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ABSTRACT

This dissertation concerns the role of place in scientific practice. Ideas of place, I argue,
shape and are shaped by science. I specifically look at the community of planetary
scientists who, though they cannot step foot on the objects they study, transform planets
into places. This is an ethnographic work that draws on 18 months of fieldwork during
which time I encountered several different communities of planetary scientists. At MIT,
I worked alongside astronomers looking for planets around other stars. These
“exoplanet” astronomers transformed numerical counts of photons into complex worlds
with atmospheres and weather. Data visualizations characterized the work of a
community learning to see unseen planets in specific, place-based ways. I also traveled
with an astronomer to a Chilean observatory where she studied the night sky hoping to
find a “habitable planet.” Many other astronomers share this goal and have designed
various ways to detect a planet like Earth. The importance of these projects signifies that
exoplanet astronomers are more interested in finding planetary kin — planets that are
familiar places — than exotic aliens. To determine how the planetary places created by
exoplanet astronomers differ from those in our own Solar System, I spent time at the
NASA Ames Research Center with a group of computer scientists who create high
resolution and three-dimensional maps of Mars. These maps reflect the kind of place
Mars is today: it is available to everyone to explore, it is displayed such that you can
imagine standing on the surface, and it is presented as geologically dynamic in ways
similar to Earth. Even though these maps help give Mars a sense of place, Martian
science is still stymied by the inability to send humans to its surface. Instead, planetary
scientists travel to terrestrial sites deemed to be “Mars-like” to approximate performing
geologic fieldwork on Mars. I went to one of these locations to see how, during these
outings, Mars and Earth become entwined as scientists forge connections between two
planetary places. These diverse scientific activities, I conclude, are transforming our
view of the cosmos. Outer space is becoming outer place.

Thesis Supervisor: Stefan Helmreich
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INTRODUCTION
From Outer Space to Outer Place

‘Space’ is one of those most obvious of things which is mobilized as a term in a thousand
different contexts, but whose potential meanings are all too rarely explicated or addressed.
-Delivered by Doreen Massey during her 1998 Hettner-Lecture at the University of Heidelberg,
hosted by the Department of Geography (Massey 1999, 27).

Because this dissertation is an ethnographic work, I was inclined to begin with a scene of
entering the field — with a moment not unlike the opening of Malinowski’s Argonauts of
the Western Pacific, inviting the reader into an unfamiliar world. My field sites,
however, were not, at first blush, exotic. I navigated through offices and computer
laboratories, tracking the work of scientist informants. Only when I focused on the
planetary objects of their study did something truly out-of-the-ordinary emerge. My
planetary scientist interlocutors, it dawned on me, were conjuring exotic arrival scenes all
the time. Imagine yourself - they might say - set down in a scalding hot ocean. You try
to find land, but for as far as you can see, the surface is liquid. A dark fog hovers over
you, mixing the steam from the ocean with other gases. Even if you could get out of the
water, there would be no relief from the relentless dampness of the place.

This is a description of what it might be like on the surface of a planet in another
solar system, on an exoplanet. Planets orbiting the Sun or other stars are the focus of my
informants’ research. These planets, along with the scientists who study them, are the
focus of this dissertation. Planets beyond Earth comprise a field site that neither
scientists nor myself could physically enter.

This thesis is about how people understand places they have never been. More
exactly, it is about how scientists make the objects they cannot physically encounter into

places. 1t is about how they evoke a sense of “‘being there” when actually being in the
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Introduction

places they imagine is an impossibility. By focusing on the daily practice of scientists at
MIT, NASA, an observatory in Chile, and a field station in Utah, I track how researchers
imbue planets with a sense of place. In offering an account of how these scientists
establish planets as places in contemporary planetary science, I show how place is more
than a given category; it is also a tool of knowing, a way of making sense.

The scientists I worked with frequently discussed planets as worlds. While
“planet” is a technical term, referring to an object of a specific size orbiting a stellar
companion, “world” evokes a more humanistic aspect of these objects. In the Oxford
English Dictionary, fifteen of the twenty definitions for “world” explicitly refer to human
beings and notions of habitation. Those that refer to the astronomical dimension of
world, define it as a system similar to but distinct from Earth. World is used by
astronomers as a way to relate to the object they are studying; it is a linguistic step
towards understanding it as a place, and, more over, as a potentially Earth-like place.
Whereas “planet” is anodyne, “world” is emotive.

Before getting to the worlds at stake in this dissertation, I consider a world much
closer and familiar to most readers: the Moon. The Moon is the only extraterrestrial
surface on which humans have landed. Those studying the Moon first examined it with
the naked eye, then with a telescope, and then with satellite imagery. Scientists have
been able to run tests on rocks and soil brought back by Apollo astronauts. Recently,
NASA, as well as the European and Japanese space agencies, has developed a new
battery of experiments to test the composition of the Moon and to decipher its history.
Such shifts in how people study and think about the Moon prompted Andrew Chaikin, a

science writer, to title his keynote at NASA’s Lunar Science Forum in July 2010 “Luna

12



Introduction

2.0.” He began his talk, which I attended, by claiming, “You have to be paying attention
to the Moon to understand that we have a new Moon.” He proceeded to describe the
different worlds the Moon has been over the past half century. When Apollo astronauts
landed on the Moon, they encountered “a world devoid of water.” It was only in the past
decade that new missions to the Moon have indicated something different; that a satellite
crashing into the lunar surface suggested a significant concentration of water ice. In
declaring that we now live in the era of Luna 2.0, Chaikin meant this: “The Moon we
thought we knew from Apollo was changing... Now we are talking about a Moon that is
a completely different world.”

The notion that the Moon today is a different world than it used to be suggests
that places, even those we do not inhabit, are dynamic. I tracked the making, re-making,
and un-making of planets as places throughout my ficldwork. Scientists make planets
into places to better understand what being there might be like. To understand what it is
like to be on the Moon, scientists, scholars and artists have developed techniques of
seeing, notions of embodiment, and practices of imagining. These methods structure
place-making not only for the Moon, but also for other planets. Let me briefly consider
how each are at work on the Moon before turning to planetary science, the scientific field
that is at the center of this dissertation.

How one sees the Moon is an historical product. The Moon is the only object in
the night sky with a discernable surface. It was not, however, always accepted as a solid
surface or as a landscaped place. The Platonic Moon, for example, was a smooth orb of a
divine quality (Montgomery 1999, 20). Even so, the Moon does not appear pristine to the

naked eye. It is speckled, and the reason for this discoloration prompted much
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philosophical debate over the centuries. During the middle ages, just as many people
believed the spots were evidence of mountains and valleys as believed these marks were
a sign of the pervasiveness of original sin across the heavens. Even when Galileo pointed
his telescope at the Moon, his interpretation of the Moon’s “spottedness” as mountains
and craters was not a forgone conclusion, but a reflection of his painterly training in
Renaissance perspective (Edgerton 1984).

In the centuries following Galileo’s observations, astronomers and philosophers
visually asserted the Earth-like nature of the Moon and debated the depth of this analogy.
Were there oceans? Was there an atmosphere? Were there inhabitants? What kind of
world was the Moon? What arguments could be made with images? Could images
generate, as opposed to simply reflect, knowledge? How accurately could drawings and
maps, aided by ever more precise telescopes, depict the lunar surface? Before sending
humans to the Moon, geologists had to apply terrestrial mapmaking methods to an
extraterrestrial surface in order to select safe landing sites. Each new way of seeing the
Moon argued for understanding it as a distinct type of place. Ways of seeing implicate a
vision of what it would be like to stand on the surface of the Moon.

The Moon is unique in that imagiﬁg the distant body gave way to a few people
standing on its surface. Chaikin narrated for the Lunar Science Forum audience how this
transformed the Moon into a new world. The Apollo missions, which “so audaciously
reached out and touched” the Moon, revealed “a world that was in some ways Earth-like
but in most ways profoundly different.” The embodied experience of being on the Moon

and the rock samples this afforded brought about a new era of knowing the Moon.
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But just as seeing the Moon was a subjective process, so too is embodied
experience. For the Apollo program, sending an astronaut to the Moon was a conquering
of the empty, outer, other frontier of space. But this is not the only way to conceptualize
an embodied experience of the cosmos. M. Jane Young (1987) describes the Native
American understanding of space and the Moon in order to critique the frontier mentality.
For Zuni and other Native American tribes, space is not “outer,” but rather “inner.”
Space is cyclical and organic. Instead of the view of the universe as comprised of
inanimate objects in mathematical motion, Native American cosmologies teach of
intimate relations between people, stars, and the Moon. Kinship abounds throughout the
universe. This is a way of knowing, Young demonstrates, that facilitates travel to the
Moon by means other than a rocket ship. She tells of one anthropologist who, when
working with the Inuit in Alaska, recorded the following response to being told about
astronauts walking on the Moon: “We didn’t know this was the first time you white
people had been to the Moon. Our shamans have been going for years. They go all the
time” (quoted in Young 1987, 272). The Inuit criterion for going to the Moon was
different from NASA’s. Their practice of embodiment offers an intimacy with the Moon
that reinforces the connection, not separation, between Earth and the Moon. To
experience cither the Inuit or Western way of being present on the lunar surface solidifies
the Moon as a place, or even a destination. The space beyond Earth is re-imagined as one
filled with places suitable for embodied experience. Just as shamans have a different way
of understanding what it means to go to a place, planetary scientists similarly recast
notions of embodiment. Despite the physical remove, scientists engage in place-based

ways of understanding planets.
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The placehood of the Moon is crafted not only as a destination, but also as a
medium upon which to project the anxieties and longings of our own planet. In
imagining alternative histories and connection between Earth and the Moon, we can think
about the status of Earth as a planet and a place. Italian writer Italo Calvino offered a
cosmology about the Earth and the Moon that highlights the ever-present ties between the
two. In “The Distance of the Moon,” Calvino described a time when the Moon was much
closer to the Earth. The narrator, accustomed to jumping back and forth between the two
spheres, was startled to find himself stranded on the Moon as it quickly began drifting
away from the Earth. During this unexpected exile, he realized how much he defined
who he was with respect to his relationship to Earth:

I thought only of the Earth. It was the Earth that caused each of us to be that someone he

was rather than someone else... [ was eager to return to the Earth, and I trembled at the

fear of having lost it... [T]orn from its earthly soil, my love now knew only the heart-
rending nostalgia for what it lacked: a where, a surrounding, a before, an after (Calvino

1965, 14).

From the surface of the Moon, the narrator was overcome with grief for the world
he was tragically severed from. It was also from this vantage point that he could see how
the Earth was a planet and the Moon merely a satellite. The Moon could not compare
with the kind of place Earth was.

By positioning oneself on an extraterrestrial surface, the Earth becomes
recognizable as a planet. In this respect, the Moon provided a novel location from which
to consider Earth. As Chaikin pointed out at the Lunar Science Forum, the Moon is the

only surface from which one can look up and see “Earth as a planet.” How scientists
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imagine other planets is deeply entwined with understandings of Earth and its status as a
world, as a planet, and as a place.

This dissertation is not about the Moon, but about planets in our Solar System and
exoplanets orbiting other stars. Planetary scientists study planets in a variety of ways and
through participant-observation I tracked how scientists navigated ideas of seeing,
embodying, and imagining other planets in their daily practice. I spent time with
astronomers at MIT and at an observatory in Chile. At NASA Ames Research Center in
California, | worked with computer scientists as they mapped Mars. Finally, | wenton a
field trip with geologists from NASA to the Mars Desert Research Station in the Utah
desert. At each site, I consider how a different mode of place-making — visualizing,
inhabiting, mapping, and narrating — saturated scientific work and produced planets as
places. The rest of this introduction will reflect on the emergence of planetary science in
the mid-20" century and its subsequent growth, the distinctiveness of “planet” as an
object of inquiry, and the discourses concerning “place” in geography, anthropology, and
science and technology studies upon which this dissertation builds. [ will conclude by

discussing my field sites and chapter arguments in more detail.

“The new interdisciplil;ary science of the solar system”

When I attended NASA’s Lunar Science Forum, I was taken aback by how most
of the papers drew from 40 year old data; data from the Apollo missions. When I asked a
planetary scientist about this, he provided a quick gloss of lunar science. Post-Apollo,
interest died down except for a few scientists who remained loyal to the Moon. When

President George W. Bush proposed his vision for space exploration in 2004, which
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involved a return mission to the Moon, NASA was flush with new money to fund lunar
science. In the mid-2000s, NASA established the Lunar Science Institute, and the Lunar
Forum that I attended was only the third lunar conference of recent times. Not only did
we now have “Luna 2.0,” but NASA had also rebooted the science. With the launch of
several recent robotic missions to the Moon, lunar scientists are only now starting to
build the community and data resources necessary to reinvigorate this field. However,
President Obama’s reworking of the Bush vision for space exploration again places lunar
science funding in jeopardy.

NASA has more reliably supported planetary — rather than lunar — science in the
post-Apollo years. Even as the last decade and a half has been plagued by constant
reorganization within NASA, budget requests' reflect a consistently strong Mars
program, complemented by smaller missions throughout the Solar System. In more
recent years, “Planetary Science” replaced “Solar System Exploration” as the theme
encompassing Mars and other planetary missions within the Solar System, as well as
lunar, comet, and asteroid science.

The discipline of planetary science itself is a product of the space age. In 1962,
Elsevier began publishing a new journal, /carus, to document “the new interdisciplinary
science of the solar system — which is emerging to claim its own identity at the cross-
roads of the allied disciplines of astronomy, geology, geophysics, meteorology,
geochemistry, plasma physics, and biology” (Kopal and Wilson 1962, i). The field

continued to cohere, and by the end of the decade, members of the American

"' NASA congressional budget requests from fiscal year 1997 are available at
http://www nasa.gov/audience/formedia/features/MP_Budget Previous.html

18



Introduction

Astronomical Society organized a sub-group within the AAS to be called the Division for
Planetary Science.

The first decade of Icarus contained more articles about the Moon than Mars, as
astronauts and cosmonauts raced to be the first on the surface. However, from the mid-
1970s to the early-2000s (from the end of Apollo to Bush’s re-prioritization to return to
the Moon), there were very few articles about lunar science. Mars, however, saturated the
journal thanks to the successful Mariner and Viking missions of the 1970s. Even in the
lull between Viking and the Mars Pathfinder mission (launched in 1996) there were
enough data and interest in Mars to keep the planet frequently discussed within Icarus.

In 2009, after more than a decade of successful robotic missions, there were a record 91
articles about Mars. Meanwhile, as scientists refocused on the Moon, a handful of lunar
science articles appeared each year and grew steadily.

When the ficld of planetary science was established, scientists assumed that this
field would be devoted to the Solar System. Though there had always been talk and
speculation about planets orbiting other stars, there was no robust way to detect these
objects. In the 1970s, a half dozen articles in the pages of Jcarus addressed the feasibility
of detecting exoplanets (or “extrasolar planets” as they were initially called) and how
Earthlike planets might be detected. It was not until the 1990s that astronomers began
detecting exoplanets. Scientists found the first few around violent stars called pulsars
that bathed their companion planet in x-rays. In 1995, Swiss astronomers announced the
discovery of a planet around a star very similar to the Sun. After decades of wondering if

exoplanets could be detected, the affirmative answer begged the questions “how many are
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there” and ‘what are they like.” As of 2011, astronomers have detected over 500
exoplanets in our corner of the galaxy.

As the abundance of exoplanets grew, so did their presence in /carus. Though
nowhere near as prevalent as Martian science, there have been consistently more than a
half dozen articles about exoplanets per year throughout the 2000s. In astrophysics
journals, however, articles about exoplanets steadily increased since the 1995 discovery,
averaging more than 30 articles a year from 2005 to 2007, more than 50 in 2008 and
2009, and almost doubling to 90 articles in 2010.> These increases in exoplanet, Martian,
and even lunar publications, reflect a growth in the field of planetary science.

Scientists who study planets, both in our Solar System and orbiting other stars,
call themselves astronomers, astrophysicists, planetary geologists, planetary scientists,
astrobiologists, and even computer scientists. This community is heterogencous, based in
different kinds of university departments, using different tools and methodologies, and
even asking different questions of planets. It is this loosely assembled group that 1
navigated through between June 2009 and August 2010 in order to understand how and
why these scientists thought about planets. My ethnography focuses on how Earth-based
practices illuminate other worlds. Though not everyone I encountered would call his or
herself a “planetary scientist,” I use this term more broadly than perhaps customary to
account for the diverse actors studying planets. It also reflects the purpose of this study,

which is to highlight scientific ways of knowing planets.

? This search was conducted across The Astrophysical Journal, The Astrophysical Journal
Letters, and The Astronomical Journal. The number of articles reported is based on a search for
“exoplanet” and “extrasolar planet” in both the title and abstract.

20



Introduction

What is a planet?

I initially explored this question while puzzling through the circumstances of
Pluto’s 2006 reclassification from “planet” to “dwarf planet” (Messeri 2010). After an
astronomer discovered an object thought to be larger than Pluto orbiting further from the
Sun, the International Astronomical Union (IAU) moved to create an explicit taxonomy
for objects in the Solar System. In making explicit what is and is not a planet, the
committee in charge of writing the definition necessarily prioritized some scientific
interests over others. Astronomers additionally complicated the process of crafting a
definition when voicing concern for the public sentiment and the distress some school
children might experience if their favorite planet was suddenly no more (semantically
speaking). “Planet” operated as both a scientific and a cultural object.

As defined by the IAU, a planet is a round object orbiting the Sun that is large
enough to have either captured nearby debris as satellites or expelled the debris to other
orbits. Pluto failed to dominate its orbit and thus was not a planet. This reclassification
had little effect on scientific practice. Scientists studying Pluto refer to themselves as
planetary scientists (not dwarf planetary scientists). Though exoplanets are not planets
by the IAU definition, as they do not orbit the Sun, they are still referred to and
understood as planets. Whether studying Pluto, Mars, Jupiter, or exoplanets, scientists
use “planet” without hesitation to describe the objects they work with.

Lorraine Daston, in Biographies of Scientific Objects (2000), outlines the realist
and constructionist approach to thinking about scientific objects. The realist situates an
object as discoverable, as something always existing but not always known. The

constructionist, in contrast, depicts objects as inventions; as things molded from a
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historical and local context. Daston offers a middle road, that scientific objects are both
real and historical. Pluto, for example, was discovered (to use the realist terms) in 1930
though it surely existed before Clyde Tombaugh’s announcement. As a realist object, it
has orbited the same path for millennia, but Pluto was only constructed as a planet until
2006. Whereas one initially studied Pluto to understand more about the icy outer planets,
one now looks to Pluto as an example of its neighboring dwarf planets. Scientists
adjusted Pluto’s ontological status and in response its epistemological utility shifted.

The reason for Pluto’s changed positioning is the result of scientists’
reinterpretation of “planet.” Planet is the scientific object I will interrogate throughout
this dissertation. I am not offering a Dastonian biography of a scientific object, but rather
a series of encounters with different contemporary practices organized around entities
that scientists think of as “plancts.” “Planet” challenges what it means to be a scientific
object in several ways. Daston opposes scientific objects to quotidian, every day objects.
Quotidian objects “are the solid, obvious, sharply outlined, in-the-way things... They are
all too stable, all too real in the commonsensical meaning of ‘hard to make go away’...
In contrast to quotidian objects, scientific objects are elusive and hard-won” (2). Planets,
however, are both quotidian and scientific. Earth is part of our daily experience,
implicated as a planet thanks to photographs from the Apollo mission.

