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Abstract: Astrobiology, the study of life in the universe fest profound insights into
human sustainability. However, astrobiology is camnig neglected in sustainability
research. This paper develops three topics comgedstrobiology to sustainability:
constraints on what zones in the universe are dalbit the absence of observations of
extraterrestrial civilizations, and the physicakfaf the universe. These topics have major
implications for our thinking and action on susgdiitity. While we may not be doomed,
we must take certain actions to sustain ourselvehis universe. The topics also suggest
that our current sustainability efforts may beitarhlly galactic importance.
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1. Introduction

Is humanity doomed? In other words, is the curfemhan population sustainable? This is among
the most important questions we can ask today. wadire asking it—and trying to answer it—quite
often, as the growing body of literature on susthility indicates. The simple answer to this questi
is that we don’t know. While there are pessimistsovpredict doom and optimists who deny this
possibility, a more reasoned analysis suggests dhat civilization’s fate could go either way.
Therefore, we must look around for clues that melp ks unravel this great mystery.

In alImost all cases, we look only to Earth for amsamo this question. To an extent, this terrdstria
focus is understandable. After all, Earth is oumklanet and the place where we’ve spent all but a
few brief moments of our existence to date. Furtttee, key sustainability challenges are, to a large
extent, a product of our interactions with Eartars/ironment: climate change, biodiversity loss, and
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nitrogen and phosphorous cycle disruptions, amdhgre [1]. Indeed, if our studies of sustainability
did not focus heavily on Earth, we would be malanggvere tactical error.

While a focus on Earth is important, deep insigiteut our sustainability are nonetheless to be
found elsewhere. Earth is not a closed systemjtaniteractions with the rest of the universe sy
affect our sustainability. Through studying the gibgl and biological makeup of the rest of the
universe, we can appreciate our own place—and atatidn—uwithin it. This exercise is a natural
extension of much terrestrial sustainability resbarwhich exhorts us to recognize and act on
connections between our own lives and phenomerasadroader spatial and temporal scales. Thus
consideration of phenomena beyond Earth is readitypatible with existing sustainability paradigms.

The study of life in the universe is the focusto £merging discipline of astrobiology. The NASA
Astrobiology Institute defines astrobiology as “teidy of the origin, evolution, distribution, and
future of life in the universe” [2]. Astrobiologywlies both life on Earth and possible life elsexghia
the universe. Astrobiology, like sustainability,agransdisciplinary field, meaning that it traresges
disciplinary boundaries, drawing on whatever infation and methods best help answer the questions
it asks. Astrobiology can potentially span eachthed natural and social sciences, humanities, and
engineering. However, as it is currently practidedpcuses predominantly on the natural scienices,
particular astronomy, biology, chemistry, and ggglo

This paper develops several key ways in which bgitogy informs the study of human
sustainability. Three topics are covered. The figtic, environmental determinism, informs the
question of whether humanity’s fate is determingdt® environment or is instead dictated by human
activity. The second topic, the Fermi Paradox, ubesabsence of observations of extraterrestrial
civilizations to inform the questions of what isstdke with current human sustainability effortsl an
how likely those efforts are to succeed. The thigic, physical eschatology, informs the questibn o
whether the human population can be sustainedimtidy and what this possibility means for us now.
While these astrobiology topics do not definitivedpswer the question of whether humanity is
doomed, they do bring significant insights and alemonstrate that consideration of life elsewhsre i
of profound importance to the study of sustaingbdn Earth.

2. Environmental Deter minism

Environmental determinism is the idea that outcomiesuman societies are determined by the
environments in which humans live instead by hunaativity and initiative. If outcomes are
determined by environments, then there may be kit can do to sustain ourselves. Either our sacces
at sustainability is guaranteed by certain propsrtof our environment, or we are doomed.
Alternatively, if outcomes are not determined byimments, then our fate may lie in our own hands.
In this case our efforts towards achieving sustalitya may be crucial to our success. Thus whethrer
not environments determine outcomes is of greabiapce to sustainability.

