHANGS) project used Webb to follow up its previous observations (some via the Hubble Space Telescope) of nineteen galaxies, all face-on spirals but each exhibiting a unique structure. For more on PHANGS, see here–here.


Here


Stephan’s Quintet: Another of Webb’s initial releases, this mosaic consists of 150 million pixels and 1,000 image files via Webb’s Near-Infrared Camera and Mid-Infrared Instrument. The galaxy on the left is about 40 million light-years from Earth, while the other four are about 290 million light-years distant. Moviegoers might recognize this grouping of galaxies from the opening of It’s a Wonderful Life as the backdrop for a conversation between God and angels. This page and opposite: For more on the evolution of galaxies, see here–here.



Here



Gravity rules: As with everything else in the universe, galaxies interact gravitationally, sometimes to spectacular effect. This pair of merging galaxies lies roughly 500 million light-years from Earth in the constellation Delphinus.


Here


A trick of the light: Astronomers use gravitational lensing—an effect predicted by Einstein’s general theory of relativity—to study objects in the early universe. The great mass of a foreground object such as a galaxy cluster will magnify and multiply images of a background object that, under other circumstances, would be not just “behind” the cluster but beyond the reach of even Webb. (If you flip back to the Webb Deep Field, you can identify many examples of these telltale arcs.) For more on the astronomy of the infant universe and Webb’s contributions to that field, see Chapter Six. For more on gravitational lensing in particular, see here–here.















PROLOGUE



The email from NASA arrives in her inbox: Your data will be available within the month. She waits, and eventually another message arrives: Your data will be available within the week. She waits, and eventually another message arrives: Your data will arrive Sunday.


On Sunday, however, Rebecca Larson will be flying to Seattle for the January 2023 semi-annual meeting of the American Astronomical Society.


Maybe the data will arrive before her plane takes off?


No such luck.


Maybe while she’s in the air?


No.


Maybe during her layover in Denver?


Yes! But: It’s raw data. Gigabytes and gigabytes of data, most of which is extraneous for her purposes. Still, it’s a start, a lode Larson can begin to mine on the next leg. She and a longtime astronomer friend who’s also going to the meeting, Taylor Hutchison, huddle with their laptops—but the airport’s internet can’t handle the load. And besides, what they really want is the processed data—the lode minus the runoff.


Maybe it will arrive by the time they land in Seattle? No. Maybe by the time they check in to their off-site hotel? No. Maybe in the Starbucks down the block, where they’re killing time before the opening reception?


Yes.


The two of them text Dan Coe, the principal investigator of their team. He’s seen the email too, and he suggests they round up the other members of the team and meet in the lobby of the official hotel, where Coe is staying. If nothing else, that location might have better internet access.


The several members of the team claim a set of chairs around a coffee table in the lobby. They had targeted a galaxy dating back to maybe 400 million years after the Big Bang in an attempt to demonstrate that the new telescope’s instruments are capable of detecting the lines corresponding to emissions—the chemical composition of a galaxy—even at that distance across space and time.


Coe delivers the bad news. A team member in Copenhagen has already applied his own code to the data, and there’s nothing there. Just “noise,” a fog of static—perhaps radiation from another light source overwhelming the light from their own target galaxy.


Groans all around. Sighs. Some misting in the eyes. Everyone slumps. Coe turns his laptop so everyone can see their colleague’s graph for themselves.


Larson and Hutchison lean close. They’re the resident experts in identifying this kind of data. They’ve mastered the technique of extracting emission lines from background noise. They’ve been extracting data from noise for years.


“Oh, yeah,” Larson says. “There’s lines in this.”


Hutchison agrees. “That,” she says, pointing to a spot on the screen, “that right there is a line.”


Coe wants to know: Are you sure?


He’ll be able to see for himself, Larson says, once she runs the processed data through her own code.