And yet exoplanets (as opposed to Earth) are more similar to the “elusive and
hard-won” scientific object. They are real only in so far as their visualizations are
believable. Hans-Jorg Rheinberger prefers the term “epistemic things” when considering
scientific objects. “Epistemic things” lead the scientist down a path of questioning, as

they “embody what one does not yet know” (1997, 28). “Planet” acts like a heuristic in
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that knowledge of well-studied planets guides the scientist’s understanding of newly
detected planets. To label these detections “planets” immediately offers an initial way to
study them. The concept of planet also guides research when scientists apply quotidian
information about Earth (what a stream looks like) to make sense of an inscrutable
scientific object (e.g., a satellite image of a Martian feature). “Planets” hold power as
scientific objects or epistemic things precisely because they are at the same time
quotidian and scientific.

The final, and most important, way in which “planets” are unique amongst
scientific objects comes from the experience of being on Earth. To inhabit Earth is to be
in a place, to move between places, to create and destroy places. Planets, I argue, are
more than objects. They are imagined as places amenable to habitation (either by
humans or other beings). This dissertation examines how scientific practice transforms
planets from objects into places and how this is an essential way of knowing and doing

planetary science.

The problems and promises of place

Place and Geography

When I use the term “place,” I mean to index both the colloquial understanding of
this word as well as the theoretical concept described in scholarship that struggles with
the relationship between “space” and “place.” As Henri Lefebvre (1974) famously
suggested, space is not a singular, stagnant concept but it is perceived, conceived, and

lived. Space is not neutral but it is produced and reproduced by human action. Space,

23



Introduction

Lefebvre argued, is social. Other French scholars contemporaneous with Lefebvre, such
as Michel de Certeau (1980) and Gilles Delueze and Félix Guattari (1980), wrote about
different sorts of space. De Certeau focused on how the act of moving through a space
transforms it, while Delueze and Guattari proposed “striated” versus “smooth” space to
stand for the difference between hierarchical, rational space and qualitative, multiple,
non-reproducible space.

David Harvey (1989) and Stephen Kern (2003) advocate that space is also
historical. They identify forces — economic, technological, aesthetic — that contribute to a
spatial imaginary specific to any given time. Harvey looks to architecture as standing for
modern and postmodern spatialities. Modern buildings or modern city plans reflect a
social purpose, an assumed way that one moves through the space. Postmodern spaces,
on the other hand, have little regard for the occupant. They are designed as symbols of
aesthetics alone. Whereas modern architecture is utilitarian, postmodern architecture
holds “timeless and ‘disinterested’ beauty as an objective in itself” (Harvey 1989, 66).
This would suggest that our understanding of the spatiality of the cosmos is also multiple
and historically changing. To offer an interpretation of the contemporary spatiality, I will
introduce the term “place” and consider this term with respect to planets.

When we think about everyday spatiality, we do so in terms of places. We
consider our favorite places, places we have not traveled to, and the places we are from.
Yet this familiar conception of place is absent in the works above. They discuss space
(or espace in the French). De Certeau mentions place (/iew), but only to set up space as
practiced place. Scholarship in critical geography builds on these theories, but introduces

place and establishes a dialectic between space and place. In the standard formulation,
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space is universal, empty, and a priori while places are meaning-filled, sub-sections of
space. As with other modernist dichotomies, a variety of postmodern scholars, feminist
geographers, and phenomenologists have critiqued the submission of place to space,
seeking to understand place on its own terms.

Philosopher Edward Casey (1996) wishes to show how place was once and can
again be understood not as local and particular, but universal. He begins his essay, “How
to Get from Space to Place in a Fairly Short Stretch of Time” with a critique of two
contemporary c¢thnographic works to illustrate how anthropology falls prey to assuming a
pre-existing, objective geography upon which culture makes places. The anthropologists
are not to blame. Instead, Casey traces this thinking back to Newton, Descartes, and
Kant. It was Kant who articulated the Enlightenment stance that knowledge is first
produced about the general and only after that can the local be understood. Without the
general, the local is fragmentary and “not a science” (16). The general came to be tied
with space, leaving the local to the poor providence of place.

To correct for the long misunderstood nature of place, Casey brings the discussion
of spatiality out of the mind and into the realm of experience. With this shift, Casey
begins to draw connections between place and perception, ultimately concluding, “There
is no knowing or sensing a place except by being in that place, and to be in that place is
to be in a position to perceive it” (18). Meaning, the fundamental act of being is an act of
being in place. He goes further, “we are not only iz places but of them. Human beings —
along with other entities on earth — are incluctably place-bound. More even than

carthlings, we are placelings” (19).
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My work seeks to emphasize the inescapable presence of place. There are two
ways in which my consideration of planets as places may run counter to Casey’s
formulation of place. First, [ show how making planets, and thus making places, is a
process; a move from something less to something more. Do I necessarily have to fall
back on a notion of empty space upon which place is conjured? The descriptor “outer
space,” the medium upon which my interlocutors focus, seems to make this unavoidable.
Perhaps I would have been better served to follow the French Marxists, considering the
social production of the space we have come to call “outer.” In this way, | would at least
have avoided the dichotomy between space and place. But it is the word “place,” not
some multiple understanding of space, which shows up in conversation about other
planets. Astronomer and science popularizer Carl Sagan, for example, recalled on the
television show Cosmos that when he first saw images of the Martian surface taken by
Viking, he thought, “Mars was a place.” Sagan described understanding Mars in one way
and then, through an act of perception, understanding it in another way. Though not
necessarily a seamless transition from space to place, Sagan ultimately comprehended
Mars as a place.

The second way in which my understanding of place is at odds with Casey’s is
that he insists that human presence is a prerequisite for place. Presence is necessary
because of the attending modes of situated perception. I suggest that remote presence
facilitated by telescopes, satellites, and surface robots allow for sufficient perception of
other planets. Thus, actual human presence is not a prerequisite for place-making. The

daily practice of planetary scientists interprets, improves, and shifts how planets are
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perceived. I will offer examples of many different ways of perceiving planets, as well as
the kinds (and the robustness) of places planets become.

Before leaving Casey, I wish to draw attention to the distinction he makes
between earthlings and placelings. To be an earthling is to derive identity from an
affiliation with the planet. Casey suggests we are placelings to illustrate how place is
more universal than earth. In one sense, this frees us from a tie to the earth. We could be
anywhere, including on other planets. My argument throughout this dissertation is that
planctary scientists frequently employ this kind of imagination to make sense of what
they study. Earth, Mars, and exoplanets are all cast as planets and if we are placelings on
one planet, we can imagine ourselves as placelings on all planets. All planets, it stands to

reason, can be thought of as places.

Anthropology and Place

One focus of this dissertation is to identify how scientific practice turns planets
into places. Contemporary anthropologists have been conscious of the field’s tendency to
reify place, especially with respect to culture. Emile Durkheim and Marcel Mauss (1903)
set an early precedent for conceptualizing the relationship between place and culture. In
Primitive Classification, they argued that the way a village is organized, how a place is
established in space, is a reflection of social structures. This morphed into a tendency
amongst anthropologists to fuse understandings of place with understandings of culture.
Akhil Gupta and James Ferguson (1992) urge anthropologists to move away from the
assumption that specific, bounded places are containers for culture. Contemporary places

are not spatially discrete; as postmodernist and postcolonial scholars have shown,
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multiple cultures can exist in one place and cultures can exist in multiple places. Gupta
and Ferguson appeal for a more lively relationship between community and place:
“instead of assuming the autonomy of the primeval community, we need to examine how
it was formed as a community out of the interconnected space that always already
existed” (8). For displaced or immigrated populations, these always already existing
spaces become imagined places as the communities themselves become imagined
(Anderson 1983). The imagined community that I study is organized not around the
symbolic power of the nation-state, but around the symbolism of planetary place. To be
part of the community is to be engaged in the practice of producing place in space. This
practice 1s what unifies the broad spectrum of scientists studying planets. Just as the
community works to construct place, the idea of place holds the community together.

In this work, I am sensitive to a varicty of ways anthropologists have thought
about the production of place and the complex relationship between culture, cultural
difference, and place. Places are multiple and some anthropologists have shown how
their own perception of a particular space is vastly different from those residing in their
region of study (Basso 1996; Stewart 1996). Ethnographies of American and European
aerospace institutions illustrate not only that places are multiple, but also that they extend
beyond the globe (Zabusky 1995; Vaughan 1996; Redfield 2000; Mirmalek 2008; Vertesi
2009; Olson 2010).

For a place to be multiple means that it simultaneously holds different meanings;
that it simultancously represents different things to different people or different things to
the same person. Peter Redfield, one of the few anthropologists to think directly about

the role of place in the space sciences, motivates his study with an observation about the
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multiplicity of place. In Space in the Tropics, a history and ethnography of French
Guiana, he juxtaposes two seemingly incongruous projects: the high-modernist Ariane
rocket project of the twentieth century and the colonial project of the penal colony of the
prior century. He opens the study by asking about the role of place: “Does it matter
where things happen? Or more precisely, what might it reveal that different things
happen in the same place?” (Redfield 2000, xiv). I continue to ask this question not by
seeking out the clash of cultures as Redfield does with the local Guianans and the French
aerospace executives, but by considering how place is multiple even within a community.
Planets are made meaningful by the comparison of the alien with the familiar; by
understanding a distant object through a terrestrial lens. Scientists make sense of Mars
by simultancously drawing attention to its similarities to and differences from Earth. Itis
being pulled closer while being kept at a distance. This makes for a place at once
imagined as Earthlike and foreign.

This multiplicity of place mirrors the multiplicity of the body as described in
Debbora Battaglia’s edited volume E.T. Cultures: Anthropology in Outerspaces. Her
project is to learn about the human condition by “admitting the de-exoticized alien into
our ethnoscapes” (Battaglia 2006, 2) in order to understand what is “extra in
extraterrestrial” (7). Studying how communities embrace the alien not as other but
entangled with self can broaden the analyst’s conception of what it means to live on
Earth. My work turns Battaglia’s approach inside out: instead of making the body the
site of multiple interpretations (both native and alien), the sites as imagined by scientific
practitioners become multiple, simultancously terrestrial and extraterrestrial. Stefan

Helmreich’s Alien Ocean: Anthropological Voyages in Microbial Seas (2009b) offers a
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similar accounting of reversals and transformations in understandings of Earth’s oceans
in today’s sea science. Helmreich’s alien ocean stands for the limits of representing and
knowing the sea, suggesting that transforming the alien into the familiar is often an
incomplete project. Nonetheless, scientists who wish to know alien planets make their
objects seem akin to the terrestrial in an effort to de-exoticize and bring into scientific

apprehension previously unknown objects.

STS and Place

When scholars in Science and Technology Studies (STS) have concerned
themselves with place, it has been with an eye towards articulating a scientific place.
Scientific places come into being through an ability to produce facts. In a review article
written by a geographer advocating for a sub-discipline devoted to the geography of
science, Richard Powel writes, “due to a concern for the credibility of truth-claims and
truth-claimants, science studies necessarily had to confront questions of spatiality” (2007,
210). He acknowledges Steven Shapin (1991; 1998) as one of the first to ask this
question when he articulated solitude as the historical position from which knowledge
was gencrated and later sought to situate the epistemologically weighty “vie\;\/ from
nowhere.” Donna Haraway (1991) suggests that a feminist approach to science does
away with the view from nowhere, offering instead a view from a specific body and a
specific location. Making concrete the often invisible connection between truth claims
and location, Tom Gieryn elegantly summarizes what he calls the paradox of place and
truth: “All scientific knowledge-claims have a provenance: they originate at some place,

and come from there. However, as they become truth, these claims shed the contingent
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circumstances of their making, and so become transcendent (presumably true from
everywhere, supposedly from nowhere in particular)” (2002, 113). Science studies
turned to questions of place to show that the view from nowhere originates at a very
specific somewhere.

The two “somewheres” STS scholars continually return to when locating science
are the laboratory (Latour and Woolgar 1986; Traweek 1988; Knorr-Cetina 1999; Silbey
and Ewick 2003) and the field (Haraway 1990; Kuklick and Kohler 1996; Hayden 2003;
Lowe 2006; Helmreich 2009b). Scholars have shown how these two sites signify
different ways of producing knowledge. The modern laboratory is seen as a legitimate
site for making matters of fact because of its portrayal as generic and placeless. This is in
contrast to the pre-modern laboratory, which, as Robert Kohler (2008) points out, earned
its authority from the specific person who founded it (and this is still true in some cases).
The laboratory of the past and the present, despite claims to objectivity and agnosticism,
is socially shaped. Even the emergence of the laboratory in Restoration England was the
product of a sociopolitical stance (Shapin and Schaffer 1985).

In contrast to the desired placelessness of the lab, the field derives its authority
from its particular location. It is often easier to tease out sociality in the field in contrast
to the lab under the guise of imperialism, gender relations, and the social hierarchies
implicit in amateur involvement (Kuklick and Kohler 1996). Despite being grounded in
the local, field scientists developed many ways to mimic the controlled environment of
the lab. Historians of science have particularly looked at how the personal equation, the
bias of the human observer, is controlled for astronomical field research (Schaffer 1988;

Canales 2002).
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Though scientific practice is local and situated, conceiving of the place of science
in terms of the field or the lab limits our understanding of how knowledge travels. These
sites are one node in a wider, dynamic network (Latour 1987; Secord 2004; Kaiser
2005b). More recent studies of the spatiality of science suggest that it is the relationship
between the laboratory and the field that is crucial to understanding the production of
scientific knowledge (Henke 2000; Kohler 2002; Livingstone 2003; Gieryn 2006). In my
own work, I observed how the field and lab often blur together. Like the placehood of
planets, the places of science are multiple and complex.

Studies in STS that focus on the places of science are the beginning of a “spatial
turn” in the field. My work emphasizes this new direction, considering the mutual
constitution of place and practice. I suggest that ideas of place are also at work in the
forging of professional identifies. For example, making planets into places informs the
planetary scientist’s identity as an explorer. This is a common theme in the space
sciences, but reinforced for those in search of worlds. As one astronomer at MIT
described, his real motivation for becoming an exoplanet astronomer came from a desire
to find “worlds.” In a separate conversation with a different astronomer at MIT, the same
theme came up “[We] are just explorers... We can’t really go there, but we’re
exploring.” Across the country, in my other site at NASA working not with astronomers
but with computer scientists the same sentiment was uttered, “There’s definitely also an
explorer in me, which got put to good use [working here].” For the identity of explorer to
make sense, planets must be conceptualized and circulated as places. Place, practice, and
identity reinforce each other. The spatial turn in STS makes these relations ever more

clear.
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A Place for Outer Space

This dissertation is also informed by a small but growing group of scholars
dedicated to the social studies of outer space. This sub-field is anchored in work by
historians and sociologists who studied astronomy (Edge and Mulkay 1976; Pinch 1986;
Schaffer 1988; Lankford 1997; Canales 2002; Munns 2003; Stanley 2007), the political
and social history of human space flight (Logsdon 1970; McDougall 1985; Siddiqi 2000;
Ackmann 2003; Mindell 2008), the ethnography of space institutions and projects (Mack
1990; Zabusky 1995; Vaughan 1996; Redfield 2000; Mirmalek 2008; Vertesi 2009;
Olson 2010), and the cultural meaning of extraterrestrial narratives and phenomena
(Young 1987; Lepselter 1997; Dean 1998; Battaglia 2006). David Valentine, Valerie
Olson, and Debbora Battaglia (2009) make a plea for anthropological studies of outer
space, arguing that, “outer space is a crucial site for examining practices of future
imagining in social terms, and for anthropological engagement with these practices” (11).
Space, they offer, allows “theorists of space and time” a venue on which to test the limits
of their theory. I take up this challenge, considering how place flourishes even in the
unpeopled reaches of outer space.

In writing about space, scholars often focus on one distinct sub-culture, for
example NASA managers, astronauts, astronomers, or fringe practitioners. Alternatively,
a particular project or object is taken as the focus in order to highlight the intersection of
communities. Patrick McCray’s (2008) history of Project Moonwatch describes how
three communities (space buffs, vigilant citizens, and amateur scientists) participated in a
satellite-tracking program at the dawn of the space age. Robert Markley’s Dying Planet

(2005) and K. Maria D. Lane’s Geographies of Mars (2010) use a scientific object, Mars,
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instead of a specific project to structure a study of the development of scientific and
cultural narratives about the Red Planet. My work builds on these framings by also
looking at several communities interested in planets. But if Markley and Lane began with
a specific object, the planet Mars, I ask how the concept “planet” continues to be in-the-
making as a scientific object and how it may become embedded in the “cultural
significance, material practices, and theoretical derivations” (Daston 2000, 13) of this

particular web of heterogeneous communities.

Field Sites, Lab Sites, and Sites in Between

During my research on Pluto and the IAU’s definition of “planet,” I became
increasingly interested in exoplanets. In defining planet, the IAU specifically excluded
cxoplanets from the definition, as little was known about the then less than 200 objects
categorized as exoplanets. From what I gathered at the time, only mass and radius were
known about exoplanets and not much more. They could not even be directly imaged.
At the same time, a friend of mine studying aerospace engineering at MIT had just
returned from something called the Mars Desert Research Station. She explained that for
two weeks her “crew” simulated being on Mars. They lived in a habitat, wore space suits
when they went outside, and practiced field missions an early team on Mars might be
responsible for. How, I began wondering, were the simulated practice of being on Mars
and the documenting of exoplanets by astronomers related as ways of knowing planets?
How could a planet like Earth or Mars be related to an exoplanet? The IAU thought it
too premature to make this connection. It was the challenge of my fieldwork to relate the

activities at the Mars Desert Research Station, which, inspired by my friend, I traveled to,
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with those of astronomers at observatories and to discern how these diverse practices of
place were ultimately about understanding what constitutes a planet.

My fieldwork ran from June 2009 through July 2010 and unfolded primarily at
four sites. During the summer and fall of 2009, I worked with MIT exoplanet
astronomers. My primary informant was Sara Seager, a professor in the Earth,
Atmosphere, and Planetary Science department (with a joint appointment in physics).
Seager is a prominent figure in the exoplanet community, sitting on NASA and NSF
exoplanet committees, giving invited lectures, public talks, and frequently appearing on
television specials about exoplanets. Seager and her colleague in physics, Josh Winn, are
the primary exoplanet astronomers at MIT and have a number of undergraduates,
graduate students, and postdocs studying with them. They meet on a weekly basis to
discuss recent papers in the field. In addition to attending these meetings, I collaborated
with two undergraduates during the summer on a research project directed by Seager and
in the fall observed Seager and a graduate student prepare a paper for publication.
During the semester, I also attended various seminars offered by the planetary science
program to understand where exoplanet research fits in the broader field.

