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PROTOCOLS FOR ENCOUNTER WITH EXTRATERRESTRIALS:

lessons from the Covid-19 Pandemic
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This paper explores lessons evident from the Covid-19 pandemic as a framework for thinking about contact with
extraterrestrial intelligence (ETI). The Covid-19 pandemic represents an opportunity to think through challenges that may
arise in response to contact with ETI in part because it represents a potential threat to the entire population of Earth,
thus forcing nations to implement similar measures, even if the specifics of those measures and levels of restrictions
vary from one country to another. We argue that contact with ETI will not occur in a political and ideational vacuum. It
will occur within an historical context and diverse cultural contexts from which people will interpret the import and risks
associated with a contact event. Just as local conditions are influencing the response to Covid-19, governments and
political leaders will draw on localized cultural and social conditions as they conduct risk assessments related to ETI
contact and consider the value associated with managing or controlling the context and potential outcomes of a contact
event. Thinking about how governments, in particular, respond to events like the Coronavirus pandemic represents an
opportunity to explore how other potential existential threats to global society like contact with ETI might pan out.

Keywords: SETI, Covid-19, Pandemic, Risk, Cultural diversity

1  INTRODUCTION

Encounters with global threats to human life are not typical-
ly a part of the immediate experience of modern humans. Al-
though there remain people who were alive during World War
IT and even a few who experienced the flu pandemic of 1918 as
small children, the past several decades have largely been with-
out the experience of imminent global catastrophe (although
both Ebola and HIV should have been wake-up calls) - even as
we have become increasingly aware that our behavior in rela-
tion to the natural environment may bring on such catastrophe
in the future. Our aim in this article is to explore some of the
lessons we can take from the Covid-19 pandemic as a frame-
work for thinking about how contact with extraterrestrial intel-
ligence (ETI) might unfold. The Covid-19 pandemic represents
a useful opportunity to think through some of the challenges
that may arise in response to contact with ETT in part because
it represents a potential threat to the entire population of Earth,
thus forcing nations to implement similar measures, even if the
specifics of those measures and levels of restrictions may vary
from one country to another [1].

This is particularly important given the fact that much of
the literature among SETI (Search for ETI) scientists treats
contact in a way that has analogies with pandemics. Although
there has been some exploration of how religious differences
might impact responses to ETI, it is not unusual for articles or
books on SETI to begin with or reference broad proclamations
of the importance of finding extraterrestrial life for humans;
as one article recently put it, “the discovery of extraterrestrial
intelligence...would clearly have enormous consequences for

humanity” [2, 3] Note that the reference is to humanity - as
a whole - without consideration of the cultural, political, and
socioeconomic differences that exist among the people who
inhabit our planet. The assumption within the SETI communi-
ty, that an encounter with ETI is necessarily an event of global
import and is significant for all of humanity, is open to debate.
Humans are complex culturally and socially and it is difficult to
see Earth as a single or unified “civilization” as is often present-
ed in the SETI literature, rather than as a conglomeration of
numerous civilizations or societies and smaller sub-groupings
of larger political, economic, and social institutions and struc-
tures [4, 5]. We should be reminded of this point by the highly
disparate and virtually uncoordinated country-by-country re-
sponse to a clear global threat in Covid-19.

This does not, of course, mean that contact will not in some
way influence all of humanity. If ETT decides to sterilize our
planet — or to solve all of our social problems in surprising ways
- then the actions of ETI will clearly have a global impact that
involves all or most of humanity. However, this does not mean
that people will interpret and react to the arrival of ETT or the
awareness that ETT exists via a radio transmission in uniform
or even similar ways. In other words, the significance of a glob-
al event — whether contact with ETT or the danger associated
with a pandemic - is a matter of interpretation; and interpre-
tations among humans tend to be localized rather than global
[6]. This means that there is a real possibility that conflict will
arise following contact, even if the intentions of ETT are benign,
just as differences of interpretation of peacefully intended reli-
gious messages has frequently led to violence in human affairs
- both between contact groups and within those experiencing
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contact from the outside [7].