Many generations of scholars have considered emwiemtal determinism. Early 20th century
scholars, patrticularly in the field of geographyveg environmental explanations for Europeans’
colonial successes and even the perceived physialognd cultural superiority of European people
relative to people elsewhere. This form of envirental determinism supported attitudes and practices
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that are today broadly rejected, such as raciston@lism, and slavery. It was claimed, for example
that warm weather made people in the tropics intigréazy, whereas colder climates caused people to
be more industrious. Europeans used this percesupériority as grounds for the colonization and
exploitation of others [3].

This crude environmental determinism is now broadjected on both empirical and moral
grounds. While environments do strongly influenoene aspects of human physiology (in particular
skin color), it is now clear that humans from abions are highly capable of success. Meanwhile,
moral principles of fairness and equality compeltodreat each other with a respect and dignity
incompatible with the institutions of colonizatiamd slavery. A more nuanced understanding of the
role of environments in our lives is warranted.

There is much ongoing debate about the extent twhwhuman outcomes are determined by
environmental factors. Jared Diamond’s popular bGoks, Germs, and Stegl] argues that while
humans from all regions are highly capable, songons had better conditions for successful
civilization, and that this largely explains bropdtterns of human history. For example, Eurasia’s
large number of domesticable plants and animatsvall a strong agriculture to develop early on,
which contributed to the development of dominantlizgiations. Other scholars, such as James Blaut,
have criticized this work, questioning its empiliaacuracy and claiming it underestimates the dxten
to which human decisions define outcomes [5,6]. I&fti is clear that the environment has some
influence (for example, some regions really dikldomesticable animals), exactly what this influenc
IS remains an open question.

The implications of environmental determinism fastinability are profound. If human outcomes
are determined primarily by environmental factahgn there may be little we can do to sustain our
civilization. This pessimistic, collapse-is-inewita attitude dates to at least Thomas Malthus fid a
has contemporary support from scholars includingedand Paul Ehrlich [8] and also Jared Diamond,
as seen in the latter's bo@ollapse[9], though it is important to note that each ofgl scholars has
proposed ways in which humans might be able todaeoilapse. Alternatively, if human outcomes are
determined primarily by human decision making, thieere is much we can (and likely will) do to
sustain our civilization. This optimistic, collapseavoidable attitude dates to at least Ester Bijse
[10] and has contemporary support from scholard agc Julian Simon [11]. While it is clear that
human capabilities have limits (for example, wentdrcreate new energy, except through mass-energy
conversions), exactly what these limits are is lagobpen question.

The questions of environmental determinism and imtplications are strongly informed by
astrobiology. Consider first the question of théeek to which human outcomes are determined by
environments. As Jared Diamond points out, som@&megon Earth have had better conditions for
success than others. Through astrobiology, we stated that Earth itself has better conditions for
success than some places—and potentially worsetmorgdthan other places. It is the only place in
the solar system to have hosted an immense flonggf life, though other places such as Mars and
perhaps also Jupiter's moon Europa may prove te hagted small quantities of life too. The reason
for this is simple: Earth is inl@abitable zongi.e., a region in space and time which is capable ofghe
inhabited. Location within a habitable zone detemsithat it is possible for life and civilizatioo t
exist, although it does not guarantee that life @mtization will come to exist.
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Habitable zones exist across many scales. The @aithgrse lacked stars and planets, as do the vast
regions between galaxies and, within galaxies, éetwstar systems. Life as we know it could nottexis
in these times and places. Life as we know it calgd not exist within certain zones of star system
Some zones are too hot (too close to the starsjeabethers are too cold (too far from the stars) f
liquid water to exist on the surface of a plane?][IThe idea that only the intermediate zones are
habitable is known as the Goldilocks principle. Teciple applies to galaxies as well. The spatial
centers of galaxies have too many supernovae, ibgrigo much radiation; stars at the spatial edges
have too few heavy elements to form planets [18tttEis in a zone that is, simply put, just right.