From February 2010 through July 2010, [ was an unpaid intern at NASA Ames
Research Center in Mountain View, California. [ was part of the Intelligent Robotics
Group and worked closely with a research group within this division called “The
Mapmakers.” The Mapmakers are a handful of computer scientists and one planetary
scientist who, as the name suggests, make maps. They work closely with commercial
organizations like Google and Microsoft as well as the United States Geological Survey

in order to deliver these maps to the interested public and planetary scientists. When [
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arrived at Ames, the group was finishing up a deliverable for Microsoft. They were
building a map of Mars from NASA satellite imagery for the application WorldWide
Telescope (WWT). WWT is described as a virtual telescope, intended for entertainment
and educational purposes. The graphical experience allows users to depart from Earth
and virtually travel across the universe. The user can either zoom around unassisted, or
take a guided tour, which plays like a movie. For the release of the new Mars map,
Microsoft and NASA wanted two tours narrated by prominent scientists that showed off
the high-resolution data. I was put in charge of producing these tours, working with
scientists at NASA to write and storyboard compelling narratives and then with Microsoft
technicians to execute these ideas. With this role, I had access to the meetings and emails
concerning the completion of the map and attended weekly meetings held by the
Intelligent Robotics Group. My daily presence at Ames provided me with a sense of the
role of this small group within the larger NASA picture.

My participant observation at MIT and NASA gave me access to the daily work
and conversations of planetary scientists. As planetar); science and astronomy have
strong fieldwork traditions — at the observatory and on geologic trips — I arranged two
shorter trips to these sites of practice. I accompanied Yale exoplanet astronomer Debra
Fischer to the Cerro Tololo Inter-American Observatory in Chile for a four-night trip to
look for exoplanets orbiting the star Alpha Centauri. With NASA’s Carol Stoker, I went
to the Mars Desert Research Station, mentioned above, which is located in Utah for a
two-week geologic field trip in which we tested a drill that might be used on future Mars

missions.
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Findings gleaned from participant-observation were further developed during
interviews® with those I encountered at each site as well as other planetary scientists
suggested by my informants. During my research time, the topic of exoplanets was
persistently in the news and my writing is inflected with these cultural understandings.
My research gave me access to just a small slice of work being done in planetary science
and while I hope my findings are applicable to the greater community, I await future

work to see how these ideas mantfest in other contexts.

Chapter Outline

This dissertation proceeds as a journey, beginning with exoplanets and then
planet-hopping closer, chapter-by-chapter, until landing on planet Earth. At each
planetary stop, I consider a different kind of activity that aids in place-making:
visualizing, inhabiting, mapping, and narrating. | start with the most alien planets,
exoplanets different from anything in our Solar System. These planets are made into
places in the most familiar way: visualizing the unseen in order to imagine what kind of
world it is. I end with the most familiar planet, Earth, on which I encountered a most
alien place-making practice: simulating daily life as it might be on another planet.

Chapter 1, “Visualizing Alien Worlds with the Planetary Pipeline,” focuses on my
ficldwork with the MIT exoplanet community. The first exoplancts found were objects
larger than Jupiter, orbiting extremely close to their host stars. These planets are too far

away and too hostile to accomodate human presence and yet during my fieldwork I

3 For a list of the interviews I conducted that were drawn on in this dissertation, see Appendix A.
Participants were read a statement of informed consent prior to the interview, in accordance with
the COUHES Protocol# 0906003329 approved by MIT for this project. Interviews were digitally
recorded and transcribed by the author.
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repeatedly encountered astronomers pouring over graphs and models of individual
planets, imagining the weather and surface they might host; imagining what kind of
places they were. I consider the visual and semiotic practices of this community, arguing
that the successful exoplanet astronomer is one who disciplines other astronomers to see
their data in such a way that a planetary place undisputedly exists. This is a pictorial and
language game similar to others played in science, but with the added stakes of place-
making (and unmaking).

In the second chapter, also on exoplanets, I consider the search for “Earth-like”
exoplanets. “Inhabiting Other Earths through the Places and Non-Places of Astronomy”
draws on my experience with Debra Fischer during a trip to an observatory in search of
planets around the Sun’s closest stellar neighbor, Alpha Centauri. What, I ask, is the role
of the observatory in the increasingly remote and automated practice of observational
astronomy? This question is accentuated when considering the search for planets like
ours. Astronomers present these Earth twins as “habitable” planets: rocky plancts,
similar in size to Earth that are at a distance from their star such that liquid water can
exist on the surface. At the same moment they are hunting for habitability elsewhere,
they are decreasingly inhabiting their place of work; shifting centers of practice away
from ground-based observatories and towards computers and virtual databases that can
access satellite telescopes from anywhere. Yet, I show in this chapter that even as the
virtual presence replaces the need to physically be in a place, place becomes increasingly
valorized as a pursuit of scientific knowledge. In searching for other Earths, place is tied

to the ability to dwell on or inhabit another planet.
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Chapters Three travels from exoplanets back into our Solar System to the planet
Mars. For Chapter Three, “Mapping Mars in Silicon Valley,” I discuss my participant
observation at NASA Ames and the work of creating the highest resolution 3D map of
Mars yet produced. In mapping Mars, NASA is making Mars into a very specific kind of
place. They view their practice as a way to “democratize” NASA data by transforming
databases of images into an interactive virtual globe. 1 focus on the different ways these
rescarchers curate Mars as a place, from the 3D illusion of “being there” to creating tours
and narratives that introduce the lay user to Mars’s past, present, and future.

In the fourth and final chapter, “Narrating Mars in Utah’s Desert,” I show how
planetary place is not just made in outer space, but right here on Earth. Through my
experience living at the simulated Mars habitat of the Mars Desert Research Station, I
consider how Earth itself is transformed into a Martian place. In superimposing ideas of
outer space on the terrestrial landscape, the places we moved through became multiple;
simultancously Earth and Mars. Narrative served to order these multiple exposures of
place, allowing for momentary clarity and order amidst the complexity of the places we

created.

The ways by which planetary scientists construct planets as places suggest that
place is a way of understanding. The act of “‘placing outer space” puts forward not a
particular worldview, but a cosmicview. Some cosmologists imagine the structure of the
universe to resecmble what a cotton ball looks like when pulled apart. Wisps of material
form a thin web of cotton, with denser nodes dotting the surface. These nodes, on a

universal scale, are “superclusters’ of galaxies, pulled together by gravity. Each
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supercluster itself resembles the structure of the pulled apart cotton. Galactic clusters
form the nodes within the supercluster. The Milky Way is thought to be in a cluster of
thirty other galaxies, our Local Group. Each galaxy, in turn, is filled with intriguing
objects like nebulae and black holes.

The cosmicview of planetary science sets aside these structures, each more
mammoth than the previous, and concerns itself with relatively tiny globes of gas and
rock that orbit relatively small, stable stars. This proverbial search for and study of
needles in haystacks is rich with meaning and implication. These objects are just barely
on the scale of our comprehension. Scientists establish planets as objects that bear upon
our own planetary existence. They enrich the connection between being and planets by
offering evidence of the placehood of these objects. In doing so, planetary scientists are
populating the “emptiness” of outer space with planetary places. Thus, they are offering

a new vision of the universe; they are replacing outer space with outer place.
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“Even before we had exoplanets, we had Star Trek,” an astronomer told me as she
explained why the proliferation of planets might be unsurprising to the general public.
Some “exoplanet” astronomers — scientists looking for planets outside the ostensibly
contained unit of our Solar System — go back further than Star Trek, readily pointing to
Grecek philosophers and Renaissance thinkers who postulated that “there are infinite
worlds both like and unlike this world of ours” and that “the countless worlds in the
universe are no worse and no less inhabited than our Earth.”' However, it was only at the
end of the 20™ century, in 1995, when science fact caught up to classical cosmology and
to the last century’s science fiction. Since then, astronomers have announced the
detection of more than 500 planets orbiting nearby stars in our galaxy.

Exoplanet astronomers mark the beginning of their field as an empirical science in
October 1995, when, at a conference in Florence, Italy, Swiss astronomers Michel Mayor
and Didier Queloz announced that they detected a planet orbiting around the star 51
Pegasi located 50.9 light years away in the constellation Pegasus. However, Polish-
American astronomer Alexander Wolszczan had four years earlier announced the
discovery of two exoplanets orbiting a pulsar — a radiation emitting, extremely dense
body formed after a star has gone supernova. Jack Lissauer, a NASA space scientist,
explained in September 2010 during an MIT physics department colloquium why this
should not be (and generally is not) considered the first exoplanet discovery. “It didn’t

create much of a stir. And the reason for this is back [to the question of] ‘is anybody out

" Greek philosopher Epicurus and Italian philosopher and astronomer Giordano Bruno as quoted in Seager
and Lissauer (2010)
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there.” The pulsar has a luminosity hundreds of times that of our Sun and most of it is in
X-rays. You don’t want to live around a pulsar if you are a life form anything like those
in the room... The real excitement began when planets started being discovered around
normal stars.”

51 Pegasi is a “normal” star in that it is a Sun-like star. In the discovery paper,
Mayor and Queloz include a table comparing the parameters of 51 Peg, as it is
abbreviated, with the Sun. The table reports comparable temperature, surface gravity,
metallicity, mass, and radius (Mayor and Queloz 1995). ? 5] Peg b, however, is not a
“normal” planet. It resembles nothing in our Solar System. It is a gas giant that orbits its
host star at a fraction of the distance Mercury orbits the Sun, completing an orbit in only
4.2 days. In other words, it would be possible to argue that 51 Peg b is no more inviting
to “those in the room” than planets around pulsars. Yet Lissauer is correct in observing
that exoplanets have captured scientific and popular imaginations. These planets, despite
putatively inhospitable conditions, are often imagined as “worlds.” That is, they are
imagined and described in familiar terms so as to evoke a sense that these are more than
merely scientific objects.

Since the detection of 51 Peg b, astronomers in the US and Europe have started
many programs dedicated to exoplanet detection. According to the Exoplanet
Encyclopedia (exoplanet.edu), as of May 2011 there were 68 projects currently searching
for exoplanets. Exoplanet astronomers are appointed in physics, astronomy, astrophysics,

and planetary science departments. Most senior astronomers who presently consider

? Interestingly, the exoplanet is referred to as a “Jupiter-mass companion” in the title of the paper, not a
planet. Perhaps because of several false planetary claims in the previous decades, Mayor and Queloz are
careful to use the language of “companion” as this allows for interpretation as either a planet or a brown
dwarf.
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themselves exoplanet astronomers completed their dissertations in other areas, but are
now mentoring new doctoral students in the field. At conferences dedicated to
exoplanets (a few per year), there average 200 participants. Of the thousands of
individuals who have published a scientific article or a conference proceeding paper on
exoplanets, 266 are authors on more than ten articles. And though this might seem a
small community, published items are growing exponentially. Papers and conference
proceedings per year more than tripled since 2006, with over 350 published items in
2010.> Before the number of exoplanets exceeded the number of scientists studying
them, as is the case today, exoplanet astronomers spent much time and effort on
squeezing as much information as possible out of the scant available data. They sought
to make the few planets as interesting and exciting as possible.

To understand the process by which astronomers work to make “worlds” real for
themselves and their audiences, I propose the notion of a “planctary pipeline.”” 1 define
the planetary pipeline as a sequence of exchanges between people and instrumentation
(telescopes, computers, programs) in which scientists and machines (1) collect photons,
(2) process data, (3) model phenomena, and finally (4) imagine planets as worlds. Sara
Seager, an exoplanet astronomer at MIT who was my primary guide through the
planetary pipeline, describes exoplanets as “spatially unresolved.” Scager writes in the
introduction to her textbook, Exoplanet Atmospheres: ‘Ultimately we would like an
image of an Earth twin as beautiful as the Apollo images of Earth. For our generation we

are instead limited to observing exoplanets as spatially unresolved, ic., as point sources”

* Statistics generated using Web of Science® key word search for “exoplanet” and “extrasolar planet” in
article and conference paper topics.

* This phrase comes from several different scientists who, in discussing data processing, referred to a
sequence of steps as a pipeline. 1 do not enumerate exactly the same steps that they do, but follow their
idea in spirit.
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(Seager 2010, 1). It is this point source that enters one end of the pipeline. Exoplanet
astronomers, employing various techniques at each stage, try to bring about some greater
resolution, no matter how speculative. This desire to “resolve” the planet is how they go
about understanding a place they have never been. The aim of this pipeline and of
exoplanet astronomy in general is to detect exoplanets and, in doing so, fill a void: to
populate outer space with places.

Place, colloquially understood, is a familiar spatiality. To transform these planets
into place, exoplanet astronomers have the challenge of making the alien appear familiar.
Each chapter in this dissertation elaborates on different techniques of such place-making.
Here, 1 consider practices of visualization, both with images and words. Ultimately, even
when the data suggest exoplanets are like nothing known, astronomers persistently
comprehend these planets through allusions to familiar planets in our Solar System.

Exoplanet astronomers transform abstract data into planets through visual and
linguistic representations.” Visually, astronomers experiment with many different kinds
of representation attempting to give a “seeable” presence to unseen planets. Rhetorically,
astronomers discuss and write about exoplanets using metaphors drawn from our own,
familiar, Solar System. When combined, the linguistic and visual semiotics used by
exoplanet astronomers create a cosmos teeming with planetary places. These scientific
practices facilitate sceing planets and making places.

I contend that making planets as places suggests the making of exoplanet
scientists as particular kinds of professionals. In other words, practice and professional

identity are mutually constructed. Though there is no dispute that exoplanets as a class of

* For more on the relationship between text and visual representations specifically in scientific texts see
Lemke (1998).
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objects exist, one has to convince the community of the existence of individual
discoveries. As such, exoplanets as objects of inquiry are often times disputed. This
ontological uncertainty shapes both the ways exoplanets are modeled (moving from
singular prescriptions to multiple possibilities with respect to interior and atmospheric
compositions) and fosters frustration and uncertainty during the process of
professionalization. In light of this instability, anchoring exoplanets as familiar places
becomes a fruitful strategy for presenting discoveries. A successful exoplanet astronomer
is one who convinces the community to “see” data in the same way and to recognize that
the data contain a world - to interpret the signal both as a planet and also as a viable
place. In this respect, practice and identity not only shape place but also are being shaped
by the pursuit of place.

As exoplanets cannot be imaged directly, astronomers have developed many ways
to represent the invisible. Figure 1.1 offers a sampling of this variety, drawing on images
from various stages in the pipeline. Light curves (graphs of a stars brightness, Figure
1.1a) sit at early stages in the pipeline, the result of processing, when astronomers are still
arguing about whether a planet exists at all — whether the photons they have collected
robustly signal a planetary presence. As they move towards modeling, astronomers begin
to reach beyond the data, attempting to characterize the atmosphere and interior
composition of planets (Figure 1.1e-i represent different kinds of models). These images
are more abstract, allow for multiple interpretations, and are perhaps harder to interpret,

but aim at performing an important operation: making the p/anet into a world.
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Figure 1.1: Different representations of planets. (a) through (d) are representations of
planetary detections and (e) through (i) characterize planetary composition. (a) is a light curve of
Kepler-5b (Koch et al. 2010). (b) is a periodogram showing dominant frequencies in the light
curve of Corot-1b (Plavchan 2010). (c) is a radial velocity graph of 51 Peg b (Mayor and Queloz
1995). (d) shows astrometry data and a predicted keplerian orbit of VB 10b (Pravdo and Shaklan
2009). (e) is the atmospheric spectrum of HD 189733b (Swain et al. 2009). (f) and (g) are
probability spaces for the atmospheric composition and temperature-pressure profile of HD
198733b (N. Madhusudhan and Seager 2009). (h) is a ternary diagram showing probability of
interior composition of GJ 1214b and (i) plots the relationship between atmosphere and interior of
the same planet (Rogers and Seager 2010). This is not an exhaustive set of planetary
representations, merely the ones I encountered most during my research.

Many scholars have looked at how invisible phenomena are visualized by
scientists. In the cases of brain imaging (Dumit 2004), gravity wave detectors (Harry
Collins 2004), and bubble chambers (Galison 1997) the objects of interest are hidden, but
nonetheless proximally close. Exoplanets are both invisible and removed in space. In
imagining them as worlds and thus making them analogous to the world in which we live

and work, astronomers work past the spatial divide. Visualization remains a prominent
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tool in this process. In pushing at the boundaries of what can be visually represented,
astronomers are forging a new visual culture in Bruno Latour’s sense that current practice

“redefines both what it is to see, and what there is to see” (1990, 30).

Ways of Seeing and Speaking

New visual practices - new tools for and ways of seeing - shape every new era of
astronomy. Galileo’s drawing of the moon and his suggestion that there were features
such as craters and mountains signaled a new way of seeing the moon. His ability to
render the topographical nuance of the lunar surface came from his training in Italian
Renaissance principles of perspective and was complemented by his insight that one
might imagine lunar processes as akin to Earthly ones. As Galileo observed the play of
light across the surface of the moon, he thought of how the sun rises across a mountain
range (Edgerton 1984; Shea 2000). At the end of the 19™ century, Percival Lowell drew
a map of Mars after peering through a telescope night after night. His “objective”
representation depicted a surface crisscrossed with linear formations. He offered this as
visual proof of his theory that an intelligent people occupied Mars and built a complex
irrigation system. Ways of seeing and ways of thinking are entwined. In the same way
Galileo created a new practice of representation, exoplanet astronomers are
experimenting with new ways to produce planetary inscriptions, demonstrating the many
ways planets can be seen. And as the case of Lowell suggests, visualizations are often
not only how one sees but also contain artifacts of what one is looking for.

“Seeing” a planet is complemented by the capacity to use language to situate

objects as planets and worlds. Astronomers turn to analogies and metaphors to make
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sense of the unfamiliar. Most of the exoplanets detected so far are unlike planets in our
Solar System. Yet, in papers and informal discussions, astronomers use phrases like “hot

7% 4¢

Jupiter,” “mini-Neptune,” and “super-Earth” to describe these objects. In addition,
astronomers also use the cognitive and phenomenological resources of their own
terrestrial experiences — of being on a planetary surface and experiencing weather, days
and nights, and seasons. Such use of metaphor is not uncommon in science (Boyd 1993;
Kay 2000; Hesse 1963; Hallyn 2000; Ortony 1993). Linguistic philosophers George
Lakoff and Mark Johnson note that metaphor possess deterministic characteristics. In
allowing us to understand new domains of experience, “metaphors may create realities
for us” (Lakoff and Johnson 1980, 156). Metaphors and analogies in science link
concepts or objects in one realm with those in a different realm, as, for example, when
notions of physiology and mechanical practice inform one another (as illustrated in
Rabinbach 1992). In exoplanet astronomy, analogies are drawn between planets orbiting
the Sun and planets orbiting other stars. Astronomers fill a semantic gap by
appropriating language from our Solar System to describe the new kinds of planets
discovered around other stars. The comparison of planets to planets might seem less a
metaphor and more a straightforward assumption. However, scientists’ experiences of
living on Earth and of being in this Solar System ground their analogies in historical and
social contexts. Their analogies serve not only to offer language for new phenomena, but
also to make new, unusual planets familiar — and, ultimately, to depict exoplanets as
places. The particular metaphors of exoplanet astronomy fill a semantic void and at the

same time fill a perceived physical void of space with place.
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Place is more than a by-product of science. It is central to how exoplanet
astronomers conduct research and construct their professional identities. This chapter
captures a specific moment in the development of exoplanet astronomy as a new field of
scientific inquiry. I became acquainted with exoplanet astronomers at a time when what |
call the planetary pipeline was still being developed; when the theoretical aspirations of
the community surpassed technical abilities and astronomers longed to know more than
what the data conveyed. The frustration during this period in exoplanet astronomy is
evident in projects I encountered as a participant observer with MIT’s exoplanet
community from May 2009 to January 2010.