Indeed, although the focus of this article is on encounters
with intelligent aliens, we should keep in mind that threats
connected to contact with ETI do not necessarily involve
green-skinned aliens with blasters bent on vaporizing our pop-
ulation. As the authors have noted elsewhere, drawing on the
realpolitik approach to international affairs, contact itself has
the potential to set in motion political machinations on the
part of nation-states as perceived national security interests are
pursued. If resources or information associated with contact,
whether physical or data related to communication via tech-
nologies such as radio telescopes, are deemed important to ac-
quire by governments, then there is the potential that contact
could set in motion events which threaten global political and
economic stability — even if that contact itself poses no direct
threat to humanity [8, 9]. In fact, this type of scenario has al-
ready been considered as one outcome of Covid-19 for parts
of the planet. As Brookings Institution scholar Tarek Yousef
notes, “it is hard to exaggerate the potentially devastating im-
pact of the ‘one-two punch’ delivered by the growing corona-
virus pandemic and the spectacular collapse of oil prices” and
this combination may well lead to political and economic insta-
bility as events continue to unfold in the Middle East and world
as different interpretations of the situation and varied national
interests further fuel an already unstable political context [10].

Contact with ETT will not occur in a political and ideational
vacuum. It will occur within the context of a given point in his-
tory for the world and in various contexts related to conditions
in specific parts of the world. Just as local conditions are influ-
encing the response to Covid-19, local or global events such as
recession or food shortages will no doubt have a significant in-
fluence on how humans respond to any contact scenario. And
when it comes to political frameworks, governments and polit-
ical leaders will conduct risk assessments related to ETT contact
and consider the value that may be associated with managing
or controlling the context and potential outcomes associated
with a contact event. Thinking about how governments, in
particular, respond to events like the Coronavirus pandemic
represents an important opportunity to imagine how other po-
tential existential threats to global society like contact with ETI
might pan out.

2 SIMILARITIES BETWEEN THE CORONA PANDEMIC AND
ETI CONTACT

In his discussion of the Wuhan Coronavirus response, Stew-
art Patrick notes that preservation of public safety depends on
three key factors: “timely and credible action by governments
where outbreaks occur; firm direction and leadership from the
WHO in coordinating international responses; and responsible
behavior of other nations that naturally want to protect their
own citizens from disease” [11]. If we paraphrase this observa-
tion, it seems to apply equally to contact with extraterrestrial
life, whether intelligent or not. In the event of an encounter
with life from another world, public safety and health (includ-
ing mental health) depend on:
1) timely and credible action by governments where con-
tact is made;
2) clear direction and leadership from international or-
ganizations to coordinate a global response;
and
3) responsible behavior on the part of governments nat-
urally concerned with protecting parochial national
interests.

In the case of non-intelligent extraterrestrial life, such as mi-
crobial life, the parallels with the Coronavirus pandemic are
obvious. Microbes are intimately and closely associated with
human bodies and humans carry with them “microbial clouds”
that involve a constant exchange of microorganisms [12]. We
have no knowledge of exactly how introduction of an alien
microorganism either into individual microbial clouds, or the
ecosystem as a whole would change, and potentially represent
a threat, to life on Earth. Hence, international rules for plan-
etary protection have been in place for over 40 years, a result
of the recognition that introduction of alien microbes repre-
sents a potential threat to life on Earth as well as life on any
planet on which a terrestrial spacecraft might land [12]. As Ken
Roy has argued, even casual contact with life that evolved in
an off-earth environment could present problems for life here,
because independently evolved life on another planet may use
some, but not all of the amino acids used by Earth life and,
thus, even slight contact with alien life could disrupt cell func-
tions of life here. Imagine an alien life form whose skin secretes
sweat that, it turns out, causes a similar reaction in humans
that poison dart frogs do. A mere handshake could be lethal (or
perhaps our sweat does the same to ETT) [13].

Scientists and policy makers recognize that introduction of
extraterrestrial organisms on Earth has the potential to cause
an Andromeda Strain type of scenario in which introduction of
alien life to our planet’s environment puts human life as a whole
as well as the planetary ecosystem into a context of existential
threat [14]. And this issue has taken on something of a more
center-stage status recently in relation to discussions within the
astrobiology community raising the potential biohazard risks
associated with the NASA/European Space Agency plans to re-
turn Mars samples collected by the Perseverance rover to Earth
possibly in the 2030s [15, 16]. Certainly, while the introduc-
tion of extraterrestrial microbes to earth ecosystems represents
a potential risk that could parallel the Coronavirus pandemic,
the parallels are not limited to either direct contact with extra-
terrestrial life nor contact with life at a microbial level. Contact
with intelligent forms of life has the potential to place our spe-
cies in a position of significant risk; and a key similarity is that
contact with ETI, like our current encounter with Covid-19, is
a (potential) global threat necessitating a global response.