But that’ll have to wait. The lobby has filled with astronomers filing toward the opening reception across the street, and Coe and his team join the procession. But Coe can’t wait. Leaning close to Larson, Coe wants to know: Do you really think you see emission lines?


Yes.


Over drinks: Do you really think you see emission lines?


Yes.


During dinner: ditto and ditto.


After dinner, at a bar with a bunch of other astronomers, Larson casually solves a colleague’s coding problem, in the process producing a photo that her colleague can use in a press release, and then everybody passes that laptop around the bar, praising Larson’s work. But Larson has coding problems of her own to try to solve, so she heads back to her hotel, goes to her room, and climbs into bed.


She hasn’t slept in eighteen hours. She turns out the light and closes her eyes.


And then, sighing, she sits up, opens her laptop, and gets to work.


But hey, nobody ever said seeing back to the beginning of space and time was going to be easy.
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“The history of astronomy,” the American astronomer Edwin Hubble wrote in 1936, “is a history of receding horizons.”


Which is, metaphorically, how the history of science works. One generation inherits a horizon, then tries to figure out a way to cross it. But that history is itself a combination of two tales.


One is a tale of curiosity. The other is a tale of tools. This call-and-response between vision and mission—between intellectual ambition and technological innovation, between the knowledge we want and the means we have for retrieving it—isn’t unique to astronomy. It happens when one generation puts eye to microscope and wonders what an even finer view might reveal, or when one generation fires up a particle accelerator and wonders what an even more energetic collider might discover.


But in astronomy the horizons aren’t just metaphorical.


Ever since Galileo pointed a primitive telescope at the night sky in 1609, astronomers have encountered one fresh horizon after another. Galileo discovered moons around another planet. Then other astronomers discovered more moons around other planets. Then two more planets. Then moons around those planets, too. They discovered stars otherwise invisible, stretching as far as their increasingly powerful telescopes could see, and they found cloudy patches that even the most powerful telescopes at the turn of the twentieth century couldn’t resolve. Edwin Hubble himself, in the 1920s, determined that those cloudy patches are “island universes”—galaxies like our own Milky Way. And then in the 1990s his namesake telescope discovered that the universe was dense with galaxies as far as its eye could see—and, presumably, farther. Farther across the universe and—since light takes time to reach our eyes—farther into the past.


How much farther in space? How much farther in time?


Even before the launch of the Hubble Space Telescope in 1990, its successor—the James Webb Space Telescope (JWST)—was in the works. At that point in the history of astronomy, nobody knew precisely what horizons the Hubble telescope would identify. But astronomers were confident that it would identify some new horizon—a horizon that would excite the curiosity of the next generation of astronomers, the horizon for which they would need a more powerful tool in order to cross.


The original name of the James Webb Space Telescope even invoked that pattern: the Next Generation Space Telescope. Even so, it almost missed the next generation. Billions of dollars over budget, more than half a decade behind schedule, the telescope incurred the wrath of Congress and, in 2011, briefly went out of business.


In the end, Congress granted it a stay of execution, and on December 25, 2021—after another decade of further and further delays and greater and greater budgetary overruns—it launched. Over the next few weeks the telescope performed hundreds of technological feats, the failure of any one of which would have scrubbed the mission. But once the telescope reached its permanent home a million miles from Earth, it got to work.


In February 2022 it began funneling data back to the Webb command center in Baltimore, where engineers and astronomers would oversee the necessary technical adjustments before the telescope could start performing science. But even then, in those early weeks, the first downloads of data told them all they really needed to know.


The binary zeros and ones; then the conversion of zeros and ones via algorithms; then the generation of cresting waves on graphs measuring the motions and metallicity of celestial objects, and the generation of images of those moons, planets, stars, galaxies, spanning the universe from the near and now to the ultimate there and then:


It’s going to work, they told one another, and they started laughing in relief and disbelief. It’s going to work better than we ever imagined.
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The public got its first look at Webb images during an unveiling at the White House on July 11, 2022. We saw stars in our galaxy arising out of a mass of gas and dust; five galaxies in a gravitational dance; a “deep field” yielding tens of thousands of galaxies at a glance.