Sara Seager,” a professor at MIT in the Earth, Atmosphere, and Planetary
Sciences department with a joint appointment in the Physics department, and my guide
through the exoplanet community, is a successful crafter of planets as worlds. Seager is
in her late 30s, slight in her physical presence, but commands a room when she speaks.
She welcomes a new visitor to her office in MIT’s Green Building by ushering them to
her window and showing off her 16" story view of the Charles River and Boston skyline.
After this, she gets down to business — moving quickly from topic to topic, asking
pointed questions of her visitor, and freely sharing opinions and experiences of her own
life and work. In larger meetings, she will interject a comment or question if she thinks
the topic of conversation has wandered too far off path. When I approached her about
working with her group, she quickly suggested I begin right away with an undergraduate

project she was supervising over the summer. Thus, my entrée to the exoplanet

® A note on naming conventions in this and subsequent chapters: I received permission from each of my
informants to use their real names. 1 often refer to senior scientists by their last name to reflect the position
they have within their discipline. Other actors are referred to by their first name, either to signal their
junior position or, as is the case in later chapters, to reflect the familiar relationship I had with them in the
field.
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community was with a couple of undergraduates who were also learning their way
around exoplanet data. When the following semester began, I “graduated” to observing
Seager mentor graduate students and postdocs as they worked on the challenging problem
of modeling atmospheres and interior compositions of exoplanets. The projects discussed
in this chapter successively work through the planetary pipeline from data ingestion and
reduction to modeling to producing planets as worlds. Learning the different ways of
“seeing” the data at each step (and how to train readers to see what you see) is
fundamental to the student’s professionalization process.” While focus in discussion and
training is often on representations and visual practice, analogy and metaphors are readily
at hand to move beyond planets and towards world-making. I end this chapter with a
discussion of how Solar System analogies make the strange familiar and ultimately
transform planets into places. For now, let me describe how visual representations are

central to the first three steps of the planetary pipeline.

Collecting: See(k)ing Stars

Astronomers and engineers have developed many instruments and methods for
studying and imaging planets in our Solar System. Ground and space telescopes and
other remote sensing devices reveal visual and compositional information about the
points of lights we see wandering across the night sky. Optical technology has rendered

red, dusty dune hills on Mars, Jupiter’s giant spot and the scar left by a recent comet

7 For recent STS thinking on pedagogy, see Kaiser (2005). See also Grasseni (2009) for ethnographic
accounts of various tacit techniques by which modes of vision are adopted by communities.
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impact.® Even scientists using the Hubble Space Telescope managed to capture fuzzy
images of Pluto (though a planet no more), revealing a brown exterior.

But exoplanets cannot be directly imaged; they are too small and too faint
compared to their host star to be optically resolved. Instead of trying to directly detect a
planetary companion, astronomers started in the 1970s to train their telescopes on
potential host stars and search for anomalies in their luminosity or motion. If an anomaly
is recorded and there is no visible explanation (for example, a nearby binary star),
astronomers declare they have detected a planet. Thus, astronomers qualify the existence
of exoplanets precisely because there is no alternate visible explanation for an anomaly.
To “see” these planets is not to see a sphere orbiting a glowing star, but in fact to note the
visible absence of such an object.

There are two primary methods for detecting exoplanets (and several less
successful ones): the transit method and the Doppler method. Both methods use a
telescope to focus visible light from a target star. The transit method relies on
photometry, the measurement of stellar electromagnetic radiation, to detect fluctuations
in starlight. The Doppler method measures the movement of the star, looking for
anomalies in motion that might be explained by a planetary companion. Seager is most
interested in the transit method, as this method is currently the most promising way to
find planets similar to Earth.

Astronomers keen on measuring the brightness of stars fashioned instruments

throughout the 19™ and 20™ centuries to aid in this stellar endeavor. Beginning in the

¥ The Mariner missions, which first launched in the 1963, were the first satellites to image the inner planets
from a position beyond Earth’s orbit. NASA missions have imaged Mars with the Viking missions of the
1970s and several recent landers and orbiters (to be discussed in Chapter 3). Galileo set off to image
Jupiter in 1989, and was still in orbit and able to directly observe the Shoemaker-Levy 9 comet impact.
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1830s, astronomers built several apparatuses that augmented the telescope in order to
give the observer’s eye a frame of reference from which to make accurate observations of
magnitudes. In the 1880s, astronomers developed photographic photometry as an
alternative to “visual” photometry.” An editorial in Nature summarizes, “The eye ceases
to be the actual photometer employed. For the impression on the retina we have
substituted the impression recorded on the photographic film” (Anon. 1895, 560). The
light of a star leaves a circular impression on a photographic plate: the brighter the star,
the greater the diameter. In the late 1890s, one way magnitude was determined was
based on a logarithmic relationship between the measured diameter and known
magnitudes of reference stars.'® The mathematical relationship, the same editorial notes,
“is serviceable practically, but has no physical meaning” (Anon. 1895, 560). And
unfortunately, in the first decade of the 20™ century as people better understood the
science of photography, they realized that because photographic emulsion was more
sensitive to violet light than the eye, photographic and visual magnitudes could not be
compared. In the first half of the 20" century, photographic photometry was the
dominant method but had many mechanical difficultics. With the invention of the
photomultiplier in 1950, photographic photometry finally enjoyed expediency and
success. The dominance of the photomultiplier was short lived, as electrical engineers at
Bell Labs soon invented the charge-coupled device (CCD) and astronomers began to

digitize their data collection. Today, CCDs have completely replaced the need for

? The distinction between visual and photographic photometry is an actor’s distinction. Whereas seeing
with the eye through the telescope was considered a direct observation, when these techniques were first
being pioneered photographic evidence was not considered direct observation (as evidenced by Scheiner
(1894, 2)). Now, the distinction between direct and indirect is not related to human versus mechanical
detector. Direct means to measure the planet while indirect means measuring the star.

'* This process of calculating the magnitude from a photographic plate was called “reducing,” the same
word used today to describe the elimination of environmental and instrumental systematics from the data
(as I will discuss more in the following section).
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photographic film and are used as detectors for all major ground and space optical
telescopes (as well as many personal cameras) (Hearnshaw 1997).

Most texts on CCDs use an analogy created by Morley Blouke and Jerome
Kristian to explain its mechanical workings. As summarized in a 1992 paper on the
current state of CCDs in astronomy: “Imagine an array of buckets covering a field. After
a rainstorm, the buckets arc sent by conveyor belts to a metering station where the
amount of water in each bucket is measured. Then a computer would take these data and
display a picture of how much rain fell on each part of the field. In a CCD system the
‘raindrops’ are the photons, the ‘buckets’ the pixels, the ‘conveyor belts the CCD shift
registers and the ‘metering station” an on-chip amplifier” (Janesick and Elliott 1992, 6).
What this analogy fails to mention is that often you are interested in the raindrops coming
from only one specific cloud. Yet, the buckets collect rain from many clouds and
perhaps even rain that dripped off an overhanging tree. Switching back to the language
of astronomy (though this is still a borrowed analogy from signal processing), the
raindrops from the cloud of interest are the “signal” and everything else i1s “noise.” The
skill and craft of CCD photometry is isolating the signal from the noise.

Data released by universities and government research institutions into public
archives are often already cleaned of noise from the instrument and CCD itself. When
one downloads a light curve from an exoplanet database, one presumably downloads only
the flux from a single star. Though as the next section will show, even in this “cleaned”
raw data, artifacts from the system often remain. These light curves are rendered as flux

over time — brightness of the star over the duration of an observation. If a star’s
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brightness does not vary, the light curve is a straight, horizontal line. Any brightening or
dimming is represented by a rise or fall of this line.

During one of my trips to the visitor center at the NASA Ames Research Center,
the Kepler exoplanet telescope kiosk featured a hands-on display to illustrate the “transit”
signature in a light curve. Like a restless kid, before I knew what the display was trying
to explain, I started cranking the beckoning handle. As I did so, a dark black sphere
rotated around a light bulb. The faster I cranked, the faster the model whirled. Adjacent
to this model was a camera with a CCD taking constant snapshots. The camera was
connected to a computer monitor, which, in real time, drew a horizontal line indicating
the brightness of the light bulb. Every time the black ball passed between the light and
the camera, the measured brightness dropped, creating a U-shaped dip in the graph.
Astronomers are searching for such dips in light curves - such transits - as evidence of
exoplanets. However, just because the noise from the CCD has been removed from data,
does not mean there are no other stray raindrops. The next step in the planctary pipeline

after collecting is processing in which astronomers “clean’ and “reduce” the data until

they are confident only photons from the star of interest remain.

Processing: Seeing With the System

Seager invited me to join an undergraduate research project in the summer of
2009. I worked alongside two undergraduates, Sukrit and Aaron. The project concerned
the Convection, Rotation, and Planetary Transits (CoRoT) space telescope launched at
the end of 2006 by the Centre National d’Etudes Spatiales (CNES, the French space

agency). CoRoT is gathering photometric data on stellar seismology and detecting
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exoplanets through the transit method. When we began to work on this project, the
CoRoT team had announced seven planetary detections (named CoRoT-1b to CoRoT-7b
in order of discovery).“ More significant than discovering planets, the CoRoT data set
contains information on stellar variability — how the flux, or energy output of a star,
changes over time. To detect a planet, a star would ideally have little variability. If the
opposite is true, the flux is not constant and the star has a complex signal, making the
task of isolating the signal of the planet that much more difficult. Initial reports from the
CoRoT team claimed that 80 percent of stars are variable, but there was no additional
information on the timescale of that variability. Seager, who is designing a space
telescope array of her own to look for Earth-sized planetary transits, wanted to know how
many stars might be variable on the Earth-transit time scale. The research project I
joined was designed to answer this question in order to aid Seager in assessing the
feasibility of her project,'? as well as teaching Sukrit and Aaron (and myself) what it is
like to work with “real data from space.”

Our first task was to get to know the data - to understand what information was
contained in the light curves we downloaded from the NASA/IPAC/NExScl Star and
Exoplanet Database, or NStED (a public repository of stellar data from various exoplanet
surveys).”” Understanding this data requires many levels of interpretation. There is not

simply a one-to-one correspondence between phenomena and graphical output. A light

"' The names of exoplanets are alphanumeric; a lower case letter affixed to the star name. The star name is
derived from its catalog number (for example HD 209458) if it does not have a formal name (as most stars
do not). In other cases, the star is named for the survey that detected it. In this instance, CoORoT-N is the
name of the star and CoRoT-Nb is the first planet discovered around that star. Subsequent planetary
discoveries around the same star would be subtitled c, d, etc. ‘a’ is never used to denote a planet because
that letter implicitly stands for the star itself.

"2 The extent to which stars are variable on this time scale also had implications for the Kepler satellite
(discussed in Chapter Two). Seager sought to confirm that stars were less variable on shorter time scales.
" http://nsted.ipac.caltech.edu/
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curve downloaded from the CoRoT database (Figure 1.2) contains signatures of the star,
the instrument, and even the Earth. Knowing how to work with this data, how to
manipulate it such that it serves as a representation of the star alone, requires an intimate
knowledge of how and where the CoRoT satellite operates. CoRoT team members try to
render their apparatus transparent, providing articles and manuals detailing the effects of
the satellite’s orbit, Earth’s interference, and attitude control fluctuations in the light
curves (see for example Auvergne et al. 2009 and Aigrain et al. 2009). What we learned
that summer was how to see with the system in order to distinguish signal from noise.
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Figure 1.2: Raw CoRoT data. This is the light curve for CoRoT-1b, the first exoplanet
detected by the satellite. The periodic dips in data are transits. When it seemed likely that there
was a transit, the satellite was instructed to “over sample” which is why after Helio Date (short
for Heliocentric Julian Date) 2623 the curve is thicker.

Distinguishing “real” data from “‘artifacts” is a common pursuit across many
sciences. Michael Lynch writes, “The possibility of artifact is an almost inevitable
accompaniment of research which relies upon specialized techniques and machinery for
making initially ‘invisible’ theoretic entities visible in documentary formats™ (Lynch
1985, 82). He observes that artifacts provide the analyst the opportunity to see more

clearly how images are constructed; to make visible the sometimes invisible work of
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scientific practice. The skill of isolating artifacts in exoplanet astronomy comes from
professional experience working with astronomical photometric data and familiarity with
the specific telescope. As Sukrit, Aaron, and I were short on both of these attributes, we
were quickly stymied. Our work progressed only because of two visitors who had prior
experience working with the CoRoT data. Seager excitedly shared the news of these
visitors, both European astronomers who had published on the planet finding capabilities
of CoRoT. Simon was a new postdoc in the MIT physics department and Suzanne, a Co-
Investigator for CoRoT, was in town to work with collaborators at the Harvard-
Smithsonian Center for Astrophysics. The questions asked by Sukrit and Aaron at these
meetings sought to elicit the personal experience of the visitors."" How do they see with
the system?

The explanation of their experience worked across words, computer screens, and
chalkboards. The heart of any astronomical system is the telescope. And so, Simon and
Suzanne both began their separate meetings with us by asking if we had seen a picture of
CoRoT — did we know what CoRoT and the CCD physically looked like? Simon drew a
picture of the CCD on the chalkboard, explaining how it collected starlight. Suzanne,
weeks later, opened a PowerPoint presentation on her MacBook and offered an image of
the entire satellite and where the CCD was positioned. We learned from our visitors that
to see the data properly we had to have an image of the whole system (star, satellite,

Earth) as a lens for interpretation.

' For discussions of tacit knowledge in scientific practice see Polanyi (1958) and Collins (1974). While
these scholars focus on the materiality of practice and how technicians teach people how to use specific
instruments, other scholars have considered how tacit knowledge remains important in non-material,
theoretical work (Kennefick 2000; Warwick 2003; Kaiser 2005b).
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The data coming directly from CoRoT is noisy, Suzanne confessed, and has to be
properly “cleaned” or “reduced.” Knowing about the instrument and its orbit allows a
first order elimination of “bad data” within a light curve. Even after these data have been
removed, there remains noise that impedes the detection of a planetary signal.
Astronomers employ many methods to extract this signal. Continuing to draw from the
language of signal processing, these methods are called filters. Simon and Suzanne used
different filters to work with the CoRoT data. In both meetings, Seager was intensely
interested in what these filters do and why these specific ones were chosen. As a
theoretician, she rarely works with such raw data. During our meeting with Suzanne,
when she explained that she prefers a “five-point box car” filter because a former boss
introduced her to it, Seager was frustrated that there was not a more systematic reason for
this selection. It reaffirmed why she went into theory; so much of observational
astronomy is lore, Seager explained. [t cannot be learned in a book.

Sukrit and Aaron were aware that the data had to be passed through a filter from
reading papers published by the CoRoT team. They did not know why this was a
necessary step until Simon showed us before and after images on his computer. He
pointed out a cosmic ray (particles captured by the Earth’s atmosphere that, when they
interfere with CoRoT’s line of sight, cause an intensity spike unrelated to the star) in the
original data. He explained that this obfuscated the transit signal and so he removed it
using a moving median filter. He then went to the chalkboard and illustrated how the
filter works on a simplified data set. Seager was skeptical and asked why he bothered

with this step. To convince her, he showed her the after image of his light curve and she
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exclaimed, “Oh, I can see the transit.” Simon justified his method by disciplining
Seager’s way of seeing.

A transit of CoRoT-1b, the first planet announced by this mission, can be “seen”
in Figure 1.3. This is a published representation of the same data presented in Figure 1.2.
Not only has this data been cleaned of orbital and terrestrial signals and run through
several filters, it has also been “phase-folded,” meaning every observed transit is
superimposed so as to emphasize the curve’s shape, and thus convince the reader that a
planet passes in front of the star. The paper announcing the discovery (Barge et al. 2008)
asks the reader to see the data with the system in the same manner as demonstrated in our
meetings with Simon and Suzanne. The paper begins by describing the CoRoT
instrument, its orbit, and the CCD, explaining how data is reliably ferried from space
down to Earth. It gocs on to enumerate the steps taken to clean and reduce the data and
finally describes how the transit curve was mathematically fit to provide the best possible
planet parameters. The community considers the planet CoRoT-1b a viable exoplanet
because the paper successfully argues that the visualized transit is constructed only from

the starlight of CoRoT-1 and the effects of the surrounding system are removed.
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Figure 1.3: Cleaned and reduced light curve for Corot-1b. Figure form Barge et al. 2008.

Through the summer of research, Sukrit and Aaron learned how to get to know a
data set. They were taught how to see with the system, which translated to knowing how
to interpret light curves. To see light curves as meaningful is to see and trust the methods
by which they were produced. Towards the end of the project, both undergraduates were
dismayed because each step of analysis took much longer to complete than anticipated
and they were not able to answer the science question that motivated the research. Seager
explained several times that the process they went through was invaluable as they were
learning the general philosophy of working with telescope data. Had they just read a
paper describing the steps of working with the data, they would not have encountered the

nuances of each step and the associated assumptions.
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Modeling: Seeing Beyond the Signal

As described above, in an early step of the planetary pipeline, astronomers see
with the system; they understand the orbit of the satellite, imagining its journey around
the Earth in order to think through “systematics,” or periodic artifacts, in the data.
Thinking through the data in this manner is a mode of understanding forged before
planets have been detected. Once an astronomer detects an exoplanet signal in the data
and moves one step forward in the planetary pipeline toward modeling, the astronomer
begins to see beyond the signal. With a spatially unresolved signal (to borrow Seager’s
description of exoplanets), the information extracted from transit curves'® is the limit of
what can be known with certainty about these objects. In the minds of exoplanet
astronomers, however, planets are much more than point sources. The spatially
unresolved exoplanets give way to planetary places as astronomers discuss, imagine,
model, and speculate about being on the surface or floating in the atmosphere of these
planets. The compositions of exoplanets are highly unconstrained, meaning
observational data do little to limit the range of a planet’s chemical and material
properties. Astronomers nonetheless push these limits, as two graduate students in
Seager’s group demonstrated with their attempts to model atmosphere and interior
compositions of different exoplanets. The visualizations they produce are more complex
and harder to “see” the planet in because, in moving beyond the spatially unresolved

signal, uncertainty in the form of probabilities must be introduced to the representations.

'* If astronomers can produce both radial velocity graphs and transit curves, the orbital period, distance
from the star, mass, and radius can be determined from the exoplanet.
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Consequently, exoplanets become less singularly understood, opening up the possibility

for multiple interpretations of what kind of planet the signal might contain.

Atmospheres

Madhu, now a postdoc, laughed at the absurdity of his research when he
explained to me that he chose his thesis topic, modeling exoplanet atmospheres, because
he has always been drawn to unsolved problems. He got to this research because he kept
choosing the road not taken. He described how Robert Frost’s poem informed his

academic path:
At every point in life you get two choices at least and you are to make a selection. In the
initial stages of life, you start from ground zero, you are broke, you have nothing. Then,
the choices you make might affect your future very drastically... As you go on, the
choices you make become slightly less important. At this stage, for example, if I ask ‘do
I work on exoplanet atmospheres’ or ‘do I work on planetary detection’... I’m good
enough 1l be relatively successful in both. So that might have slightly less influence of
where my future is. But long back, [ couldn’t say the same thing... The summary point
is how do you come up with a coherent theory, which helps you in making a decision in
each of these situations, whether you have a big or small decision. The theory is that
poem... You look down cach road as far as you can and then your gut feeling says maybe
this is what I should take. It is all art at the end of the day.