3 INTERSPECIES CONFLICT

In the remainder of this article, we will treat the Covid-19 pan-
demic as an interspecies conflict that implicates our planet as
a whole (or at least our species) without differentiation among
factors such as race, ethnicity, gender, culture, socioeconomic
status, and so on (although it should be noted that early indica-
tors suggest that socioeconomic status clearly is a factor in how
Covid-19 is experienced) [17]. However, observation of the
current situation via various media outlets shows that differen-
tial values among different societies and within particular soci-
eties play a significant role in how governments are responding
to the pandemic. In other words, despite the fact that Covid-19
represents a global threat to human life, there is no coordinat-
ed global response. Each nation-state is largely going it alone
in assessing the level of threat and developing appropriate re-
sponses to the pandemic based on their risk assessments. And
rather than working cooperatively, it can be argued that many
governments have even largely attempted to withdraw from the
international scene as evidenced by the common first step of
closing borders. For example, drawing on its experiences with
containing the spread of Ebola, Uganda closed its borders and
airports to everything other than cargo and emergency trans-
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ports and US President Trump tweeted on 21 April 2020 that
he intends to close US borders to all immigration at least tem-
porarily [18].

Within particular countries, there are also differences and
debates about how the pandemic should be handled. For ex-
ample, in the US, some conservative leaders have argued for
the urgency of restarting the economy, even if that means in-
creased deaths as a result of the pandemic [19, 20]. The basic
thrust of this position is that the potential suffering caused by
shutting down the economy is significantly greater than the
suffering caused by spread of the virus. In other words, the
cure is worse than the disease. If this position becomes domi-
nant in the US, it will have specific consequences for the pro-
gress and experience of the disease likely to be different from
the consequences of long-term social distancing measures that
keep the economy open in limited ways. Arguments in favor of
quickly re-opening the economy are typically political or ide-
ological in nature, which means that they reflect local cultural
values. The Lieutenant Governor of one state, for example, was
criticized when he apparently suggested that older Americans
should be willing to sacrifice themselves for the good of the
economy [20]. And various groups have interpreted the risk
itself in quite different ways. While the majority have viewed
social distancing as a necessary practice to slow spread of the
disease, some groups such as conservative evangelicals have
pushed back against the policy. One televangelist, for instance,
denigrated pastors who cancelled services and encouraged the
use of hand sanitizer as losers and “pansies” who should quit
the ministry and burn down their churches [21].

Conservative politicians who have shown interest in
re-opening their state economies have been limited in their
abilities to do so without significant pushback. For example,
Governor Greg Abbott of Texas ended up developing a meas-
ured approach to restarting the state economy that responded
to the desires of the business community to start work and the
advice of health professionals and economists warning that
there were significant risks associated with a premature re-
opening of business as usual [22]. The result was a plan that
balanced these interests and, rather than having a full restart,
proposed a series of incremental steps that would slowly reo-
pen the economy of the state.

At the same time, other countries, such as Sweden, have
elected to refrain from a national-emergency policy that shuts
down social activity and business, instead following a more
relaxed approach, refraining from government mandates for
social distancing and shutting down some types of social con-
texts (such as sporting events) while keeping others open. For
example, elementary and middle schools have remained open,
while high schools have been closed; the argument being that
people with younger children cannot continue to work if ele-
mentary and middle schools are closed. The Swedish approach
has focused on protecting groups at highest risk, such as the
elderly, rather than shutting down society as a whole, which
is different from most of the rest of Europe and parts of oth-
er countries such as the United States. Thus, even a quasi-su-
pra-governmental body like the EU is running into barriers to
coordinated action.

Places like Singapore, Hong Kong, and South Korea have re-
sponded with aggressive testing practices that have helped with
suppressing the spread of the virus. Hong Kong and Singapore
have augmented testing with widespread quarantine orders for
anyone who has been exposed to someone with a confirmed

case, even if no symptoms are evident with those being con-
fined [23]. Contact tracing in several East Asian countries,
such as Taiwan and South Korea, has worked well in flattening
the curve of cases. The use of phone app technologies to trace
contacts in these societies has been effective as compared to
the US and EU, but that success may be not simply a result of
the technology itself, but of greater tolerance for government
and other forms of social tracking in those societies. In other
words, cultural difference in attitudes about privacy and com-
munity responsibility may have an influence on how Covid-19
spreads [24]. And it is worth pointing out that not only are
countries going their own way in developing responses, some
are actively working to prevent coordinated action by the few
international bodies with standing in the matter —President
Trump’s cancelling of WHO funding for domestic political rea-
sons representing an excellent example.