But perhaps no image in the early months of Webb operations captured the public imagination more than the “Pillars of Creation.” The image was an update of the iconic “Pillars of Creation” photograph from the Hubble Space Telescope in 1995: two towers of gas and dust lying at the heart of a nebulous cloud of stars some 41 trillion miles from Earth; twin ziggurats of star birth and planet formation processes that will keep those clouds churning for eons and eons to come.


Other wonders followed. Not just images but discoveries, horizon after horizon after horizon. In our solar system: water in weird places. In other stellar systems within our galaxy: the presence of potentially life-friendly elements and chemical compounds. In the hundreds of billions of other galaxies beyond our own: new ways of thinking about the growth of the universe. In the infant universe, previously inaccessible: challenges to what we thought we knew about our cosmic origins.


And then there was, if not the biggest wonder of them all, at least the wonder that made those images and discoveries possible: the telescope that is itself, if you ask the scientists who understand it best, a pillar of creation.













PART I



VISION AND MISSION















CHAPTER ONE



VISION


He had a big idea. Broad-chested, in possession of a perpetual squint, Riccardo Giacconi liked to begin his workdays making loud pronouncements about a future only he could see. Some of his big ideas caught on then and there, during an impromptu meeting in his spacious corner office overlooking the saplings on the steep embankment leading down to the Stony Run creek. Some ideas encountered resistance: A lieutenant might raise an objection, voice a caution. Sometimes the ideas that encountered resistance Giacconi himself would dismiss the following day. He was reasonable that way. Provide a powerful enough counterargument and the next morning he would beckon the lieutenant back to his office and disown the previous day’s certainty.


On this occasion, his big idea was that this establishment—the Space Telescope Science Institute (STScI, or the Institute), of which he was the director, and which occupied a far corner of the main campus of Johns Hopkins University in Baltimore—should begin planning the successor to the Hubble Space Telescope.


The idea belonged to the category of those that encountered resistance, if only after a pause. First, though, Garth Illingworth, the Institute’s deputy director, just stood there, blinking back at his boss. Hubble was the only thing he was working on. It was the only thing anybody at the Space Telescope Science Institute was working on. It was what the Institute was for: preparing for the 1990 launch of Hubble—which was still five years away.


“Oh, no,” Illingworth finally said. “We don’t have the time.” To himself he added, This is crazy.


But then Illingworth reminded himself that his boss had been working on space telescopes for more than a quarter of a century—for as long as space telescopes had been a thing. For nearly as long as space anything had been a thing. The dawn of the Space Age—the Soviet Union’s launch of the satellite Sputnik 1, the first assemblage of human design to orbit Earth and the Space Race’s equivalent of the first shot at Fort Sumter—dated only to the autumn of 1957. Throughout the 1960s Giacconi had helped design above-the-atmosphere telescopes and had even led a satellite mission, one that revealed a universe awash in mysterious sources of x-rays—high-energy emissions that had shocked astronomers and now, two decades later, were still defying explanation. If anybody was an expert in the logistics of performing astronomy from space, it was Giacconi.


Illingworth decided to keep an open mind.


Giacconi then explained his reasoning. After its launch, he said, the Hubble telescope would last maybe ten years. Fifteen at the most. Even if the planning for a successor mission started right then and right there, on this morning and in this office, that next telescope wouldn’t leave the launchpad for another fifteen years at the earliest. Do the math: If the next space telescope was going to follow up on whatever breakthroughs Hubble might make—and what astronomer of the Hubble generation wouldn’t want the next generation to have a space telescope of its own?—then the planning would have to start right now and right here.


This morning. This office.


Okay, Illingworth conceded, if only to himself, maybe this idea is not entirely crazy.
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For the past four hundred years, each generation of astronomers has inhabited a new universe.


Maybe that universe was new because astronomers were seeing more moons than the previous generation.