We can also speak of habitable zones within Edtlese zones are broad but nonetheless limited.
The portions of Earth that are not habitable aitevgithin habitable zones at the scale of the ggla
and the solar system, but they are not within ladbétzones at the scale of the planet. For exartiigle,
may not have been able to exist in the earlieshEimospheres, or in the Earth’s hot, dense tuee.
now know that life can nonetheless exist in a ssimgly broad range of Earth environments, inclgdin
some very extreme ones. The extremophiles whoiivextreme environments are of great interest to
astrobiologists for the insights they offer intoetireadth of situations in which life can exist.
Meanwhile, advanced civilization exists in a nareowone on Earth. Extremophiles tend to be single-
celled organisms incapable of anything similarhe scientific, cultural, and other achievements of
humanity. Also, perhaps civilizations like ours bunot form in aquatic environments, even though
these environments can support a rich diversitgashplex and even very intelligent organisms. It is
thus clear that humanity at large benefits fromotgaphic luck” that many other species never had,
and that many other zones of the universe couldante. We can thus speak of an astrobiological
environmental determinism: location within a habléa zone determines whether or not life or
civilization could exist.

The implications that this astrobiological envireemal determinism has for human sustainability
are more complex. Civilizations (human or otheryisan only exist within certain habitable zones,
but once a civilization does exist, it does not iedanately follow that the civilization will necesdgr
succeed or fail. In other words, recognizing ther@biological environmental determinism does not
commit us to the pessimism of Malthus, Ehrlich, @&ndmond, nor does it guarantee us the optimism
of Béserup and Simon. Further inquiry is neededn&of this inquiry is the Earth-oriented study that
makes up the bulk of sustainability research. Buther information can be found from astrobiology.
We now turn to insights found from the possibildy civilizations originating in places other than
Earth.

3. The Fermi Paradox

Simple, back-of-the-envelope calculations sugghat the galaxy should be full of intelligent
civilizations. The calculations use such factorshesage and size of the galaxy, the numbers of sta
and planets, the portions of planets in habitaloleez, and the distances between planets and star
systems. The paradox that follows from this calboia initially performed by physicist Enrico Fermi
is: If we expect civilizations to appear throughthé galaxy, thewhere are they?
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Over the several decades since Fermi developegdnegiox, many solutions have been proposed
and developed by astrobiologists and others [14.Riow sufficiently little about the galaxy that we
cannot rule many, or perhaps even any, of thesdigo$t out. But some solutions nonetheless seem
more plausible, and some solutions have more #gnif implications for us here on Earth. An
example of a solution that has less significand@easpossibility that extraterrestrial civilizat®exist
but are hiding from us so that they can observi®dusntertainment, like a galactic version of thenf
The Truman Show. Strictly speaking, we cannot auiethis solution, but it seems unlikely and there’
also not much we can do about it. Meanwhile, séwaitzer solutions are quite plausible and have
major implications for us Earthlings, including four sustainability.

Perhaps the most frightening solution to the FdpPamiadox is the possibility that all civilizations
inevitably destroy themselves soon after they becesnfficiently intelligent and capable of doing so.
This solution gained popularity during the Cold V&, when concern about nuclear warfare was very
high. While Cold War tensions have cooled, our amg@xperience on Earth is such that this solution
remains quite plausible. If this solution does axplthe absence of observations of extraterrestrial
civilizations, then our own future has a very omismutlook. If intelligent civilizations elsewheire
the galaxy destroy themselves before colonizinggdaxy, then our own civilization will likely sugf
the same fate. Given that we are now gaining tpaaty for self-destruction, we should hope that th
is not the inevitable fate of civilizations in ogalaxy. To be sure, even if all other civilizatiansthe
galaxy destroyed themselves, it remains possilde we could succeed where they failed. But such
success must be viewed as highly unlikely. Thiselsodoorly for humanity’s chances of achieving
sustainability. Still, perhaps we will succeed whearthers have failed, and perhaps our current
sustainability efforts will permit that to happen.

Another very plausible solution has recently beewnetbped, drawing directly from humanity’s
ongoing struggles with sustainability on Earth [1Bhis sustainability solutioris considerably more
optimistic than the inevitable-destruction solutaiscussed above. The sustainability solution resvis
an assumption in the basic calculation suggeshiagdivilizations should be widespread in the ggalax
This assumption is that civilizations will expangpenentially throughout the galaxy. Exponential
growth is a phenomenon observed widely (but notensally) on Earth across both human and non-
human populations, which explains why it was assuimehe calculation. However, as we now know
all too well (but didn't know as well when the aalation was originally developed), when a
population expands exponentially, it often bump® iresource constraints and related sustainability
issues. In short, exponential growth is often utesnable. This observation can explain the absehce
observations of extraterrestrial civilizations.