While choosing his path in life is an art, his research on atmospheric composition is
utterly systematic. Throughout the early 2000s, astronomers using Spitzer Space

Telescope and Hubble Space Telescope made claims about exoplanetary atmospheres.'®

' Spectra for exoplanets are generated when the radiation from a much hotter host star passes through the
much cooler atmosphere of an exoplanet during an obscrved transit. The molecules and atoms of the
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Astronomers like Madhu are interested both in the elemental composition of the
atmosphere and the temperature-pressure (TP) profile. In ascending from the surface of a
planet, the pressure decreases. The TP profile is a model that gives dimension to the
“spatially unresolved” exoplanet.

But how, Madhu asks in his work, can you actually say with certainty that there is
water or sodium or carbon dioxide on these planets? Given the scant observations, i.e. the
lack of a complete spectrum, how can astronomers confidently describe the atmosphere
as one set of molecular combinations versus any other? How can a scientist present one
TP profile or spectrum, and be sure that this is the only possible configuration? Madhu’s
work on exoplanet atmospheres problematizes two kinds of representations. The
spectrum of chemical composition and TP profile, shown in Figure 1.4, are related to
cach other through a set of equations and are solved for simultaneously. To explain the
modeling problems inherent in these representations, Madhu showed me a Nature article
(Swain, Vasisht, and Tinetti 2008) in which the authors claim that exoplanet HD 189733b
must have both water and methane because water alone does not fit the data. Madhu’s
point is that a wide range of water and methane concentrations and any arbitrary TP
profile can fit the data. At the time of the Nature article, rescarch teams were only
running a few models and choosing a nominal best fit. The goal for his dissertation was

not to suggest one or two models, but to provide a range of possible models and, more

exoplanetary atmosphere absorb the stellar radiation as it passes through. A planetary spectrum, then, is
made by subtracting the spectrum of the star from the spectrum of the planet and star. This is one of three
other exoplanet atmosphere detection techniques, and not the main one considered in Madhu and Seager
2009 paper.
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importantly, outline the physical constraints of the model in a statistically meaningful

sense by computing millions of models."’
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Figure 1.4: Spectrum and temperature-pressure profile for HAT-P-7b. Example of these
two representations from a well-studied exoplanet. This figure is meant to illustrate the clarity of
these graphs, which suggest to the reader that the spectrum and TP profile are precisely
determined. Graphs from Christiansen et al. 2010.

Madhu described figuring out an inroad to this problem as a depressing
undertaking — after all, if he could not solve this problem he would have to start over
again with a new thesis topic. Planets in our Solar System have robust TP profiles, so he
would look to these graphs for inspiration. At one point, he produced a figure containing
all four giant Solar System planets (Jupiter, Saturn, Neptune, and Uranus) and Earth in
the same frame. Upon viewing this congruence, Madhu recalled, “an idea struck, a very

creative moment... Maybe I should find a mathematical function that could fit all the

'” Seager, Madhu’s dissertation advisor, suggested the “million model approach” and Madhu found an
elegant solution. The credit I give to Madhu in this section also deservedly belongs to Seager.
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profiles. That itself was an absurd idea. Why should all planetary [TP] profiles be the
same?”'®

Yet, this is the idea he developed, proposing an elegant equation that could be
applied to all planets, those in our Solar System and beyond (Madhusudhan and Seager
2009). Not only does he use the general equation to fit TP profiles and spectra from the
data, he also presents the models not as a single line but as a probability space. He
transforms what previous papers had presented as single solutions into a spread of
possibilities which suggest visually that the atmospheric composition of these planets are
far from being understood. In a field where small amounts of data are leveraged to make
big claims, Madhu’s intervention was to show that the visual clarity of spectral graphs is
misleading and the known attributes of planets are much messier and abstract (see Figure
1.5).

In general, this approach has been well received. However, critics are quick to
point out that his elegant equation for the TP profile has no physical basis. In a public
talk, he pre-empted the audience and rhetorically asked, “What is this magical pressure
temperature profile?” He went on, “[it] looks like a mathematical construct, why should
we trust this?” His answer was a visual argument. He displayed a slide showing how the

equation fits the data we have on exoplanets and, more impressively, five Solar System

18 A further note on what is represented in the TP profile. It is a graph of temperature (on the horizontal
axis) versus pressure (on the vertical, in descending value). As pressure increases the further from the
surface, at TP profile represents how the temperature changes as you move from the surface, into the
atmosphere. For planets in the solar system, scientists obtain the TP profile based on a detailed spectrum.
For exoplanets, no detailed spectrum is available. Analysts have attempted to solve this problem by
deriving a range of TP profiles and molecular and atomic abundances based on a given spectrum by solving
three equations simultaneously. This method is too computationally intense to run multiple times. Madhu
proposed a parametric TP profile that would satisfy hydrostatic equilibrium and global energy balance
equations. He wrote an exponential equation that proved a good fit for the solar system planets (Seager
2010). With this self-contained equation, containing six free parameters, Madhu was able to run many
thousands of possibilities on the same data.
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planets. In reference to the Solar System he said proudly “That’s real data.”
Representation and analogy merge as Madhu justified his way of knowing exoplanets.
His equation, derived from a particular way of seeing planets in our Solar System, is
justified by disciplining the audience’s sight to see in the same way. More persuasively,
the equation illuminates far away planets by relating them to those nearby.

Madhu is reshaping visual practice, presenting new ideas about what can (or
cannot) be seen and known about exoplanets. His way of seeing beyond the signal

portrays a planet not as a single entity, but as a multiplicity of possible incarnations.
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Figure 1.5: Spectra of HD 209458b. The singular top spectrum (from Knutson et al. 2008)
contrasts to Madhu’s multiple probability spectrum on the bottom (from Madhusudhan and
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Interiors

GJ 1214b"° made headlines in December 2009. Wired Magazine invited readers
to “meet GJ 1214b, the most Earth-like planet ever found outside our Solar System”
(Keim 2009). The New York Times warned readers: “Call it Steam World. Astronomers
said Wednesday that they had discovered a planet composed mostly of water. You would
not want to live there” (Overbye 2009b). As these statements make clear, the character
of GJ 1214b is ambiguous, it is not singular but multiple. In terms of mass and radius, it
was one of only two “super-Earths” known at the time of its detection, making it the most
“Earth-like.” The discoverer, Harvard’s David Charbonneau, claimed in his paper that
the composition was mostly water, with an atmosphere that would make the surface
“inhospitable to life as we know it on Earth” (Charbonneau et al. 2009).

Is such a specific compositional claim justifiable? As with Madhu’s project, there
is a similar puzzle for exoplanets of modeling planetary interiors.”> How far beyond the
data can astronomers go in speculating about a planet? An observer might be satisfied
offering one suggestive interpretation that fits the data, leaving it to the theorist or
modeler to be more comprehensive. In September, a few months before the discovery
announcement Charbonneau shared his discovery and data with Seager. Seager
suggested to her graduate student, Leslie, that this would be a good project for her to
work on. As I had successfully completed my undergraduate research project

participation, Seager invited me to follow the development of the research, wanting me to

' The nomenclature ‘GJ’ refers to a catalog containing known stars within 25 parsecs of Earth. Wilhelm
Gliese and Hartmut Jahreise prepared and updated the catalog at the University of Heidelberg, hence the
‘GJ’ honorific.

% In this project, “interior” refers to the core, mantle, and gas envelope. The gas envelope is the gaseous
layers surrounding a rocky concentration of mass.

67



One: Visualizing Alien Worlds

understand how mass and radius (quantities derived from the light curve and radial
velocity measurements) are indicators of internal structure.

Leslie, in many ways, is the antithesis of Seager. She demurs where Seager
asserts, is nervous where Seager is confident. Seager is impressed with Leslic as a
physicist and was sure that she was ready for a project of this sophistication. Leslie
decided to work on this project as she was figuring out what her thesis research would be.
This short project, hopefully only a couple months of work, would serve to test whether
there were enough data and theory at this point to work systematically through the
problem of interior modeling. Consequently, Leslie’s anxieties about her research
trajectory and abilities as a scientist percolated during working sessions and meetings
with Seager while developing the GJ 1214b paper.

“What we’re doing is we’re trying to interpret a new planet,” Seager explained to
me the first time the three of us sat down. From the transit data and measures of the mass
and radius, it seemed that the planet must support an atmosphere, or gas layer as Leslie
referred to it. Leslie sought to explain how interior composition dictates the origin and
composition of the gas. The planet is conceived as a whole, where one layer affects the
others. For her project, Leslie was considering three different ways this planet could
have formed based on different “primordial” material. Leslie explained these planetary
possibilities to me. The first is a “mini-Neptune” with a hydrogen-helium gas layer. The
second scenario is a planet that does not have the hydrogen-helium atmosphere, and
instead is enveloped by a water vapor layer. The last case is a super-Earth encased by a

small hydrogen layer.
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I was curious to know how they arrived at these three scenarios. As Madhu had
showed me, there are many possible planetary configurations. Leslie and Seager wanted
to present discrete cases and chose to consider “end member” cases; planets that evolved
in three different ways and therefore had three different evolutionary reasons for having a
gas layer. At early meetings and in early paper drafts, this clarity was not yet fully
formed. Drawing again from our Solar System, Leslie explained that there are rocky
planets like Earth and Mars and Venus, and ice giants like Uranus and Neptune. The
mass and radius of GJ1214b falls between these two classes, suggesting other kinds of
planets in this overlap region. Consequently, they chose cascs based on intuition, but
knew that for the purposes of the paper’s argument, they must present readers with a
more methodical motivation behind these choices. In the final paper, they justified their
choice of cases with two figures illustrating the multiple possible elementary
compositions for planets. They sought to convince the reader of the rationale behind
their approach through images in addition to words.

Leslie arrived frustrated to a meeting in October. After a disheartened discussion
of how she was modeling the water vapor layer, she brought up a colleague’s paper that
was also on the topic of modeling interiors of super-Earths. Leslie thought she had
encountered what all researchers and academics fear: someone has written the paper she
was working on. Seager quickly reassured her, emphasizing that Leslie’s paper has better
physics and contains a discussion about #ow to distinguish between different cases.
Leslie was not satisfied. The other author is a postdoc and will always be a step ahead,
she insisted. This should not be a concern, Seager responded, because of Leslie’s

proficiency at physics. But, if being the best physicist is not a satisfactory solution for
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Leslie in terms of distinguishing herself, the other option was to embark on something
completely different. Leslie had already been toying with studying planetary formation
and perhaps this would be a more novel thesis topic. The uncertainty of exoplanets as
objects fueled Leslie’s uncertainty of being an exoplanet astronomer.

Frustration continued to plague Leslie’s work on this project. At the start, she
was confident that the data would offer some hard limits, allowing her and Seager to
pronounce upon the amount of hydrogen in the gas layer. Two months after working
with the data, after she had drafted a paper, Leslie concluded that there is not enough
information to constrain the problem: “Who knew it would be so degenerative?” Seager
hesitated, then bluntly observed that the project is in a precarious position; should they
scrap the idea of publishing or figure out a way to salvage Leslie’s work? Leslie was
stunned, but Seager reassured her that the null finding of her work so far is not her fault.
Seager and Leslie were both disappointed that there was not a bigger finding to report,
but upon advice from a colleague at MIT, they decided to continue writing up the paper
and at the very least to point out that exoplanet modeling is still in its infancy and such
claims of mini-Neptunes and water worlds are premature. This experience made Leslie
question whether studying interiors was too risky of a thesis topic. After writing this
paper, she would search around for a different topic, perhaps on planetary formation.
This topic is decoupled from the worry of whether or not a specific exoplanet exists and,

for Leslie, provided a sturdier platform for her professional identity.”'

21 . . s . . . .

= Though Leslie did explore the possibility of pursuing a project on stellar evolution, in a quest for more
definite answers, she returned to interior modeling for her dissertation work. Her research continued to be
motivated by the work she did with GJ 1214b, proposing circumstances under which super-Earths might
have liquid water on their surface (personal email to author, July 11, 2011).
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By early November, however, Leslie and Seager made the decision to keep
working on this modeling project and to publish a paper. Knowing that Charbonneau
might announce the detection any day, Seager and Leslie worked non-stop to prepare
their manuscript. Though Leslie had written a draft, Seager worked with her for several
days to re-write the paper so it more clearly expressed the goals and findings of the
project. Part of Seager’s role as advisor is to teach students how to write, a skill they
rarely have mastered before entering graduate school. In observing how Seager walked
Leslie through the paper writing process, I saw that Seager also instructed her student in
how to see planets in a certain way. We met on a Monday morning in carly November
for the first of several days of intense collaborative writing.*> Before we got to the
language of the paper, however, the first method of attacking this work was to approach it
visually. Seager placed a sheet of paper on the table and suggested she and Leslie sketch
out pictures of the different end members so as to understand the physical components of
each scenario. As she drew each case — narrating while she drafted an icy core and a gas
envelope — she ordered them by size illustrating a continuum of possibilities. In drawing
this out, Seager created a pictorial rationalization for the selection of end member cases,
which they next translated into words for the paper’s introduction. Seager demonstrated
for Leslie how to see beyond the signal, beyond the transit light curve towards multiple
scenarios.

Ultimately, the paper concluded that “we can constrain GJ 1214b’s composition
but we cannot infer its unique true composition” (Rogers and Seager 2010). The paper

does suggest, however, that Charbonneau’s claim that there was liquid water on the

*2 1 did not participate in the research or the writing of this paper, but my opinion was sometimes asked for
as Leslie and Seager tried to figure out how best to express a particularly sticky point.
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planet’s surface was unlikely. To model exoplanets is to see them as several. Itis to
resist the desire to ascribe a singular make-up, presenting them as unambiguous worlds.
Seager, Leslie, and Madhu play with the ontology of exoplanets. They enact, to borrow
from Annemarie Mol’s (2002) characterization of the role of medicine in producing the
body as multiple, an exoplanet as multiple. To do so, however, necessarily introduces
uncertainty into the epistemology of exoplanet astronomy. For a new scholar like Leslie,
this uncertainty in the object translates to professional frustration and uncertainty. To see
beyond the signal is to see the exoplanet as multiple and recognize the fragility of one’s
object of study. One strategy that helps sure up the character of these objects is to
reference their status as worlds and unique places. I will discuss how language is central

to this process.

Imagining: Seeing Through Language

Scientific inscriptions are always accompanied by verbal or written text. Medical
anthropologist Barry Saunders (2009) illustrates how learning to see and speak are
coupled in the world of diagnostic medicine. Likewise, in exoplanet astronomy, while
Scager mentors students like Sukrit, Madhu, and Leslie in how to interpret novel
inscriptions, she simultaneously provides a new vocabulary for them to speak about what
they see. Much of this language is technical, but there is a subset of more colloquial
terms, discussed in this section, that do more than just describe the data. They elevate the
data to a level at which the detected planets take on elements of place. Light curves and
other graphs are necessary to prove planetary existence. To transform the planet from a

scientific object into a world, astronomers employ linguistic strategies such as analogy
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and metaphor in paper writing and verbal discussions. Stefan Helmreich (2000), in his
ethnography of Artificial Life computer scientists, tracks the use of metaphor in world-
making. He observes, following Lakoff, that scientists, as with all people, are creatures
of language and as such they are inescapably creatures of metaphor. Helmreich shows
how, in conceptualizing computer simulations as self-contained “worlds,” scientists draw
from the language of the living world and use those images to describe and make sense of
simulations. For exoplanet astronomers, language is what allows the worlds to come into
being. Language and metaphor make visible the invisible and create new realities (Tuan
1991; Lakoft and Johnson 1980). When there is not enough observational data to
transform planets into worlds, exoplanet astronomers see these planets through language.
Language allows for a way to move beyond the uncertainty of the exoplanet multiple
towards an understanding of the exoplanet as a world and as a place.

It 1s perhaps not surprising, then, that scientific papers are riddled with terms such

R

as “hot Neptunes,” “eccentric Jupiters,” and recently confirmed “super Earths” (the prefix
‘super’ implies a bigger mass and/or radius). When Leslie and Seager began writing their
paper on GJ 1214b, they frequently relied on the language of Earths, Neptunes and ocean
worlds to think through the possible compositions of the exoplanet. The familiar
associations provided touchstones, making the planet familiar as well as hinting towards
questions associated with such characterizations. They were at times uneasy with their
use of analogy, but had a hard time getting away from it. In an early draft of the paper,
they articulated that one interesting aspect of GJ 1214b is that there are “no solar system

analogs” and “we should not carry over our own biases from solar system planets.” And

yet, in the very next paragraph, they could not escape relying on that language and
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describing how the planet might have formed “like Neptune.” In figuring out how to
describe the water planet scenario, Seager thought aloud during one meeting while
deciding what to write: “Water planets are not like any in our Solar System. Or water
planets would be like bigger, hotter versions of Ganymede or Jupiter’s icy moons.” Each
time they tried to get away from Solar System analogies, it became apparent that analogy
was the only way out of the semantic gap. In the end, Solar System language served to
organize the end member cases and in the paper submitted to the Astrophysical Journal,
they were labeled “Mini-Neptune,” “Water Planet,” and “Super-Earth.” This language is
not unusual in the literature. However, a referee suggested they were over-using Solar
System analogies and the planet taxonomic classes they relied on were not precisely
defined. In the final paper, Leslie and Seager re-named their cases as “Gas-Ice-Rock
Planet with Primordial Gas Envelope,” “Ice-Rock Planet with Sublimated Vapor
Envelope,” and “Rocky Planet with Outgassed Atmosphere.” Despite the important role
analogy played in developing the project, it was erased from the final published product.
In addition to phrases of bulk classification, the discourse of exoplanet astronomy
draws heavily on language used to describe conditions on Earth. Even though most of
the exoplanets discovered so far are gaseous giants, in discussing their propertics
astronomers struggle to make them seem Earth-like even if they are far from familiar.
Speculating on weather and seasonal variation is a common rhetoric in the exoplanet
meetings | attended. In one meeting, we were discussing a theoretical planet in which
temperature is transferred between the atmosphere and surface. On one page of a
handout regarding this planet there was a graph of what the atmospheric temperature

would be at different latitudes during “January.” The speaker went on to say how this
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graph would be different in “March” and the other “spring” months. This object, which
began at the beginning of the meeting as just a body orbiting a star now could be
imagined to have seasonal variation and we had a better grasp of this alien world by
understanding the difference between our spring and its spring. After we understood how
volatile this planet’s climate would be, an astronomer joked how alien people on the
planet might react to the crazy weather — who would be the Al Gore of this exoplanet?

In one of Seager’s research meetings, a graduate student described the
atmospheric properties of a specific, existing exoplanet he had been modeling. He
mentioned that the planet is “tidally locked.” This prompted another student to ask about
the planet’s hot spot — the part of the atmosphere that would be super heated by the star’s
direct and constant radiation. The student simply answered that the hot spot was “down
wind” from where you would expect. Phrases like “tidally locked” and “down wind” (the
former is used quite frequently) are curious because of the physicality they imply.
Tidally locked, for example, is an analogy drawn from our own Earth-Moon system. The
Earth and Moon exert a gravitational pull on one another. One effect of the gravitational
pull of the Moon on Earth is the ocean’s tides. Another effect is that the Moon orbits the
Earth in such a manner that the same side always faces Earth. This configuration is
termed “tidally locked.” Exoplanets close to their host star often end up in a similar
arrangement. Whereas in the Earth-Moon system, “tidally locked” references both a
dynamic configuration between two bodies and an oceanic effect, exoplanets described as
tidally locked only refer to the configuration between planet and star. These planets,
orbiting so close to their star, cannot sustain water on their surface. Instead of

introducing another term to the planetary lexicon, tidally locked is maintained for its
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powerful visual resonance. To think of tides and winds on planets, even if they don’t
exist, allows one to imagine what it might be like to stand on the surface of such an
exoplanet.