4  DISCUSSION

For our purposes here, the specifics of different responses and
policies associated with the pandemic are less important than
the fact that these differences are products of cultural, ideolog-
ical, and political variations among and within nations of the
world. Think about the US case as an example. The US political
system distributes responsibility for health and public safety
largely to states rather than solely to a central national govern-
ment and has long-standing ideological conflict over the role
of the federal government in state affairs. These characteristics
combined with both inaction and lack of a clearly articulated
and executed national strategy to slow the spread of the virus,
have resulted in significant variation in how the pandemic has
evolved in different parts of the country. Stated more strongly,
it can be argued that the lack of a clear federal strategy in the
US has forced the states to “invent the wheel” independently,
even to the point of competition between states for access to
medical and other resources. Only as the intensity of the cri-
sis eases slightly such that state governments are beginning to
think and plan on how to relax protocols have regional group-
ings of states formed to coordinate action in the absence of
decisive federal leadership. In other words, the policies used
in reaction to the virus and thus its effects are closely tied to
—and partially an outgrowth of —social and political values
associated with American society. In short, at both the soci-
etal-level and individual-level evidence suggests that although
a society’s economic and political institutions play a significant
role in managing processes that affect members of that society,
those institutions are intertwined with cultural factors that are
also important elements in how policies and practices are dis-
cussed, debated, and implemented [25].

This should be an important lesson in thinking about and
planning for the possibility of contact with alien life (wheth-
er intelligent or not). Despite the globalized and pan-human
rhetoric that tends to surround SETI research and justifications
for the continued funding of SETI-related activities, even if the
effects of contact may be global, the interpretations of and re-
sponses to contact will not. The tendency to miss this point in
quite a bit of SETT literature likely results from the more “glo-
balist” culture prevalent in the scientific community - again
reinforcing the localized basis of thinking that tends to shape
both conceptualization and action in these matters.

It may be helpful to think of this in terms of a specific sce-
nario. Imagine, for a moment, that tomorrow astronomers
working at the Allen Telescope Array determine that they
have actually received a signal from an extraterrestrial source
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and the signal clearly shows intent and, thus, intelligence on
the part of the sender. Among the most obvious questions to
arise would be: should we respond? The answer, however, is not
obvious, because a response involves risks —particularly if the
original message was not directed specifically at Earth and thus
the sender is likely not aware of the nature and technological
level of life on our planet. As Smith notes, there is a high like-
lihood that any civilization with which we come in contact is
much older and, thus technologically superior to our own [26].
Should we send a message that would reveal the location of
Earth to a technologically superior species? And what content
should we include if we do? How much should we tell them
about our world? Do we want to let them know that we are
politically divided and, thus, potentially easy to conquer? Do
we inform ETI that there are widespread economic disparities
among the people of our world? That we have wars? That we are
currently trying to deal with a pandemic (and, therefore, may
reveal how fractured and vulnerable we are as a planet or that
we are vulnerable to remote hacking)?

It is reasonable to conclude that the answers to these ques-
tions would vary in relation to perceived national interest on
the parts of diverse governments. If, as seems to be the case, hu-
man governments are unable to coordinate a unified response
to an imminent global threat such as Covid-19, it seems highly
unlikely that they would be able to do so in the face of a more
abstract possible threat from a distant alien civilization with
which we happened to come into contact. Of course, in the
unlikely event that ET were to show up on our doorstep, the
threat would appear far less abstract, but this does not mean
that nation-states would somehow unite in a common effort
to save our world. That may work in movies, but our current
situation shows fairly clearly that it is unlikely in reality. There
may be some level of coordination, but when perceived nation-
al interests appear to be at risk, there is a good chance that said
coordination will fail quickly.

As the authors have argued elsewhere, there is the distinct
possibility contact with ETT will be viewed as either a threat or
an opportunity by governments of nation-states and may be
conceived as having extremely high value [8]. This could, for
example, lead to efforts to monopolize communication with
ETI as a means to gain technological dominance over other na-
tion-states. History tells us that when states perceive something
as vital to national interests or national security, they will act in
terms of their assumed best interests rather than cooperating
with other nation-states. An example of this can be seen clearly
in US President Trump’s withdrawal of funding from the World
Health Organization, which clearly runs contrary to a global
and coordinated response to the pandemic (as was highlighted
earlier). Of course, this action has generated political conflict as
other leaders around the world criticized the US action. Even
within normally allied conservative groups in the US, some ar-
gued that cutting WHO funding amidst the Covid-19 pandem-
ic was not in US interests, given the organization’s central role
in helping developing countries to respond to the crisis [27].