When a population expands exponentially, it typycekperiences one of two fates. First, it could
overshoot the carrying capacity of the ecosystemmpauiing it, depleting key resources. In this
scenario, the population quickly suffers a dramatash. The damage to the population or to the
ecosystem is often permanent such that the popolatiever regrows its numbers. Perhaps
extraterrestrial civilizations that continue to ard exponentially suffer similar crashes beforey the
can expand throughout the galaxy, or before theyldvbe observed by us or any other civilization.
While civilizations sufficiently intelligent for sre travel might understand the dangers of
unsustainable expansion, they might not act onuhderstanding, just as human civilization does not
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always act on its own understanding of these dandéris would explain why we do not observe other
civilizations.

The other fate of an exponentially expanding pdputaavoids the crash. In this scenario, the
population slows and possibly ceases its growtly earough that it remains within the carrying
capacity of its ecosystem. This growth pattern apjpnates a logistic curve and is also commonly
observed in populations on Earth. This growth patie fundamentally sustainable. We may be
experiencing this growth pattern with human poparet, since global human population growth has
been slowing in recent decades. In this case,gason we do not observe extraterrestrial civilozreti
is because they do not expand rapidly enoughltth&l galaxy. These civilizations could be thosat th
understood the dangers of unsustainable expansobsuccessfully acted on this understanding. They
are out there, but they are hard to find.

Note that some extraterrestrial civilizations migbt expand at all. They might be highly intelligen
but simply not desire to expand. Indeed, thereharean populations that do not pursue expansion but
instead favor other objectives. The existence t#lligent, non-expansive extraterrestrial civilipais
is fully compatible with the sustainability solutido the Fermi Paradox because these civilizatitins
not expand rapidly—indeed, they do not expand htlfathe sustainability solution explains the
absence of observation of extraterrestrial civil@as, then non-expansive civilizations and slowly-
expanding civilizations could exist. Both of thegeilization types would be sustainable, but they
would also be hard for us to find.

How extraterrestrials respond to their sustaingbithallenges is informed by our previous
discussion of environmental determinism. If it e tcase in general that environments do or don’t
determine civilizational outcomes, then this woualdply to extraterrestrial civilizations just as it
applies to human civilizations. If environmentsdiiermine outcomes, then all civilizations couldl fa
to achieve sustainability, regardless of whethesytlunderstand the dangers of unsustainable
expansion. Alternatively, if environments do notetmine outcomes, then some (but not necessarily
all) civilizations could successfully achieve susahility, thereby avoiding a crash.

The connection between environmental determinisih extraterrestrial sustainability implies a
connection between sustainability on Earth andseerch for extraterrestrial intelligence (SETI). If
humanity successfully achieves sustainability, tivenwill know that sustainability is possible inrou
galaxy. While extraterrestrial civilizations woultbt necessarily achieve sustainability, it becomes
more likely that they would. We may be able to detihese civilizations. Further detail on the
implications of the sustainability solution to SEAFE discussed elsewhere [15].

The sustainability solution also has important icgtions for our sustainability efforts here on
Earth. If this is why we do not observe extratdrials (and it of course might not be), then itdals
that exponential growth cannot be sustained ag#factic scale. Either we must slow our own growth
rate so that we stay within the carrying capacité®ur ecosystems, or we are doomed to suffer a
major population crash. Some caution is warrantg@.nt may be that the sustainability issues don’t
become important until a civilization expands toiaterplanetary or interstellar scale. If this et
case, then humanity could potentially sustain egptial growth until it has grown beyond Earth. This
case would mean that our present concerns abauaiirsatsility on Earth might not matter. However, it
still means that humanity will need to make an éwaintransition to sustainability, and thus that ou
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current efforts may set us in that direction, tbgravoiding an eventual crash. And it is also gdussi
that the sustainability issues for civilizationsass the galaxy become important at the planetaigs

In this case, our current sustainability effortsyniee crucial to us avoiding a crash. One way or
another, the possibility that sustainability ressithe Fermi Paradox increases the importancerof ou
current efforts to live sustainably on Earth.