Speculating on the weather of exoplanets is a way to imagine the surface
conditions. As astronomers imagine being on the surface, they transform objects into
places. But, can we actually set foot on these planets? The confirmation of the first
rocky planet, the first so-called Super Earth was announced in October 2009 and
discovered using data from CoRoT space telescope. This planet, Corot-7b, orbits 23
times closer to its star than Mercury does to the Sun. We would not be able to take a
walk across the rocky surface, as the heat from the star likely turns the rock into lava.
However, in the paper announcing the refined mass and density estimates, the point is
made, “If onc assumes that CoRoT-7b is representative of the “super earth” population.. .,
the structure of these planets is likely to be quite different from Neptune structure, but
rather a more rocky planet like the Earth” (Queloz et al. 2009).

Exoplanet astronomers often make these worlds seem hospitable even when they
are clearly like no environment we know or could survive in. In 2003 and 2004, two
independent papers came out within months of each other. Each theorized the existence
of planets that are the same mass as Earth and at such a distance from their host star that
the planet’s surface is covered entirely in liquid. One paper called these planets
“Volatile-Rich Planets,” the other called them “Ocean-planets.” The author of the first
paper, an astronomer at NASA Goddard Space Flight Center, spoke to me about this
coincidence. He reflected morosely that the term “ocean-plancts™ is widespread in the

field and that paper garners many citations, while his term has vanished from the
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literature. As our conversation continued, he realized why his paper failed where the
other succeeded: ocean planet was a familiar, imaginable world while “volatile-rich” did
not lead to an immediately recognizable kind of place.

This extensive use of metaphor in describing exoplanets — this pattern of using
familiar names when discussing the unfamiliar — is common practice in exploration of the
terrestrial sort. Geographer Yi-Fu Tuan (1991) notes how European explorers
encountering the unfamiliar Australian desert for the first time still used the language of
mountains they carried with them despite the lack of significant elevation. Tuan asks
geographers to look beyond the economic and material grounds for place-making and
focus instead on speech and language. “Speech is a component of the total force that
transforms nature into a human place. [Speech can] make things formerly overlooked —
and hence invisible and nonexistent — visible and real” (685). For exoplanet astronomy,
this “force” comes from the metaphors employed by planetary scientists that link their
objects of study with familiar worlds. Their speech, in a very literal way, brings a reality

to unseen objects and helps them understand what kind of places their planets are.

Conclusion: Seeing is Believing

In visualizing, interpreting, and discussing their objects of interest scientists come
to identify with what they are studying. As Janet Vertesi (2009) has shown, for scientists
who worked with the Mars Exploration Rovers, “secing like a rover” required
manipulating one’s body like the Rover’s body in order to forge a physical connection.
Similarly, Natasha Myers (2007; 2009) has offered examples by which biologists teach

students to understand something like protein folding by using their bodies to mime the
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process. Elinor Ochs, Patrick Gonzales, and Sally Jacoby (1996) have suggested that
these ways of relating to scientific objects conflate the scientist and the object, which
structures a subjective involvement by the scientist in the physical world they are
studying. Each study shows how visualizing, gesturing about, and discussing scientific
objects are performed collectively. A scientist able to demonstrate he or she can “see like
a Rover,” as Vertesi describes, is also demonstrating that he or she has acquired the skills
of the community. Learning the conventions of seeing a signal as a planet and evaluating
whether a visualization adequately demonstrates the existence of a planet was often a
group undertaking, as I witnessed several times amongst the MIT exoplanet group at
MIT. In these conversations, it becomes apparent that learning to see is a collective
activity, and it is the successful exoplanet astronomer who is able to discipline readers to
see in a similar manner.

“Is this real? Do you believe this?” A paper was passed around on a Monday
afternoon in June at an exoplanet meeting at MIT. This informal meeting was a weekly
occurrence at which professors, postdocs, visitors, and students met to discuss recent (and
often controversial) discoveries in exoplanet science. We sat on couches in a circle on
the ninth floor of the Green Building, enjoying the view of clouds rolling over the
Charles River. The cight of us present, slightly less than usual because spring term had
ended, were discussing a paper announcing the first planet discovered by the astrometry

detection method (Pravdo and Shaklan 2009).° To assess the paper, we went through it

¥ Astrometry, like the Doppler Method, detects planets by observing the motion of the parent star.
Whereas the Doppler Method measures the speed of the star, astrometry measures side-to-side motion of
the star’s position in the sky. Though astronomers have been using astrometry since the 19" century to
study binary star systems, it has thus far been unsuccessful in detecting exoplanets. In the mid- to late- 20"

century, several planetary detections were made using astrometry, but all were later declared erroneous
(Boss 2009).
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figure by figure. With each figure, Seager asked whether it was “believable.” We paused
at the third figure, a scattering of points with error bars depicting the radial velocity
measurements. Seager said that we are “supposed to see a sine curve” in this graph
(indicating the presence of a planet). One of the graduate students laughed, saying that
he could also see a straight line because there were so few points and the error bars were
so extended. In figure five, the authors made the sinusoidal shape more convincing by
fitting the data to a curve. Upon viewing this figure, the group’s skepticism did not
budge, and someone imagined other reasons for this behavior, a centroid shift perhaps.
Finally, we came to the figure that was the crux of the paper’s argument. This was not a
typical representation in exoplanct astronomy. It was a display of the predicted Keplerian
orbit for the exoplanet based on the right ascension and declination measurements
(coordinates in the equatorial coordinate system) of the host star for the eleven
observations. The theorists, unfamiliar with this kind of representation, looked to
graduate student Elisabeth, the most experienced observer, to interpret this figure. “1
don’t believe that orbit,” she declared, but compared to the other figures this plot was the
authors’ most convincing visual argument that a planet existed. But all it actually told us
was that the star was in two positions, not that there was a planet orbiting it. Our
discussion of this paper concluded by pointing out a weakness of the paper overall: there
were too many figures and the authors should have done a better job in selecting what the

reader needed to see. The visual argument did not come together.**

** It seems the group skepticism was warranted. Less than a year after this discovery, a paper came out by
a different group claiming that no variability was detected in the host star and the prior planetary claim was
unfounded (Bean et al. 2010). The Exoplanct Encyclopedia (exoplanet.eu) catalogs this “planet” under
“unconfirmed, controversial, or retracted planets.”
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The language of “seeing” and “believing” is predominant in this discussion.
Whether or not the authors can get the reader to “see” the data in the same way they do is
crucial for community acceptance. Planets must pop out of the graphs. The persuasive
power of visualizations in science has been well established and the case above makes
such power quite stark.” Lynch and Edgerton clevate representations from the status of
“by-products of verbal ‘ideas’ or experimental logic” (1988, 186) placing visualizations
on equal footing with the surrounding text in scientific and popular articles. Attending to
the practice of how astronomers discuss papers, by focusing primarily on the images
often without even reading the text, suggests that the pictorial, in exoplanet astronomy, is
primary to the textual or verbal way of arguing.

Visual modes of arguing extend beyond published papers. During the summer
research project, undergraduate Sukrit was working on his processing algorithm and
wanted to share his progress with Seager, Aaron, and myself. He performed Fourier
transforms on light curves he downloaded from the CoRoT database, but when he
showed us the transformed image, it still looked very noisy and failed to pick up
dominant frequencies. To convince us that his technique works, he did not show us the
code but instead before and after images with a test data set. That convinced us that for
“clean” data - data that behaves - the transform functioned as expected. Convincing other
researchers of the proper functioning of data processing is, more often than not, a visual

argument.

** I provide a few points of entry to the vast literature concerning visualization and science. Kemp (1997)
discusses basic mechanisms of seeing for scientists. Daston and Galison (2007), in their study of scientific
objectivity, demonstrate how epistemic norms are inscribed in images. Lynch and Woolgar (1990) focus
on how scientific images are products of practice. Specific case studies from Holton (1998), Rudwick
(1976), and Cambrosio, Jacobi and Keating (1993) focus on the emergence of specific representations and
how new ways of seeing correspond to new ways of knowing.
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These visual arguments are accompanied by verbal explanations. In paper
writing, you have only one opportunity to explain (visually and verbally) how a graph
should be interpreted. As Leslie and Seager worked on drafting the paper modeling the
interior of GJ 1214b, Seager asked Madhu for feedback. He returned with only one
comment, asking Leslie how one is supposed to read the ternary graph. Since the ternary
graph is borrowed from geology and not customarily in exoplanet papers, an explanation
was needed so a reader could understand what they were “seeing.” “You get wrapped up
in what the model did,” Seager explained to Leslie, “but the reader wants to know what
the model means.” Before Leslie could start detailing the implications of the ternary
diagram, she had to explain how it is visually interpreted. For the paper to be successful,
Leslie must discipline the reader to view the graph in the same way she views it.

In Laboratory Life Bruno Latour and Steve Woolgar (1986) provide a foundation
for the anthropology of science, showcasing the analytic fruits of spending extended time
with scientists in their place of work. They detail the construction of scientific facts,
introducing the idea of “inscription devices” that scientists employ to represent scientific
objects. Latour and Woolgar spend less time on the actual visualizations produced by
thesc devices and focus instead on the exchange of verbal and written statements. The
account I provide of scientific work extends the approach presented in Laboratory Life
with an explicit focus on scientific images. This offers a framing that accentuates the
practices of sceing needed to understand the visualizations. 1 find this focus on images,
rather than statements, reflective of how the community of exoplanet astronomers reaches

consensus. They first and foremost create and circulate images, and only after an image
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is agreed upon are statements of fact drawn up. This was most evident both in the writing
(as I encountered with Leslie and Seager) and discussing of papers.

Though exoplanet astronomers treat the images as stand alone products, the
mentoring by Seager and the group conversations I described suggest a significant
amount of training is needed to see like an exoplanet astronomer. Further, astronomers
also discipline themselves to see even their own data in a certain way. Talking with a
postdoc about his paper on binary star systems with misaligned axes (a research approach
that can also be applied to star-planet systems), | asked how he created a picture of the
system in his mind. He described taking oranges and moving them around in his hands to
understand how the stars would move. He translates this movement into a mental picture
of how the spectrum is affected by blue and red shifts. This mental picture accompanies
him to the observatory where he compares what he expects to sce with the data from the
telescope to confirm his theory. His understanding of the system morphs from three-
dimensions (when manipulating the oranges) to two-dimensions. He makes the
comparison between expected and observed in two-dimensions before expanding back to
stellar behavior in three-dimensions. When asked what convinced him that his theory of
misaligned axes was correct, he responded, “it was looking at this graph.” The data that
made up that graph were processed in such a way that the final representation closely
matched his mental preconception. He trained himself to see data in two ways. First, he
has learned to sce as a telescope sees (seeing with the system), understanding oranges in
graphical form for the purpose of comparison. Second, when he sees through the noisy,
only slightly processed data at the observatory, he finds the signal he is looking for.

Ultimately, the representation he sought to produce is what convinces him his theory is
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correct (the philosopher of science would describe this as the theory-ladenness of
observations).

What astronomers are mentally imagining, in terms of planetary bodies, depends
on the kind of data they are looking at. Working with photometry data is a first order
approximation of the size of the planet, so an astronomer starts imagining if it is a big or
small planct. Those looking at radial velocity data or thinking about the star-planet
. system as a whole see an orbit rather than an object. When I asked Madhu, the postdoc
who developed the statistical approach for the modeling of exoplanet atmospheres, what
he imagines when he hears the planet name “HD 189733b” he laughs and responds,
“Nothing, it’s a name.” When pressed, he explained that he doesn’t start thinking about it
as more than just an object until he starts thinking about it as a problem and then he starts
imagining the different layers of atmosphere. But even more than picturing the planet in
his mind, he is picturing the star planet system and how the light travels from the star,
through the atmosphere of the planet, and gets collected by the telescope.

In each example, translating these graphs into visual objects is not an easy or
natural task, despite claims of “seeing the planet” in the data. Seager tried to explain, “A
picture doesn’t jump in my mind, it’s really much more complicated. I’ve never really
articulated this, so it’s very challenging... I think of the processes that are happening in,
1 don’t know if it’s a visual way, but in a very deep way inside my brain, so I don’t know
if I can communicate it.” She tried to pick out a couple of diagrams (from her
dissertation and from a presentation) to explain what she imagines when she thinks about

a specific planet, but she can’t quite convey the experience.
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“Nobody has really said definitively ‘this is what this planet looks like,”” a
postdoc explained to me. Atmosphere and interior modelers have gone to great lengths to
see beyond the signal, but they are still working in graphical formats. This postdoc had
started producing 3D models of exoplanets, seeking to constrain the shape of exoplanets
and pin down their oblateness. When I asked him what the specific exoplanet he is
modeling looks like in his mind’s eye, he immediately answered “squat.” For him, this is
the first step towards spatial resolution, towards producing a “macroscopic observation,”
in exoplanet astronomy. Though this resolution cannot yet be achieved, at least he can
make computer models depicting the shape of the exoplanet.

This gets at a central irony in exoplanet astronomy: despite the emphasis on
“seeing,” exoplanets are unseen.”® Unlike inscriptions and photographs of scientific
objects (Rudwick 1976; Latour 1987; Lynch 1991; Canales 2010), there is no image of
the object itself in exoplanet astronomy. Astronomers have thus crafted many different
representations — from light curves to ternary diagrams to visualized statistics — to stand
in for the planet. Exoplanet astronomy as a new visual culture is one with many layered
and new ways of seeing. Seager elegantly described this way of seeing as understanding
“data as art™:

It’s sort of the way you would go and look at art... You’re looking at [the light curve] on
many different levels, right? One is aesthetic appreciation, like ‘oh this is so beautiful I
just want to swoon.” Or it’s so shocking or it’s just vibrant. And then I’m looking for
patterns. Like in [a painting], the artist often had something else in mind. Something

deeper. So we have to look a level deeper. A level deeper is now not that simple

2% A few exoplanets have been directly imaged such as Formalhaut b (Kalas et al. 2008). Even when
imaged, the planet is still only a point source — barely distinguishable from the artifacts and dust also
captured in the image.
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appreciation, but it’s what’s really going on here. And it gets more technical. But all this

happens almost instantaneously in a very mixed up way... When you say ‘what does a

planet look like’ this is what a planet looks like: a transit light curve.
And yet the transit light curve is only a few steps down the planetary pipeline. The
exoplanet astronomer does not stop wondering what an exoplanet is like once the light
curve is produced. In working to understand their scientific object, astronomers leverage
abstracted graphs, mental pictures, and linguistic analogies. To make these distant
objects tractable, astronomers craft planets and at the same time they are crafting them as
places. Place becomes a frame by which to make the strange familiar. In pursuing
places, astronomers ground their professional identities by making their planets of study

seem less like ephemeral, distant objects and more like intimate, recognizable places.
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TwO
Inhabiting Other Earths through the Places and Non-Places of
Astronomy

I am standing on the “edge of the abyss,” or to/olo in Aymara, the language
indigenous to this part of Chile. To the west stretch the desert mountains of the Andes, a
natural border between where | stand in central Chile and neighboring Argentina. [ am
careful with my footing as I walk along the mountain’s edge, kicking up dust and
startling small songbirds. To the east, up a small rise on the 2,200-meter peak of Cerro
Tololo are the telescopes of the Cerro Tololo Inter-American Observatory (CTIO). At
night, I find myself standing at the edge of what some might think of as a celestial abyss.
Looking up at the stars, I place my hand on the wall housing the 1.5-meter telescope to
make sure I do not fall over as I get lost in a view of the night sky as I have never seen it
before. Earlier in the night, a brilliant moon outshone the clusters of stars and galaxies
now observable with the naked eye. At one or two in the morning, as I step out of the
observatory for the first time since the moon has set, I gaze dumfounded at the sky,
brought out of my silent reverence only by the creak of the neighboring 4-meter telescope
as its dome rotates to find a new stellar target.

I confess that this sort of romantic rumination was not typical of my time at
CTIO. Moments before I found myself gazing up at the glorious night sky, I was inside
the observatory’s control room, where I had been sitting for several hours. Perched in a
dimly lit room with a linoleum floor and a drop ceiling, accompanied by four other
people and three times as many computer monitors, [ was struggling to keep my eyes
open. My trip outside was practical — meant to wake myself up with the fresh, mountain

air rather than provoke a starlight-induced reverie. This moment exposes a dichotomy
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between mundane work and sublime celestial wonder in that I encountered during my
brief peek at the practice of observational astronomy. The notion of sublime captures the
greatness of the natural setting, the technological setting, and the scientific aspirations of
those occupying these observatories. 1 contrast this with the mundane tasks carried out at
the telescope. I use “mundane” to signal activities and things that are both ordinary and
earthly (as opposed to heavenly).

In observational astronomy, the mundane is the gateway to the sublime; the
repetitive tasks have the potential to yield fantastical results. The sublime and the
mundane are motifs that guide this chapter’s focus on the search for Earth-like planets.
An Earth-like planet is one that has similar conditions to our Earth and thus might
support an environment and even life that we might find familiar. Every astronomer |
spoke with, even if their work dealt with “new and weird” planets, was keenly following
projects aimed at finding a “true Earth analog.”

I went to Chile from the 18" to 23™ of March in 2010 to understand a modest
project of this kind lead by Yale astronomer Debra Fischer. Fischer is using the Doppler
method and looking at only two stars, hoping one will host an Earth-like planet. The
summer prior to my Chile trip, I attended a science team meeting held in a conference
room at NASA Ames Research Center. This meeting was convened to discuss the first
data received from NASA’s Kepler satellite. Kepler is a space telescope launched in
2009 that employs the transit method and continuously surveys 100,000 stars in search of
an Earth-like planet. In both ethnographic experiences, I witnessed the mundane ways

data that might contain “the holy grail” of exoplanet astronomy were discussed.

88



Two: Inhabiting Other Earths

Within this chapter, the observing eye of astronomy, trained on detecting another
“Earth,” moves along a trajectory that travels ever further from our own Earth. [ begin at
CTIO, a grounded, mountain-top setting, and then proceed to a discussion of Kepler,
which, to avoid interference from Earth’s atmosphere, orbits around the Sun trailing the
Earth. My final stop is at a theoretical Archimedean point, an ideal point from which an
observer claims to have an objective view. The Archimedean point described by my
planetary scientist interlocutors is one imagined by theoreticians who ask what Earth
would look like as an exoplanet. Here, the observing eye is placed at such a great
distance from Earth that when it looks back, Earth has dissolved into nothing more than a
point, what Carl Sagan called a “pale blue dot” and what Sara Seager calls spatially
unresolved. These places and non-places juxtapose the sublime desire to find a planet
like our own with the mundane qualities of astronomical practice.

As I proceed from CTIO, to Kepler, to an Archimedean point, I keep my cye on
the notion of “‘habitability.” Astronomers speak of “habitability” as they describe Earth-
like planets. “Habitability” is a word that captures the lofty aspiration of their project (to
find a planet that might be occupied by life), while maintaining a utilitarian feeling.