Maybe it was new because astronomers were seeing more planets.


Maybe it was new because they were seeing more stars, or maybe because they were seeing more galaxies.


Only twice, however, has a new universe emerged because seeing itself was new.


The first time was the autumn evening in 1609 when a professor of mathematics at the local university carried out to the garden behind his apartment in Padua an awkward instrument that had recently come to his attention. It consisted of a tube of lead and two glass disks, one at either end of the tube, and when you looked through it, it made distant objects appear near.


Galileo Galilei already knew what the magnification of distant objects on Earth could do. A few weeks earlier he’d demonstrated a slightly less powerful version of the instrument to the elders of Venice, accompanying them to the tops of towers so they could see the miraculous sights for themselves: steeples in nearby villages, seemingly close enough to touch; flags on foreign ships even before they entered the harbor. (His reward: the equivalent of tenure at the University of Padua.)


But now he wanted to know what the magnification of distant objects not on Earth could do. He pointed the device skyward, placed one eye at the lens near the bottom end, and, at a glance, spanned a previously unbridgeable chasm.


“We have to pursue our inquiries at a distance,” Aristotle had written in his De Caelo, or On the Heavens, almost two thousand years earlier, “a distance created by the fact that our senses enable us to perceive very few of the attributes of the heavenly bodies.” Galileo’s perspicillum—perspective tube, what future generations would call a telescope—collapsed that distance by doing what no other instrument in the history of civilization had ever done. It extended one of our five senses—and in so doing, it changed what we mean by seeing.


In retrospect, the astronomical definition of seeing had encompassed only what the eye alone could perceive. From that evening on, though, the astronomical definition of seeing would encompass what could be perceived by the eye plus a telescope—an instrument that relied on the manipulation of light.


In the centuries after Galileo’s discovery, astronomers learned to manipulate light to better and better effect. They found that by altering the shapes of the lenses at both ends of the tube as well as the length of the tube, they could manipulate the refraction—the bending, and therefore the focusing—of light. Then they found that by abandoning lenses for mirrors, they could manipulate the reflection—or the collection, and therefore the amount—of light.


By the midpoint of the twentieth century, however, the generation of astronomers coming of age—Riccardo Giacconi’s generation—were beginning to suspect that they needed to rethink their understanding of light itself.


The idea that light might reach beyond what seeing could perceive was not new. In 1800 the German-English astronomer William Herschel replicated Isaac Newton’s experiment of passing light through a prism, only this time he placed the bulbs of thermometers within the segments in the spectrum of colors, from violet through red. The thermometers, as he somewhat expected from his work on optics, registered different temperatures. The lowest were at the violet end of the spectrum and ascended toward the red. But then, beyond the red end of the spectrum, in a region that to the eye revealed no color, the temperatures kept rising. “Radiant heat,” Herschel concluded, “will at least partly, if not chiefly, consist, if I may be permitted the expression, of invisible light.”
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The meanings of light: Before 1800 light meant what we could see with our eyes, whether on their own or with the aid of a telescope. But by the midpoint of the twentieth century astronomers had begun to realize that the non-optical regions of the electromagnetic spectrum provide a wealth of other information about the universe. Webb, by seeing predominantly in the infrared, can observe farther across space—and therefore back in time—than any earlier telescope.








In the century and a half since Herschel’s discovery, astronomers had learned that all light is a combination of electricity and magnetism, and that the electromagnetic spectrum spans from radio waves through microwaves through infrared light through visible light through ultraviolet light through x-rays to gamma rays. They had also learned that the speed of light is unvarying, and that what distinguishes these categories of light is the length of the wave from one crest to the next. Visible light, for instance, consists of wavelengths between 0.4 and 0.7 microns (a micron being 0.001 of a millimeter, or about 0.000039 of an inch). Moreover, within that 0.4- to 0.7-micron sliver of the electromagnetic spectrum, finer gradations in wavelengths determine the colors we perceive.