There is one additional Fermi Paradox solution lvaliscussing in the context of sustainability.
That is the simple possibility that we here on Raate the only life, or the only intelligent life,
anywhere in the galaxy. Today there are severeblastogists who consider this solution to be likel
[16]. If this solution is correct, then we learntimag new about our own future prospects, excegi th
we can breathe a sigh of relief that our self-desion or population crash is not inevitable. Hoerv
if this solution is correct, then it makes our aitiéés here on Earth that much more important, bsea
we then become the galaxy’s (and perhaps the w&&ronly shot at something truly special. It s u
to us to decide what that special something shbeajcand to make it happen. Major insight into these
matters can be found by considering the fate ofntbed and the universe(s).

4. Physical Eschatology

Eschatology is the study of the end times, wheitteethe end of the world, of the universe(s), ér o
humanity, such as in the apocalypse. Eschatologgnsmonly studied as a philosophical or religious
topic; religious traditions vary on questions sashwhether the end is near and whether it is désira
The termphysical eschatologyas been developed to refer to the study of thee @fnphysical
phenomena such as the Earth, the solar systemthandniverse [17]. While the beginning of the
universe has historically attracted more attentimm physicists (perhaps because more data is
available), physical eschatology has received sdomeised attention. From this, some initial
conclusions can be drawn. These conclusions, aid\hry direct significance for sustainabilityear
discussed here.

Above, we established that civilization can onlysexvithin habitable zones. If our concern is with
the sustainability of human civilization, then weishask the question of how long human civilization
can exist within habitable zones. Some answerdi® duestion do not require astrobiology. For
example, a nuclear war or ecological collapse coefdier Earth not habitable to humans, though in
these scenarios the planet would likely remainthhbe for other organisms. But other answers depend
heavily on insights from astrobiology. We will cathsr the scenarios of these other answers in
chronological order.

The earliest scenario is the impact event: coligi@etween an asteroid or comet and Earth. Such
collisions are relatively commonplace, but with sojors too small to prevent human civilization from
being sustained. It is possible for small impactorsause outsized damage if they land in the wrong
place. For example, a 2002 asteroid exploded tveMediterranean; had it landed a few hours earlier
it would have exploded over Kashmir. A Kashmir iropalausibly could have initiated a nuclear
exchange between India, Pakistan, and possiblyiti8]. Larger, less-common asteroids could land
anywhere on the planet and still cause major dam@geh asteroids are a major threat to human
sustainability [19]. Indeed, a large asteroid isidved to have caused at least one major extinction



Sustainability2010, 2 598

event, the Cretaceous-Tertiary. Several major spgeacies, including those of Russia and the United
States, have active programs to monitor the skiesthfreatening asteroids. Recently the Russian
agency has proposed—to some controversy—deflee@mgasteroid that has a small but non-zero
chance of hitting Earth in 2029 [20]. Regardless/bat the merits of this proposal might be, itlesac
that an active asteroid deflection program couldypan important role in sustaining life and
civilization on Earth.

The next scenario is the end of the world. The ttlaathe world will end is quite often neglected i
discussions of sustainability, as is apparent ftben several definitions of sustainability advocgtin
efforts along the lines “indefinite” survival inthie “distant future” here on Earth [21]. Despitésth
neglect from sustainability researchers, the endhef world is actually a fairly well-understood
phenomenon. Earth’s end is driven by two changéisarSun: an increase in outgoing radiation and an
increase in size. In several hundred million yearsteased radiation could warm the planet, causing
greater silicate rock weathering and lowering atphesic CQ levels below 10 parts per million, at
which point C4 photosynthesis could not occur. @G®tpsynthesis requires at least 150 parts per
million CO, and thus would cease earlier [22]. No contemporapgecies—except a few
extremophiles—could survive in these conditionsirtdu civilization certainly could not be sustained.

If our civilization remains intact at that poinhein we would have one option that would let us
remain on Earth: blocking some of the incoming aéidn. Such a project would resemble some of the
geoengineering schemes currently under consideraioa possible response to the more immediate
global warming Earth is experiencing due to antbggmic greenhouse gas emissions. Other
geoengineering schemes, such as adjusting Eattiéd@ may also work here. If we can implement
such geoengineering as the sun’s radiative outpateases, then we—and other contemporary
species—could continue to inhabit Earth [23].