I also suggest that habitation, in addition to being a research goal, serves as a
useful frame within which to consider the changing role of observation' within
astronomy. | use the phrases observing at, observing with, and observing from to signal
the dominant modes of observing characteristic of CT10O, the Kepler satellite and an

Archimedean point. These different modes of observing reflect different modes of

' Like many works preceding this one, I am discussing observation in the context of astronomy. Lorraine
Daston and Elizabeth Lunbeck (2011) have recently edited a volume that considers the history of
observation across disciplines. Their metaphorical notion that “observation discovers the world anew” (1)
is quite appropriately borne out in the search for habitable exoplanets.
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habitation. When observing at, the astronomer lives at the telescope facility, fully
inhabiting the environment of the telescope. When observing with a satellite like Kepler,
there is no observatory to inhabit, so the astronomer instead inhabits a sociotechnical
network. The materiality shifts from buildings to Internet infrastructure, but both are still
intensely social activities. Finally, when observing from an Archimedean point, an
astronomer inhabits a cognitive space, an imagined isolation neither grounded on Earth
nor in a network. There is hesitancy on the part of astronomers to abandon emplaced
practices of astronomy. Even as inhabiting a specific location becomes less necessary for
current practice, the rhetoric of the importance of being there persists.

Most of the planetary scientists’ offices I visited during my fieldwork were
adorned with pictures of their research: an artist’s conception of a discovered exoplanet
or high resolution photographs of Martian terrain. Sara Seager’s office at MIT has an
artist’s conception of an exoplanet that looks eerily familiar. During one of our
conversations, she gestured to her picture and asked, “Do you know what that is?” Not
sure of what she meant, 1 hesitated and said, “Well, it looks like a true Earth analog.”
Seager nodded, “I mean that’s why I have it... That’s my image of a planet I want to
find.” As no habitable planets have been detected to date,’ Seager, like many others,
would like to be the first to announce such a discovery. For now, the picture reminds her
of the sublime wonder she must keep in mind, but also put aside while writing papers,

proposals, and code.

? Several astronomers have claimed to have detected habitable planets. In arecent case, the announcement
that Gliese 581g was in the habitable zone (Vogt et al. 2010) made national news (Overbye 2010). The
exoplanet group at MIT discussed the scientific paper with skepticism, wondering if the planet was just an
error in the data. Discussing this planet again several weeks later, they reported that at an exoplanet
conference in Torino, an astronomer questioned this discovery based on a more complete data set. While
the discoverer remains convinced that this planet exists, it is widely considered “uncomfirmed.”
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The Sublime Aspirations of Habitability

Back on the mountaintop, somewhere in the crowd of stars we gazed up at were
Alpha Centauri A and B. This binary system, composed of two stars similar to our Sun,
is the closest stellar object to our Solar System. Detecting a planet in this system would
be a discovery of note. So far no astronomer has detected large planets around these
stars. Planetary formation simulations suggest that if planets do exist around Alpha
Centauri they will be closer in size to the Earth and possibly orbiting in “the habitable
zone” (Guedes et al. 2008). The habitable zone of a star, defined in its most basic terms,
1s the region in which liquid water can be sustained on a planet’s surface. In our Solar
System, Earth is the only planet residing within the habitable zone.

“Habitable planet” is the term preferred by astronomers when discussing Earth-
like planets. To describe the importance of such a discovery, astronomers make appeals
to history and humanity that call upon the language of the sublime. Ina 2008 report by
the Exoplanet Task Force, the authors suggested that discovering an Earth-like planet
would complete the Copernican Revolution. [f such planets were detected, gazing at the
stars would tempt us “with wild dreams of flight” and we would “refocus our energies to
hasten the day when our descendants might dare to try to bridge the gulf between two
inhabited worlds” (Luine, Fischer, Hammel, et al. 2008, 5). A similarly breathless
statement was issued in the Exoplanet Community report the following year: “Astronomy
has been an important preoccupation of humans for thousands of years, but the most
profound questions—-‘are there other worlds and other beings?’ reach back to the origin

of homo sapiens” (Lawson, Traub, and Unwin 2009, 1).
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The astronomers I spoke with were no less sensational when they tried to explain
their motivation to search for habitable planets. “I don’t want to feel anthrocentric [sic]
or Earth-centric... [ want to see the validation that, you know, it’s more than just us in
some sense,” a postdoc told me. In drawing the connection between exoplanet astronomy
and astrobiology, he remarked that figuring out whether or not other life exists drives
him. “In the end we want to find other Earths, we want to find something similar to us.
Or at least just an indication that there’s something that can yield life somewhere else.”

Exoplanet astronomers carefully distinguish between the search for life and the
search for habitable planets (which does not necessarily imply the existence of life).
Fischer, my host at CTIO, pointed out that astrobiology “profoundly underlies this whole
search [for exoplanets] and is rarely sort of discussed. I mean, not as the upfront story
but without that we wouldn’t be doing what we’re doing.” When I asked why, she
perfunctorily responded, “Because we were penalized for looking for little green men.”
A professor at MIT echoed this sentiment, saying that it is increasingly acceptable to talk
about life even though it was taboo only ten years ago. “Especially since this [search for
life on other planets] doesn’t have anything to do with intelligent life. We’re not
listening; we’re not looking for civilization necessarily. We’re looking for an atmosphere
that’s like the Earth, that’s been processed by living things.”

Even when discussing habitable planets removed from an astrobiological context,
biological similitude remains a dominant metaphor. Jack Lissauer, a Principle
Investigator on NASA’s Kepler mission, likened the spectrum of exoplanets that must
exist to a planetary zoo. In a podcast recorded prior to the mission launch, Lissauer

explained that the planets found by astronomers so far are easier to spot, like hippos and
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rhinos in a zoo. “But what’s most important to us, is the primates. And Kepler is sized
so that it can detect the primates of the planet population. The planets that are analogous
to our Earth” (Carpenter 2009). This metaphor calls attention both to its
anthropocentrism and its somewhat off-register scales of comparison. If Lissauer were
true to the scales invoked by the metaphor, in which hippos are easy to spot, it would
make more sense to compare habitable planets to beetles, not primates. But these
imagined planets have an aura about them; they are like yet not like Earth in the same
way humans arc like yet not like primates in the zoo. In describing habitable planets as
“primates,” Lissauer calls upon a biological metaphor to underwrite the epistemological
warrant for this search.

What then are the stakes of a search for a habitable planet aside from the direct
consequence of locating extraterrestrial life? Is there a spatial curiosity accompanying
the biological curiosity? To detect a habitable planet is to embrace the possibility that
places on Earth can be reporoduced elsewhere and that amidst the “inhospitable”
exoplanets, there are exoplancts we humans are capable of inhabiting - of being on.
More explicitly, [ at numereous times and under various circumstance heard astronomers
baldly state that finding another habitable planet will allow earthlings to finally know our
“place in the universe.”

For engineer Stephen Dole, habitable planets are destinations for humanity, as he
explains in Habitable Planets for Man. Writing post-Gagarin but pre-Armstrong (and
with a hint of the burgeoning environmental movement, as he writes that Earth has
already been exposed as “a tiny oasis in space”), he offers a quantified accounting of

what is meant by “habitable planet.” He is not concerned with how to get there, but in
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providing a probability that such planets exist and where they might be located. Defined
simply, a habitable planet is “an acceptable environment for human beings” (Dole 1964,
1).

For contemporary exoplanet astronomers, searching for habitable planets might be
fueled by the grandiose aspirations of finding a destination or searching for life, but with
respect to daily practice, it is the solution to a statistics problem. Inspiration might strike
while gazing up at the night sky, but the real work happens in front of a computer and
discourse is dominated by methods of data processing and analysis. Though the Kepler
team would like to announce the detection of dozens of habitable planets, the minimum
requirement for mission success is a numerical pronouncement of Earth-like planetary
plenitude. The Kepler telescope is focused on a sample of stars in one region of the sky
that will be a statistical representation of the entire galaxy. At the science team meeting
at NASA Ames, excitement grew not from romancing the idea of Earth-like planets, but
by revealing how clean the data were.

Fischer’s project, at CT1O and Yale, to find a habitable planet around Alpha
Centauri, relies on statistics and calculation in a different way than the Kepler project.
Her research is designed to measure two stars constantly for several years. Once she
amasses enough data, she will compile her observations and analyze them to detect a
signal through the noise. At the observatory, the word “planet” was mentioned only a
few times and “habitable planet” was absent from conversation. Instead, we discussed
the instrumentation and sources of error in data streaming in from Alpha Centauri.

And yet, Fischer designed this project because of the allure of finding a habitable

planet around our closest stellar neighbor. The first time [ saw Fischer speak in October
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2009, she delivered a charming talk to a group of scientists and social scientists gathered
at the Radcliffe Institute for Advanced Study in Cambridge. She was practiced in
describing her research, knowing how to interest a diverse audience with artistic
renderings of the planets she has discovered and tales the delight expressed by school-
aged children in the new planets. She calls her research on Alpha Centauri A and B
“Project Longshot,” because those are the odds of detection. Even so, she is not alone in
her pursuit. A mere 65 miles north of Cerro Tololo, the European Southern Observatory
hosts the La Silla Observatory on a 2,400-meter peak. On a clear day, standing on Cerro
Tololo and facing north, one can see the glint of the many silver observatory domes of
the European institution. There, Michel Mayor (famed co-discoverer of the first
exoplanet), is demanding that the High Accuracy Radial velocity Planet Scarcher
(HARPS) affixed to the 3.6-meter telescope spends part of its time focused on Alpha
Centauri A and B. The close proximity of these two teams creates some tension.
Fischer, during her talk at Radcliffe, joked how when she looks over at La Silla’s peak,

she secretly hopes to see clouds covering their sky.

Mundane practice and inhabiting observatories

Anthropologist Valerie Olson demonstrates how words such as “habitable” and
“habitability” are prevalent yet unwieldy in the aerospace lexicon. These terms are used
at the interface of professional worlds, between space architects and engineers, for
example, to guide the design of lunar, Martian and other structures intended for
extraterrestrial human working and living. Engineers view habitability as a design

requirement, reducible to a single metric, whereas architects attempt to intervene and
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preserve the aesthetic worth of these structures, mitigating “the “‘uncanniness’ of [...]
“‘unhomely’ space vehicles” (Olson 2010, 179).

Though the invocation of habitability is very different for my interlocutors than
for Olson’s, there are a few common threads. Space architects seek to personalize or at
least humanize space structures, perhaps to create places in the midst of (outer) space.
Similarly, for exoplanet astronomers, habitable planets become places in part because of
their location. These planets are designated habitable because they are located in the
“habitable zone.” Terrestrial geographers and anthropologists of the late 19" and early
20™ centuries first used “habitable zone” to describe climates suitable for human (and
other fauna and flora) populations. The peaks of high mountains and large swaths of
desert were beyond the “habitable zone” for these carly scientists (c.f. Anon. 1886;
Seligman 1917). The term trickled into planetary science by the mid-century, considering
not the habitability of regions of the Earth but of the potential habitability of regions
elsewhere in the universe. Astronomer Su-Shu Huang was the first to designate a
“habitable zone” on a stellar scale as the region around a star in which a planet would
receive neither too little nor too much energy (i.c., heat) (Huang 1959).°

A New York Times article in 1961 which discussed the predecessor to the Search
for Extraterrestrial Intelligence (SETI) used both the term “‘habitable’ zone” and “‘liquid

23

water belt”” to describe the kind of (yet undetected) planets from which scientists hope to

detect radio signals (H.M.S 1961). The “habitable zone” was very much a term of

? The determination of too much or 1oo little energy is presumably based on terrestrial conditions. Huang
provides a circular justification. From his definition of habitable zone, he concludes that main-sequence F,
G, and K stars are the most likely to host planets capable of life. “It is interesting to note,” he concludes,
“that our sun, which is a main-sequence G2 star, does support life abundantly on at least one of its planets,
fully in agreement with the present conclusion.” Also in this article, Huang speculates that if planets
existed around Alpha Centauri (Fischer’s star of interest), it is unlikely that they could orbit completely
within the habitable zone due to the dynamics of the multi-star system.
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astrobiology (or exobiology, as it was then called) and less prevalent among traditional
planetary scientists. In the early-1990s, on the cusp of the detection of exoplanets,
planetary scientists brought the concept of the habitable zone into a discussion focused
more on planets than on the life they might host. Significantly, James Kasting, Daniel
Whitmire, and Ray Reynolds (1993) published an article in Icarus, a leading journal of
planetary science, articulating a definition for habitable zones based on the presence of
liquid water. In the conclusion, the authors state the conditions under which the concept
of “habitable zones around stars would assume a high level of significance.” The
conditions were a successful result of either “the direct telescopic search for other
planets” or SETI (ibid., 126). The first condition was met in 1995, and as the authors
correctly predicted, “habitable zone” has become a defining term for the practice of
exoplanet astronomers. The habitable zone carves out a place for habitable planets to
exist.

Interestingly, the practice of finding such a place, such a “habitable” planet, is
becoming unmoored from the sorts of terrestrial places traditionally associated with
astronomy. Location has always been epistemologically important to astronomy, but
now the place of authority is just as likely to be virtual (in the case of Kepler) or
imagined (as with the Archimedean point), as it is to be an actual observatory. It was the
observatory, however, that used to be the undisputed authoritative site of astronomical
practice.® Historians and early astronomers wrote observatories into a narrative of

seclusion, describing a near religious communion for scientists with the stars. For

* For a history on the role of observatories in modern astronomy, see (2004). For the social history of
observatories, with an emphasis on gender roles, see Pang (1996) as well as Nisbett (2007) who addresses
themes of gender and national interest alongside the economic history of establishing observatories.
Several volumes in the history of astronomy focus on astronomy beyond the observatory in the form of
expeditions, notably 19" century solar eclipses (Canales 2002; Pang 2002).
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example, Percival Lowell wrote at the turn of the century of the scientific purity afforded
by newly established mountaintop observatories: “[The astronomer] must abandon cities
and forego plains. Only in places raised above and aloof from men can he profitably
pursue his search, places where nature never meant him to dwell... Withdrawn from
contact with his kind, he is by that much raised above human prejudice and limitation”
(quoted in Lane 2009, 137). Drawing attention to this genre of romancing the
mountaintop, historian of science Simon Schaffer pointed out in a lecture delivered in
Cambridge, UK on February 16, 2010, histories of astronomy are often written as
histories of confinement. As a recent example of this refrain, Schaffer refers to an essay
by Michel Callon from Acting in an Uncertain World. There, in a chapter entitled
“Secluded Research,” Callon describes a visit he and his son made to the Pic du Midi
observatory in the French Pyrenees. This piece demonstrates uneasiness with the
narrative of solitude, yet doesn’t question its veracity. Observatories, Callon writes, were
designed as monasteries in which to contemplate not God but the heavens. Observatories
as laboratories strive to be unaffected by the world. In the modern observatory, scientists
interact as little as possible with the instrumentation so as not to disturb the finely
calibrated machine. However, Callon observes, the observatory is nonetheless still in the
world and the environment (in the form of clouds and light) ultimately intervenes.
Callon’s purpose in identifying astronomy as “‘the pursuit of extreme seclusion” is a
critique of the increased exclusion of the layperson and the amateur from the scientific
process (Callon 2009, 40). Schaffer, in his lecture and other recent writing on 19"

century astronomy, seeks to shatter this illusion of astronomy as a secluded science by
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offering instances of the social and cultural influences of observatories on the greater
world in the imperial (not to be mistaken for empyreal) context (Schaffer 2010a; 2010b).
The observatories about which both Schaffer and I write are animated by
technical and social interactions within and beyond their locations. As I consider three
modern day “observatories,” CTIO, Kepler, and an ideal Archimedean point, I gesture
towards new presences associated with contemporary observing practices. Astronomers
searching for habitable planets themselves inhabit each observatory in a different way.
When observing at CTIO, astronomers inhabit the facility completely as they live and
work on the premises. Yet, as | will show ethnographically, the work done at the
observatory is removed from the act of observing as there remains a physical divide
between the instrument and astronomer. To observe with Kepler, meanwhile, a space
telescope that is entircly uninhabitable, work is accomplished solely through a
sociotechnical network. There are similar practices associated with CTIO and Kepler,
though the latter is freed from the myth of seclusion signaled by the Chilean brick and
mortar observatory. Finally, in my third case, theoreticians seek to observe from an
Archimedean point, which here represents an ideal observatory. Though it lacks
materiality, astronomers cognitively inhabit this point in an effort to make progress
towards understanding Earth-like plancts even before they have been discovered. I begin

where the observers’ gaze is most emplaced on Earth; I begin at the observatory.

Observing at CTIO
Debra Fischer enthusiastically welcomed me to join her on an observing run to

CTIO. Though many other astronomers told me that observing was actually quite boring
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and they didn’t know what I would learn by being there, I insisted that being bored on the
top of a mountain in South America was itself interesting. I went to Chile in order to
understand the place(s) of the observatory. Understanding the observatory as embedded
in a country, not just as a space apart atop a mountain, began when I landed in Santiago
and continued during my one night stay in La Serena and my journey up the road to the
observatory. As I lived and worked for several days at the facilities on the summit, I
experienced the place of the observatory as being caught between the technological
sublime of the landscape and the technological mundane of instrumentation, data
reduction, and paper writing with which Fischer and her two students, Matt and John,

occupied themselves.

Santiago

My trip to CTIO was scheduled to depart the US on March 17, 2010, just three
weeks after a magnitude 8.8 earthquake shook south and central Chile. The costal town
of Concepcion and the surrounding region experienced major destruction from the
earthquake and ensuing tsunamis. The sensitive instruments at CTIO, located further
inland but well within the earthquake’s zone of attack, reportedly shook ferociously. The
CTIO facilities were presciently designed to withstand a magnitude 9 earthquake and I
was told that astronomers experienced no disruption in their observations.’

Though the capital of Santiago was relatively unscathed, the international airport
suffered major damages. After being closed down for three days, the airport re-opened in

early March with limited services. By the time I arrived, early in the morning on the 18",

* Aneven larger carthquake (magnitude 9.5) devastated the same area while Jurgen Stock was scouting
mountain focations for CTIO. He reported that the earthquake did not affect Santiago, but were felt quite
strongly around La Serena (Stock 1960a).
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most domestic and international flights were proceeding as scheduled, but there was still
an air of organized chaos on the ground. Due to the earthquake, Chilean officials decided
to postpone changing the clocks for day light savings time to avoid further confusion,
though the time system on the airplane reflected pre-carthquake adjusted time. I am still
confused as to whether I landed at 6:30 or 7:30 in the morning. After claiming my bags
in the international terminal (which aside from a few fallen ceiling tiles, appeared
undamaged), I followed signs to the domestic terminal, which was temporarily being
housed under a large tent in the parking lot. Temporary ticket counters and two security
lines were set up on one side of the tent separated by thin sheets from the gates. After
passing through security, I sat in a folding chair and watched passengers for earlier flights
queue up in three cordoned aisles. To announce the boarding of a new flight, an airport
worker erased information about the now departed flight from a white board at the front
of the aisles and wrote the new flight information with a nearly dried out black marker.
When my flight to La Serena appeared on the white board, I got in line where a woman
checked my ticket and broadly gestured behind her to the tarmac. 1 followed other
passengers climbing up stairs to board Airbus 318s. The three aisles for three separate
flights merged into one stream after our tickets were checked, and we were left to sort
ourselves out and climb on to the correct airplane. 1 followed the gentleman in front of
me aboard a jet and confirmed with the flight attendant that this plane was, in fact,
headed for La Serena.