Not until the middle of the twentieth century, however, did astronomers realize that light with wavelengths outside the visible part of the spectrum—shorter than 0.4 microns and longer than 0.7 microns—might have applications for their own science. During World War II the Allies encountered strange radio signals that they attributed to German jamming. The real culprit, British engineers eventually realized, was solar flaring—an eruption of electromagnetic radiation on the surface of the Sun.


After the war, those engineers learned that in the 1930s a radio antenna at Bell Labs, in New Jersey, had serendipitously discovered that the stars in our galaxy were a source of radio waves.i One of the engineers, Bernard Lovell, persuaded the British government to finance a radio telescope with a diameter of 250 feet. In August 1950 astronomers aimed that telescope at a nearby galaxy and passed its signals through a chart recorder, a seismograph-like instrument that produced the telltale ink tracings on paper identifying the detection of radio signals. “It was no longer possible,” Lovell later recalled, “to regard the local galaxy as in any way unique as a radio transmitter.”


The electromagnetic spectrum is vast, but only radio and optical (and some ultraviolet) light can penetrate the Earth’s atmosphere. If astronomers wanted to know whether other portions of the electromagnetic spectrum held any surprises, they had nowhere to go but up.


They sent V-2 rockets bearing Geiger counters and other detectors into the sky above the New Mexico desert, reaching altitudes as high as rockets could go: just high enough to leave the atmosphere before returning to Earth. In 1946 a detector aboard a suborbital rocket found the first evidence of ultraviolet light from the Sun. Two years later, researchers confirmed that our local star was also a source of x-rays. But only with the onset of the Space Age proper—when rockets could reach the velocity necessary to enter Earth orbit—could astronomers begin to search the universe beyond the solar system for invisible light outside the optical, radio, or ultraviolet regimes. In 1962 a rocket bearing a Geiger counter located the first extrasolar sources of x-rays, including one mysterious object radiating an x-ray output ten billion times that of the Sun.


The lead author on the resulting paper, “Evidence for X-Rays from Sources Outside the Solar System,” was Riccardo Giacconi. Soon thereafter he got to work on the first satellite that would perform x-ray astronomy exclusively: Uhuru, which launched in 1970. During its three years of operation it discovered binary x-ray sources (two sources of x-rays orbiting each other), identified a possible candidate for a black hole, and provided the data for the all-sky catalogue of x-ray emissions. Yet even as Uhuru was preparing to launch, Giacconi was already part of a team proposing the next x-ray satellite, Einstein, which eventually launched in 1978.


The other regimes of the electromagnetic spectrum were going through the same investigatory cycle: Send something up to see if anything is out there; refine the next mission accordingly; and even while making those refinements, design the next mission. By the late 1970s, NASA was developing a Great Observatories program—four satellites that, over the following two-plus decades, would explore x-rays (a mission co-proposed by Giacconi), infrared rays, gamma rays, and visible light, along with a bit of ultraviolet. The visible-plus-a-bit-of-ultraviolet instrument would be the Hubble Space Telescope, which would launch first, perhaps in the early 1980s.


For some astronomers, however, that two-decade timeline for studying the nonvisible parts of the electromagnetic spectrum was problematic; they felt that NASA had waited too long. Giacconi himself had witnessed a gap in continuity in his field. The Einstein mission, which, like the Uhuru mission, pre-dated the Great Observatories program, ended in 1981, but a follow-up x-ray mission—the one that was part of the Great Observatories initiative—now wasn’t due to launch until the mid-1990s at the earliest. In 1981, facing a long lull in his career, Giacconi accepted the directorship of the nascent Space Telescope Science Instituteii—where, when the time came, he might help convince NASA not to make the same mistake again.