Geoengineering could extend Earth’s habitableififetbeyond the next several hundred million
years, but, in all likelihood, it cannot extendstlifetime forever. In several billion years, thenswill
expand in size, eventually engulfing Earth and iofienets. The resulting temperatures at the Earth’
surface would be devastating. It is very diffictdtimagine any geoengineering techniques or other
scenarios that could keep Earth habitable ther2R4punless it somehow becomes feasible to alter
Earth’s orbital radius. Of course, our geoengimegknowledge could change radically in the next
billion or so years, so such techniques cannotrixetlg ruled out today. However, given contempgrar
knowledge, our best guess is that in a few billiears, life on Earth will cease to be habitable.

But just because Earth cannot sustain us foreveipas not follow that we cannot be sustained
forever,i.e., that we are doomed. It remains possible that ewddclive on elsewhere in the universe.
Already, humanity has taken some important stepsrds space colonization, including manned and
unmanned space flight and related scientific argineering activities. Given this early success, we
must have a reasonable likelihood of being ablacitieve a sustainable space colonization program
sometime before the world ends in a billion or sarg. If self-sustaining space colonies can be
achieved, then we can survive for longer than aund planet. Indeed, we can survive until the rést o
the universe ceases to be habitable.

The fate of the universe is understood much ledktiaan the fate of the world. The physics simply
remains too unsettled. There are several compétiegries [25,26]. In about Dyears, stars stop
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shining. Perhaps we will be unable to survive withstellar radiation. If we can survive, then iroab
10* years, a significant portion of protons may haeeayed. While we may be able to live without
Earth or even without stars, we probably canna Wthout protons. Other theories suggest that the
universe may remain habitable forever [27], or thatmay be able to wormhole to a different universe
before our home universe ends [28]. Some of thieseries may seem more plausible than others
today, but it is hard to rule any of them out. @Quderstanding of the relevant physics can charige a
in the next 18" years or so.

The possibility that the universe(s) may remain ifahlte forever is of significance to some
contemporary ethical and decision making theoryesehtheories are those that say we should do
whatever maximizes the total amount of some formvalue; in philosophical terms, this is
consequentialist ethics. This value can be humdfaree or the welfare of all sentient animals, loe t
fithess of ecosystems, or life itself. For the fatehe universe to matter, the theories must plaoe
some value on what happens in the distant future tikey must handle uncertainty through something
along the lines of an expected value. Then, thatgrdhan-zero probability that the universe may
remain habitable forever means that the expectatevaf many decisions will be infinite. Infinite
expected values pose significant theoretical chglts, which much research has attempted to resolve
[29-31]. The astrobiology of the fate of the unsermeans that these theoretical challenges are
potentially of actual practical relevance to demisi we could face.

For today’s decisions, it is less important whibledry of the fate of the universe turns out to be
correct. This is because all the theories agreenancrucial point: the universe can remain hakgtabl
for many orders of magnitude longer than Earth dée. billion or so years we can remain on Earth is,
from a universal perspective, the short-term. Ltarga sustainability requires space colonization. If
space colonization can be achieved, then Earthratigg civilization (or life, or whatever else we
might care about) can be sustained for a much, rfargfer period of time. In short, almost all of the
opportunity for life or civilization is beyond E&rtThis conclusion should be a major feature in our
thinking about sustainability.

Should we care about sustaining civilization intoe tlong-term, distant future? This is
fundamentally an ethical question. Many sustaifigbddvocates clearly do care about long-term
sustainability. |1 agree with them. | see no compglireason why we should value something more
based strictly on when it occurs, just as | seeompelling reason why we should value something
more based on where it occurs, or its race, agdatgler, or its species. All these concerns strikeam
morally irrelevant. | am hardly alone in holdingstiview about the moral irrelevance of time [32534]
which follows from very basic principles of equgliBut others disagree, and there is vigorous @ebat
on them, often under the rubric of discounting 883- Further discussion of this debate is beyomd th
scope of this article; for the remaining discussiowill simply assume that we care about long-term
sustainability. If nothing else, the possibility wng-term sustainability can be of intellectual or
scientific interest.