As I waited for my bags in La Serena, I was surprised to see Debra Fischer and
her graduate student, Matt, there as well. We had unexpectedly been on the same plane.

They were supposed to have arrived at La Serena a few days earlier, but because of the
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earthquake, they had been unable to switch their tickets to an earlier flight. Fischer
looked like a seasoned traveler in her grey slacks, a striped button down shirt and a black
polar flecce vest; all pieces were tailored yet loose fitting. Matt, in his California
Academy of Science t-shirt and faded jeans looked like a science grad student. After
retrieving our bags, we found the car waiting to shuttle us to the CTIO off-mountain

headquarters in La Serena.

La Serena

The administrative facilities in La Serena, a two-hour drive from the telescope,
were originally built in the early 1960s, a few years after the planning for CTIO began.
The brainstorming for what would eventually become CTIO began in 1958 after a
Chilean astronomer approached astronomers at the University of Chicago about
establishing an observatory in Chile.® At this time, there were only a handful of
observatories in the southern hemisphere, and none at a particularly high altitude. The
Association of Universities for Research in Astronomy (AURA) on behalf of the National
Science Foundation partnered with the University of Chile and by 1962 had, as a resuit of
a multi-year survey lead by Jurgen Stock, settled on the Cerro Tololo peak. After this
decision was made, AURA began constructing the facilities at La Serena to house the un-
built observatory’s first administrator, science staff, and maintenance workers.

By 2010, the infrastructure has been much expanded. Now, there exists a
research complex that houses the dozen or so resident astronomers as well as a few

administrators and IT technicians. There is also a lecture hall and library forking off

® This history of CTIO comes from two accounts written by Victor Blanco, the observatory’s director from
1967-1981 (Blanco 1993; 2001).
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from the main lobby. In addition to this building, there are several maintenance
buildings, houses and apartments, as well as a “motel” where visiting astronomers stay.
Our logistics coordinator directed Fischer, Matt, and myself to this complex and gave us
keys and room assignments. This 9-bedroom strip of rooms (each with a private
bathroom) and communal lounge was pre-fabricated in the US and sent here in the late
60s. I dropped my bags on an unadorned table and gazed longingly at the twin beds, but
it was not yet time to rest. For astronomers visiting CTIO, La Serena is a liminal place —
the observing trip has begun but one is not yet on the mountain. During our day in La
Serena, we met and discussed progress on Fisher’s project and instrument development.
At night, we stayed up late in preparation for the subsequent nights of observing. We did
so by exploring the restaurants and sites along La Serena’s coast.

Fischer is collaborating with Andrei Tokovinin, a resident astronomer who
observes at CTIO on some nights and resides within the La Serena complex. He is the
instrument builder for the new spectrometer that Fischer is making to improve the
performance of her telescope. As soon as we stored our bags in our rooms, Fischer, Matt,
her other student John (who had arrived several days earlier), and myself went to meet
with Tokovinin to discuss the status of the spectrometer.

Fischer designed Project Longshot to use the radial velocity, sometimes referred
to as Doppler, detection method. In contrast to the transit method (discussed in the
pervious chapter), where one collects the fluctuating brightness of a star (photometry),
radial velocity uses spectroscopy — the careful measurement of stellar wavelengths — so
as to most accurately detect red and blue shifts. These shifts in the spectrum indicate

movement of the star. A red shifted star (one in which light waves are elongated) is
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moving away from the observer and a blue shifted star (with compressed waves) is
moving towards. Slight changes in the shift, a wobble back and forth between red and
blue, indicate the presence of an astronomical companion pulling on the host star.

Astronomers detect the subtle shifts in the spectrum caused by a companion
exoplanet, especially Earth-sized or smaller ones, in several ways (though there are
skeptics who claim that detecting a small planet from a ground based as opposed to space
observatory is beyond the capability of current instrumentation). Fisher uses a technique
she learned as a postdoc, working for Geoff Marcy at the Lick Observatory. Marcy and
Paul Butler, when they first began trying to detect exoplanets, followed a technique
pioneered by the Canadian astronomer Bruce Campbell. In order to measure the shift of
the spectrum, there needs to be a baseline against which to measure. Right before the
CCD collects an imprint of the starlight, the light passes through a cylinder of a gaseous
element for spectral comparison. Marcy and Butler improved upon Campbell’s technique
by using iodine as this element instead of the dangerous and unstable hydrogen fluoride
(Lemonick 1998, 67-70).

Fischer continues to use this technique. When she first began Project Longshot at
CTIO, she was using a “vintage” spectrometer that “was lying in the basement [of CT10]
just completely ignored and we dusted it off, polished it up, and sent a fiber to the 1.5-
meter telescope.” Even with the iodine cell, the resolution was not good enough for the
precision she needed. But, with what she called “NSF stimulus money” she won a grant
to build a new instrument specifically for the telescope. The new spectrometer, which
Tokovinin is fabricating, will be precise enough to detect an Earth-sized planet orbiting

around Alpha Centauri, if there is one to be found. Fischer, who had no experience with
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instrument design before this project, also works with two postdocs who were not in
Chile for this observing run. These researchers were nonetheless able to participate in the
“face-to-face” meeting with Tokovinin thanks to the video conferencing capability of
Skype, a communication application Fischer ran on her computer. As the meeting
wrapped up, Tokovinin and Fischer both marveled at how much they accomplished that
day. This meeting expedited what might have taken days to discuss over email. They
concluded that there is something to be said for face-to-face collaboration, leading me to
believe that being at the observatory is as much about social interactions as instrument
proximity.

Our meetings ended around four in the afternoon. Tokovinin was catching a 6:30
transport up the mountain and could not join us for dinner, but the four of us decided to
go out in La Serena. As this was Matt’s and my first time here, we were excited to see
what kind of place this was. As La Serena is located on the Pacific Coast, we decided to
eat near the ocean where the resort hotels are. Elsewhere in the city are a university, a
shopping mall with an English and Spanish movie-theater, and an historic district where
tourists (Chilean and others) go to buy craft goods and tour the 19™ century missionary
churches. Our taxi drove us on the road adjacent to the beach. The hotels all displayed
vacancy signs, indicating that even though the air was still warm tourist season had long
ended (and travel plans were disrupted following the earthquake). We asked the driver to
recommend a restaurant and he dropped us off in front of an intentionally rustic looking
restaurant. A sign hanging above the front door read “Gastronico.” Once we entered,
and were seated, we noticed that the walls were adorned with astronomical pictures taken

by the Hubble Space Telescope. Sitting bencath a spectacular picture of M51, the
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Whirlpool Galaxy, we realized that the name of this restaurant was a Spanish pun on
astronomy (astronomia) and gastronomy (gastronomia). Our cab driver, it seemed, had a
wry sense of humor in depositing the fare he picked up at the observatory headquarters at
the astronomy themed restaurant. Over pisco sours and empanadas we talked about
places we have visited and would like to visit. Fischer was relaxed amongst her students,
offering advice on relationships and mortgages. This easy night of conversation reflected
her friendly, insightful, adventuresome, and supportive nature when discussing either
science or life. A different cab took us back to CTIO’s La Serena facilities, I said
goodnight to my new friends and though I knew I should stay up as late as possible in

preparation for tomorrow’s all-nighter, I could not resist falling into bed.

Ruta 41 and D-443

We had a noon transport up the mountain scheduled for the day after we arrived.
The four of us loaded our bags into a minivan and a driver was charged with getting us
safely up to Cerro Tololo. Our van wound through the desert mountains as we climbed
2.2 kilometers to fhe peak. The scenery of this drive was startlingly similar to a drive |
made weeks earlier along the California coast on Highway 1, traveling from San
Francisco to Los Angeles. Just as there, the road in Chile hugs the mountain and if you
swerve too far to the outside, there exists only a thin guardrail to prevent your vehicle
from tumbling over the cliff’s edge. The only break from the dusty brown landscape was
a vast, cerulean reservoir we encountered about a half an hour outside of La Serena. We

marveled at the sight until the driver, noting our amazement, shook his head and sadly

106



Two: Inhabiting Other Earths

told us that to build this reservoir many small towns were displaced. The settlers were
forced to move up the hill and refashion their communities.

Our time on the road was brief, but represented several ways in which CTIO is
tied to different local, global, and universal spatialities. The history of how this road
came to be illustrates how ties between local custom and American influence culminate
in the greater mission of securing access to a clear night sky. When Cerro Tololo was
first sclected as the sight for the observatory, the only road to the peak was a mule-trail.”
Before a more sophisticated road was paved (one of the first construction tasks), it was a
real journey to get to Tololo. It was a two-day trip from La Serena, with three hours
spent in a car and seven to ten hours walking or on a horse’s back, with mules hauling
equipment. The leader of the “seeing expedition” that selected Cerro Tololo and CTIO’s
first director, Jurgen Stock, described such travel as requiring “four wheels, four legs, and
two legs” (Stock 1960b, 1). The ride I received took approximately an hour and a half
and required only four wheels.

Stock, perhaps exhausted from hiking up and down Chilean peaks for two years,
made road building a priority during the first years of CTIO construction. AURA
purchased the region surrounding Cerro Tololo in late November of 1962 and road
construction began in December. Due to the challenging terrain and to several changes
of oversight, the road to the summit was not completed until September 10" of the
following year. The project started out under the direction of a Czechoslovakian engineer

who had been living in La Serena for more than a decade, Zoltan Timkovik. Jurgen

7 The mule-trail only existed because when Jurgen Stock began surveying the area in 1960, he hired local
workers to build a path to Tololo’s summit. Before Stock began frequenting Tololo, it is unclear if there
was a formal path to the top. This and other details from Stock’s expedition are recorded in The Stock
Reports, letters written from Stock to his supervisor, Donald Shane, at the Lick Observatory. Thank you to
Ana Veliz, the CTIO librarian, for scanning and emailing me the first 16 of the 31 reports.
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Stock quickly took over Timkovik’s role and was himself on the side of the mountain
supervising blasts and the work of the construction team. Richard Kroecker, an
American contractor responsible for the road to Arizona’s Kitt Peak (CTIO’s ‘sister’
observatory), came down to Chile to advise Stock’s roadwork in February of 1963.
Kroecker suggested that instead of drilling and blasting, tractor work might more
efficiently complete the road. Equipment was shipped from the US and Kroecker
assumed responsibility for construction of the road. No sooner had Kroecker installed his
equipment on the mountain then he and Stock had a “personality conflict.” For several
months, they disagreed and argued over the best technique and route by which to fashion
the road. When Kroecker left Chile, he left behind an incomplete road. Moreover, he
attempted to elicit more money from AURA, citing poor weather and Stock as unduly
delaying his construction effort. To finish the road, Stock requested help from Rolf Korp
who completed the summit road with neither drama nor complaint (Edmondson 1997).
After such a tribulation, the President of AURA, Frank Edmondson, suggested
they follow a US tradition and hold a ceremony to inaugurate the opening of the road.
The event, held in December 1963, featured speechmaking by local and national figures
in Chile as well as by Americans, ribbon cutting, and the sprinkling of holy water by the
Archbishop of La Serena. A second ceremony was held a year later in celebration of the
completion of the observatory’s cornerstone. This ceremony had for entertainment a
choir of Chilean folk singers accompanied by women dancing Chilean national dances
such as the Cueca. The president of AURA fondly recalls a woman holding him firmly

by the hand and teaching him the dance (162).
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I am inspired to read the local, global, and universal twists in the road because of
Peter Redfield’s ethnographic work on the French space program in French Guiana
(2000; 2002). His cross reading of postcolonial studies with science studies secks to
articulate the terrestrial locality of outer space. Redfield’s road is a strip of the only
paved road in French Guiana that passes in front of the space center where Ariane rockets
are launched. He discusses the closing of this stretch of road and the debate it created
between the space center (populated and run by French citizens) and the local authorities
and activist groups. The debate centered on the spatiality of the road and its belonging to
both the local (a local that is still fighting against colonial after-effects) and the
global/technological complex of the space program (which is pursuing the colonial
enterprise beyond the globe).

Redficld explains that when the road closed, cars were circuitously diverted
around the space facility. French Guianans interpreted this action as an estrangement.
Flow was disrupted and traffic, formerly connected to the global enterprise of space
exploration by this road, were re-assigned to more local paths. The road leading to
CTIO, in contrast, was meant to be an opening, symbolic not of estrangement but
inclusion connecting the local towns to the expanse of the universe. North American,
colonial, and indigenous ceremonies commemorated the building of this road and the
potential it had to make Chile a gateway to the cosmos.

However, the construction of the road, despite the ceremonial joining of different
traditions, served to re-affirm the North Americanness of the Chilean telescope project.
Before the road, Chileans were essential to the scouting and early building work led by

Jurgen Stock. His progress reports detailed the local people and animals that supported
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his expedition. Not only did workers accompany him up the mountain to labor, on
several occasions he describes small parties held on the peak for the few families that
lived on the side of Tololo. One evening the Ramos family joined him on the summit
with cake. They enjoyed a festive evening and “a view of the moon and Saturn
concluded the pleasant day” (Stock 1960c, 2). There was even the occasional uninvited
(and unwelcome) guest that camped with Stock’s crew on the summit. However, with
the importation of machinery and the laying of concrete, local knowledge and animals
were no longer needed to summit Tololo and the observatory was marked as a place for
North American astronomers.®

In the retrospective accounts of AURA’s settling of Cerro Tololo, there are few
mentions of the communities that were displaced’ - and are still being displaced as our
van driver informed us on the trip up the mountain. Redfield, attending to the different
things that happen in the same place, describes the complex, overlapping spatiality of the
space program in French Guiana. Similarly, CTIO is not secluded on a mountaintop, but
1s situated in a landscape with multiple histories and ties to the local, even if there are

actions (intentional or not) that exclude the local.'’

¥ Chilean astronomers were involved in CTIO planning from the beginning. A Santaigo astronomer, Carlos
Torres, was Stock’s second in command. However, a few comments in Stock’s letters make it clear that
Stock never viewed Torres as a colleague.

® Victor Blanco (1993), the second director of CTIO, does mention that fifteen families lived on the land
AURA purchased to build CTIO. They were goat herders, so in order to keep the observatory’s water
source clean the Ramos family in particular had to be displaced downstream. Blanco remarked that moving
this family “created a difficult human-relations problem” resolved by making the family land managers of
the area surrounding CTIO (excluding the summit). At some point, the Ramos family turned their house
into a bar-discotheque, which resulted in increased night-time traffic on the Tololo road. This situation
“was promptly terminated” as it severely interfered with observing conditions. The other goat herders
whose animals did not interfere with the water supply were charged rent but allowed to remain on the land.
' Histories written about CTIO maintain an aura of isolation. During Chilean political unrest in the 1970s
(the rise of the communist party followed by a government overthrow and rule by junta), CTIO remained at
full operation. Blanco (2001, 13-14), who was director at the time, proudly recalls that they were able to
remain autonomous from the local situation and almost no nights of observation were lost.
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Cerro Tololo

We arrived at the summit of Cerro Tololo in time for lunch. I dropped off my
bags in my private room and walked down the breezeway that connected the dormitories
to the cafeteria. The cafeteria was an airy room, made more so by the floor-to-ceiling
windows on one end that looked over the Andes mountain range. These windows slid
open so one could step out on the edge of the mountain. There were a dozen or so hefty
wooden tables, some of which sat four people while others were pushed together to
accommodate six or seven. The Chilean staff of CT1O (administrators and maintenance
workers, all men) always occupied the long table closest to the TV that ofien broadcast a
soccer game. | picked up a tray and utensils and went through the small buffet, selecting
an assortment of salads, fruits, and desserts. John had warned us that everything here was
very sweet. | delighted in this at first, but by the end of my stay, I was craving salt and
savory.

Though on the first day, we were still day-shifted and lunch was lunch, on
subsequent days this meal would be my breakfast (followed by a nap). Dinner became
lunch and the cafeteria would pack a bag of sandwiches and cookies and a thermos of tea
or coffee for dinner at the telescope. John, Matt and | always met for breakfast, but
Fischer was mysteriously absent, we assumed hard at work, during the day. We only saw
her at the 6 PM “lunch” before heading up to the observatory.

On the day of our arrival, no afternoon nap was needed, and there were still
several hours before the night of work could begin. Fischer had a Skype conference call
scheduled, so John, Matt and I explored the facilities. The tour we guided ourselves on

brought us in contact with both the technological sublime and the technological mundane.
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I marveled at the large telescopes sitting on top of the mountain, with the Andes to one
side and the ocean to the other. When we entered an imposing observatory, the landscape
disappeared and we encountered workrooms and instrument rooms, with wires and
machinery spilling out of casings.

Our trip from the sublime to the mundane began as we left the cafeteria, setting
our sights on the summit. We put on hats and sunglasses to shield us from the
dangerously high UV exposure on the peak, and hiked up from the dormitories towards
the telescopes on the summit. As we walked up the dirt pedestrian path (at night, we
drove a car on a paved road so as not to kick up dust that would interfere with
observational conditions), we passed small clusters of telescopes that adorn the side of
the mountain. We investigated each one, noting a set of four dedicated to
astroseismology and platforms for three telescopes not yet built. The summit, which was
leveled around the same time the original road was built, houses six telescopes. Fischer
observes on the second largest, 1.5-meter telescope which is adjacent to the silver domed
4-meter telescope (see Figure 2.1). The grandeur of the observatories coupled with the
minimalist geometric white markings against the dusty ground (reflective guides between
telescopes used in the pitch black of night) evoke a technological sublime amidst the
natural sublime of the view of the mountains from the summit of one of the highest
peaks. The awesomeness of the natural sublime of Kant and Burke gives way to,
according to Kant, a realization of humanity’s ability to dominate nature. The
observatory is a resolution of the natural sublime, a material domination of nature leading
to a rational domination of knowing the universe. It is also a manifestation of the

technological sublime as described by Leo Marx (1964). The observatory is perhaps
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even the quintessential South American technological sublime. Marx quotes a passage
from 1844 that describes the sublimity of new forms of transportation: “Steam is
annihilating space... Caravans of voyagers are now winding as it were, on the wings of
the wind, round the habitable globe” (quoted in Marx 1964, 196; emphasis mine). With
the railroad and the steamship, the globe began to shrink as humans traversed more of its

area. The planet as a whole, beyond the places where people resided, became habitable.

Figure 2.1: The Technological Sublime. Debra Fischer on the catwalk of the 4-meter
telescope. The 1.5-meter telescope is to the right. Photo by the author,

More than a century and a half later, it is an iodine filter nestled in an observatory
that is annihilating space and helping Fischer to find another habitable globe. Then and
now, people viewing the globe and universe through the frame of the technological

sublime experience a shrinking of space and an expansion of the reach of habitability.
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While human spaceflight extended the perceived habitable environment of Earth (Olson
2010), the search for other Earths extends the imagination of habitability even further into
outer space. In doing so, new places are imagined. Matt and I stopped to enjoy our first
encounter with the technological and natural sublime, while John, already familiar with
CTIO, led us on to “our” telescope.

As we entered the white housing of the 1.5-meter telescope, the technological
sublime was replaced by a technological mundane. The mount<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>