When Illingworth, then an astronomer at Kitt Peak National Observatory in Arizona, heard that Riccardo Giacconi was accepting the position of director at the Space Telescope Science Institute, he wondered why. Giacconi was an x-ray astronomer. Hubble was going to be primarily a visible-light telescope. But once Illingworth joined the Institute as deputy director in 1984, he began to understand: What the project needed wasn’t someone with a background in conducting visible-light astronomy but someone with a background in navigating big-science bureaucracy.


Even then Giacconi was using his influence to begin framing any future discussions of a successor to Hubble. In 1984, the same year that Illingworth joined the Institute, NASA commissioned the Space Science Board, an advisory agency independent of NASA, to produce a wish list of space projects for the decades ahead—specifically, from 1995 to 2015. The board divided the project into six categories (Earth Sciences, Life Sciences, and so on) and assigned one task group to each. Giacconi was a member of the task group on Astronomy and Astrophysics.


Like the other task groups, his met multiple times, beginning in the summer of 1984 and ending in January 1986. In June 1986 the Space Science Board’s overall steering committee met to discuss the findings of the individual task groups. These meetings had two purposes. One was to finalize recommendations for further study. The other was to sift through the dozens and dozens of goals that the six task groups had identified and then prepare a comprehensive report. The steering committee duly sifted, sifted some more, and then, in the end, shrugged: The overwhelming majority of the projects, they concluded, were deserving of further consideration.


The resulting report, Space Science in the Twenty-First Century: Imperatives for the Decades 1995 to 2015, which the National Academy Press published in 1988, consisted of seven volumes—one for each of the six disciplines, plus an overview. The preface to the overview conceded that the report offered no road map, no hierarchical flowchart. It offered, instead, a smorgasbord: an assortment of delights in no particular order. The steering group didn’t even bother to rank its recommendations. Nonetheless, among the recommendations in the “Astronomy and Astrophysics” chapter in the overview was “an 8- to 16-meter Telescope” that would “follow on 10 to 20 years of study with the HST” and “provide images 6 times sharper than the [2.4-meter] HST.”


Yet even if the point of the report wasn’t to assign priorities to projects, it did have some advice for NASA: Reassign your priorities.


On January 28, 1986, the space shuttle Challenger, shortly after leaving the Cape Canaveral launchpad on the east coast of Florida, having reached an altitude of 46,000 feet, disintegrated. An examination of the relatively intact crew compartment a few weeks later, after its recovery from the floor of the Atlantic Ocean, revealed that the emergency-oxygen intake of at least some of the seven astronauts exactly matched the two-minute-plus duration of the descent, beginning with the disintegration of the rest of the shuttle and ending with the crew compartment’s impact with the Atlantic. They’d been alive.


For many members of the U.S. space-science community, the “accident” (as NASA called it, though the more common description was “disaster”) was vindication, however bitter. They had long questioned NASA’s treatment of space science—its allocations of funding and choices of research programs. Their objection wasn’t that NASA was ignoring their field. Instead, it was that almost from the moment President Dwight D. Eisenhower signed into law the National Aeronautics and Space Act of 1958—and certainly ever since May 25, 1961, when President John F. Kennedy told a joint session of Congress, “I believe this nation should commit itself to achieving the goal, before this decade is out, of landing a man on the moon and returning him safely to the Earth”—space scientists had found themselves competing with a concept, a Cold War imperative masquerading as a romantic ideal: what the overview to Space Science in the Twenty-First Century summarized as “humans in space.”


“For the past 30 years,” the overview continued, explicitly invoking the 1958–1988 extent of NASA’s lifetime to that point, “scientific investigation has been neither the only objective of the space program of the United States, nor even the dominant one. The Apollo project and the development of the Space Transportation System”—space shuttles—“and, more recently, of the Space Station were not primarily designed to respond to requirements set by the various disciplines of space science.” The report didn’t exactly state that the continuity of astronomical investigation—the centuries-long tradition of generation-after-generation inheritances of new universes and the inventions of new means for investigating them—had lapsed at the literal expense of the space shuttle program. But it didn’t need to: “The steering group for this study recommends that the present ordering of priorities in the national space program be changed.”