The fact that the universe will remain habitable fauch longer than Earth will means that, if we
care about long-term sustainability, then it isrextely important for us to colonize space [38].
Colonizing space will permit us to take advantafjaliothat the rest of the universe has to offed][3
But this does not mean that we should focus ouratiefforts on space colonization. The reason for
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this is simple: Earth will remain habitable for #mer billion years or so. While a billion yearsgsite
small compared to the universe’s lifetime, it istguarge compared to the amount of time it propabl
takes to colonize space, especially given our atumapid rates of technological change. If we are t
colonize space before the world ends, then we péargy of time to do it—as long as nothing really
bad happens first.

These “really bad” things can be any global catgste so large that it would permanently eliminate
our capacity to colonize space before the worldsei@kveral phenomena may be so catastrophic,
including nuclear warfare, pandemic outbreaks, agiohl collapse, disruptive technology, and of
course impact from a large asteroid. Risks of tlee®amts have been callgtbbal catastrophic risker
existential risks[40]. | will use the term existential risk herechese it is our existence that is
ultimately at stake. These risks are far more inemirthan the end of the world. Therefore, if weecar
about long-term sustainability, then we should ®our efforts on avoiding these catastrophes,on
reducing existential risk, so that future generaioan colonize space.

A focus on existential risk reduction will in soroases require a shift of focus for those working on
sustainability. Much contemporary sustainabilityriwbelps to reduce existential risk, but some @ it
more effective than others, and some other effeapportunities go overlooked. Sustainability work
focused on more local concerns may not make muéreince to the broader course of civilization—
although much caution is warranted here, becausesuatainability researchers know well, local
changes can often have universal consequences.thdtess, those who care about long-term
sustainability should seek out opportunities toupsdexistential risk with an eye towards eventual
space colonization.

It is worth noting that space colonization itseinchelp with short-term sustainability. If a
catastrophic event causes the extinction of huroartsarth, then a space colony may be our only hope
of survival. Stephen Hawking is among those calfimgshort-term space colonization for this reason
[41]. Similarly, if a catastrophic event signifidgnharms but does not eliminate humanity’s presenc
on Earth, then a space colony can be used to belper civilization on Earth. One recent proposal
calls for installing a comprehensive digital lirayn the moon which would help a post-catastrophe
civilization get back on its feet [18]. This propbparallels calls for refuges [42] or seed bardid pn
Earth.

Astrobiology has central roles to play in all oktiways that physical eschatology is relevant to
sustainability. Astrobiology helps us understanaviemd when the world and the universe(s) could
become not habitable. Indeed, without astrobiolagy,would overlook the very possibility that the
world and universe(s) could become not habitablehim first place. Astrobiology also helps us
understand what our response options are, and bslfscus our current attention on existential risk
reduction. These conclusions have very major imafibois for how we should think about and practice
sustainability on Earth today.

5. Conclusion

Is humanity doomed, or is it instead sustainablé?present, we do not know. This paper has
developed several major ways in which astrobiolagforms our answers to this question.
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Astrobiology informs us that life can only be sus¢a in habitable zones, and that this implies that
some aspects of our civilization are strictly detiered by our environment. Astrobiology also informs
us that there are several explanations for why awe mever observed any extraterrestrial civilizatjo
including one explanation derived from sustaingpidn Earth, and that the absence of extrateradstri
gives our current sustainability efforts a liteyajlalactic significance. Finally, astrobiology infias us
that Earth’s environment will not remain habitafideever, but that the universe just might, or aiste
will remain habitable for much, much longer. Thiggests the importance of colonizing space before
the world ends, which in turn suggests the impa¢asf avoiding the global catastrophes that threate
our civilization’s existence today.

For these reasons, astrobiology is of profound mamee to the study of sustainability on Earth. In
order for us to benefit from the rich insights abtology has for sustainability, we should give
astrobiology an important place in the study of tansbility. Forming connections between
astrobiology and sustainability research can belyfastraightforward. Both fields are already
accustomed to transdisciplinary research, and tdraring a large diversity of intellectual
perspectives. Furthermore, both fields ask verypidture questions about humanity’s place in the
grander scheme of things. In many ways, thesesfiatd two sides of the same coin, with one focused
on life on Earth and the other focused on lifehia tiniverse. Hopefully these fields will succedgful
learn from each other and progress together. Ekestcould not be any greater.
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