Having made its point, the report then immediately—in the very next sentence—made its point again, only now in italics: “The steering group proposes that, as the nation considers its future in space, the advance of science and its applications to human welfare be adopted and implemented as an objective no less central to the space program of the United States than any other, such as the capability of expanding man’s presence in space.”


Then the report made its point yet again, not just later in the same introduction but later in the same paragraph: “This will ensure that the scientific and engineering resources available are effectively utilized in the national interest, as required by the act of 1958. This same standard—obtaining the greatest scientific advance for the available resources—should prevail when determining the balance between manned and unmanned space activities as well.”


Anyone at NASA reading this introduction might have paused at this juncture, then flipped back a couple of pages to reread the essay’s epigraph to see if it had been saying what they now suspected it might have been saying. If so, they would have found a quote from Proverbs 29:18—one that might have seemed, a few minutes earlier, like inspirational pablum appropriate for a multivolume publication of the National Academy Press, but which now had acquired an acidic, Challenger-specific subtext:


Where there is no vision, the people perish.
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So what would be the Space Telescope Science Institute’s vision for the successor to Hubble?


That question, implicit in Giacconi’s challenge to Illingworth, was actually two questions in one—the same two that drive scientific advances generation after generation.


First: What does the community want to investigate?


Second: What technology would allow it to make those investigations?


But answering those two questions was hardly a straightforward process. Instead, it came with a complication, a level of complexity that was endemic to the scientific method: An answer to one depended on an answer to the other.


Science, contrary to common perception, rarely proceeds in a straight line from hypothesis to experiment to validation (or refutation). At any moment scientists might possess a proposition to test without having the means to do so. Or they might possess the means to test a proposition, if only they had one to test. Because of that interdependence, the scientific process is piecemeal—a herky-jerky, start-and-stop progression that might or might not reflect progress. Scientists have a term of art for this kind of narrative: nonlinear.


Illingworth’s assignment was, in effect, to make the progression toward a successor to Hubble as linear as possible. Capitalize on the mention in Space Science in the Twenty-First Century. Pluck a Hubble successor from the smorgasbord of future missions and recast it as a fait accompli. Grab it off the groaning board and plate it.


Which Illingworth promptly did. In August 1988, soon after the publication of the Space Science report, he delivered a talk at the International Astronomical Union meeting in Baltimore. “The first step has been taken,” he said, citing the report’s mention of a post-Hubble project, “and we need to move on.” Continuity, he insisted, was essential. Without mentioning Giacconi by name, Illingworth invoked his boss’s experience: “I am sure that any astronomer, particularly the observers, can imagine the impact on their research programs if access to their primary facility was cut off for ten to fifteen years. It would be devastating, yet this is what has happened in X-ray astronomy. The Einstein satellite had a dramatic impact in many areas. It offered a tantalizing glimpse of data on many important problems—and then the door was shut.”


If the community could keep the door to a Hubble successor open, what would they want the telescope to do? One obvious answer was to see what Hubble could see, only better—to observe objects at greater distances and at a higher resolution. Another obvious answer was to see what Hubble couldn’t see—and already two such targets were emerging. They were in the Space Science report, and they were in Illingworth’s speech at the International Astronomical Union convention. A successor to Hubble should target galaxies not long after the birth of the universe, and planets around other stars within our own galaxy. Observing either target would require pushing past the visible part of the electromagnetic spectrum on the longer-wavelength end: the infrared, which picks up where the visible regime ends, at a wavelength of aboutiii 0.7 microns. The infrared regime then continues into the hundreds of microns, but even a telescope that could detect at the 20-plus micron level would be a major advance.


At a level of 20-plus microns, a telescope in principle would be able to see galaxies as far away in space (and, the speed of light being finite, as far back in time) as a couple of hundred million years after the Big Bang, maybe even earlier. In an expanding universe such as ours, what’s expanding is space itself, and the expansion of space in turn stretches the light from galaxies as it journeys across the universe. By the time the light from galaxies in the first billion years of the universe reaches us, the expansion of space has shifted its wavelengths beyond the visible regime of the electromagnetic spectrum and into the infrared—a phenomenon that astronomers call redshift.


Seeing in the infrared would also allow us to pierce the dust that surrounds star-forming regions in our own galaxy. Other infrared space observatories had gotten tantalizing glimpses, but astronomers wanted to blow through the “fog” and see those stellar nurseries in detail.


By imagining such an instrument, as Illingworth knew, astronomers were placing their faith in the continuing advances of current technology. But, he had to wonder, why would technology stop advancing?


His generation was old enough to remember using computer punch cards—flimsy rectangles of heavy paper that a programmer had to manually poke holes in before loading a stack of them onto a feeder tray on the side of a console the size of a Volkswagen. Now, though, astronomers were using the-future-is-here Unix workstations, complete with color screens, standalone keyboards, and floppy disks.


And telescopes themselves were still making a fundamental transition in technology from photographic plates (which astronomers, working in the dark, had to lick to make sure the side with the emulsion was facing the right way in the camera) to charge-coupled devices (CCDs). Whereas a photographic plate could soak up maybe five percent of the available photons, a CCD detector could collect upward of eighty percent.


These and other technological advances were transforming astronomy, but would they continue at such a pace that a successor to Hubble would make enough of a scientific difference to justify the time and money?


Leaps of faith, Illingworth thought. A succession of if and if and if.


If the technology is there. If Hubble finds galaxies distant enough to justify a search for earlier ones. If extrasolar planets even exist.


But most important of all: If the project doesn’t go horribly, ruinously, mission-scrubbingly nonlinear.
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Go nonlinear it did, even before Illingworth could execute the next step in his effort to rally the community into wanting to make a successor to Hubble a reality.


By 1989 Illingworth had left the Space Telescope Science Institute to be an astronomer at the Lick Observatory, part of the University of California Observatories, but he continued to work closely with NASA and the Institute. He and Pierre-Yves Bely, an engineer at the Institute specializing in telescope design, scheduled a workshop, “The Next Generation Space Telescope,” at the Institute for mid-September 1989. By summer preparations were well underway: topics chosen, talks scheduled, speakers invited. But on July 20, the twentieth anniversary of Neil Armstrong’s first steps on the surface of the Moon, President George H. W. Bush stood before the National Air and Space Museum and declared the nation’s intent to return. “In 1961 it took a crisis—the space race—to speed things up,” he said. “Today we don’t have a crisis; we have an opportunity. To seize this opportunity, I’m not proposing a ten-year plan like Apollo; I’m proposing a long-range, continuing commitment.” Which was, he specified: “Back to the Moon; back to the future. And this time, back to stay.”


The Moon, the Institute liaison at NASA informed Illingworth, was now part of the “Next Generation Space Telescope” workshop—or it would be if the Institute wanted NASA’s buy-in. And so the topic of a telescope on the Moon joined that of a telescope in space: new sessions, new speakers… and little enthusiasm. If putting a telescope on the Moon proved to be the only way to get a successor to Hubble, then fine: You take what you can get. In the meantime, though, the consensus in the community was to keep focusing on the more likely eventual outcome of a telescope in space.


Still, Illingworth had a message he needed to impart to the community in order to keep the project linear. In the editors’ introduction (Illingworth was one of three) to the published proceedings of the workshop, the second paragraph echoed Giacconi’s call to action from a few years earlier: “It might seem too early to start planning for a successor to HST. In fact, we are late.”


Only eight months later the project encountered another nonlinearity, though this time far more serious, even potentially fatal.


The space shuttle ferrying Hubble launched on April 24, 1990. On May 20 Hubble saw first light—the telescopy term for the initial observation. Over the following month the telescope radioed back images that carried an unmistakable message: Baltimore, we have a problem.
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