5 LESSONS FROM THE PANDEMIC

What is clear already in the Covid-19 pandemic is that in dif-
ferent countries, the virus has spread through populations
at various speeds depending on factors such as cultural and
behavioral responses in local communities, population densi-
ty, socio-economic status, average household size, and so on.
And “this pattern has led to substantial variation in the pre-
paredness of countries and their responses to the crisis [28]”

Clearly, there are lessons to be learned from the early days of
the Coronavirus pandemic for thinking about protocols to
help humans in the event of contact with extraterrestrial in-
telligence (as well as other extraterrestrial life forms such as
microorganisms). To conclude, we would like to suggest the
following key points as lessons which should guide future
thinking about contact with ETT.

o  Evenifitis determined that ETI poses an existential threat
to humanity (or significant parts of humanity) unless so-
cial and governmental structures change significantly, a
well-coordinated and unified response to either physical
or remote contact with ETT is highly unlikely.

o  Cultural variation evident in complex and conflict-
ing value systems will play a significant role in how na-
tion-states, as well as groups within nation-states, inter-
pret and respond to contact. This will inevitably lead to
disagreement and conflict among humans, which has the
potential to destabilize fragile economies and political
systems and escalate into violent conflict.

o The very cultural, political, and economic variations that
humans display and experience have the potential not only
to provide multiple options in responding, but also may
work against a successful response. We have seen this in
response to the Coronavirus, and it is reasonable to expect
a similar situation arising in response to contact with ETL

In the face of a potential existential threat, unified, coordi-
nated action is immensely important to the chances of a suc-
cessful outcome. Thus, in military affairs (where existential
threats are the norm), unity of command, one commander
(whether that is a single person or a group) is essential to max-
imizing effort. When units have divergent goals, at best they
derive no synergy, at worst, they can actually hamper each
other’s efforts. Thus, in the cornerstone US military doctrine
document Joint Publication 1, the first topic covered on how to
actually conduct military operations is Unified Action (includ-
ing Unity of Command) [29]. Thousands of years of warfare
have taught the value of unity. This is not just modern; one of
Sun Tzu’s five principles included unity of command. Counter
examples (of which there are too many to mention in detail
here) where the lack of unified effort was catastrophic include
the near-total loss of the Roman army to Hannibal at the battle
of Cannae (216 BCE) due in part to different Roman consuls
commanding the Army on alternating days [30]. In the recent
past a good example, while not completely disastrous, includes
different countries within a war coalition having contrary rules
of engagement and national aims, resulting in confusion and
inefficiency (at best) [31]. Thus across the most critical of hu-
man endeavors, the value of unity of effort is essential, but cul-
tural, political, and economic differences among groups can
mitigate against achieving that unity.

This is not to say that there is no hope for unified effort.
And it is important to recognize that diversity is generally a
strength in human society to be tapped when facing challeng-
ing situations; but in the face of a global threat it is also im-
portant to recognize that diversity can work against creating a
coordinated effort unless factors such as good leadership and a
well-conceived and planned protocol for assessing and dealing
with risk are already in place — ahead of the point of a crisis.
In fits and starts, countries have worked together both with-
in and outside of crisis scenarios. The United Nations is the
most obvious but only partially successful example. NATO and
other military coalitions, particularly in war, have been fairly
successful in coordinating action when the stakes are clear. On
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more practical day-to-day affairs, economic/trade/communi-
cations/transportation treaties and agreements perform quite
well at coordinating and reconciling national interests. For our
purposes here, international agreements with teeth are likely to
be the result of significant education and public mobilization
efforts over a long term combined with select “early adopter”
countries leading the effort officially. This is precisely what is
needed now as we begin to seriously contemplate the possibili-
ty of contact with extraterrestrial life. And this needs to happen
before contact occurs, or we are very likely to find ourselves in
a situation similar to the current pandemic in which an unex-
pected external threat suddenly puts the world into a poorly
coordinated and variably successful situation as diverse coun-
tries and groups interpret and respond to an event that has the
potential to rise to the level of global existential threat.

A significant step that needs to be taken in this direction can

begin with the SETT scientific community. Rather than work-
ing from an assumption that humans live and operate within
a civilization, SETI scholars need to develop a more nuanced
representation of human life on our own planet and generate a
discourse surrounding SETI that recognizes human diversity.
This also should help us in recognizing that ETT may be just
as diverse as we are, or even more so. If we take this step for-
ward at a conceptual level, we can begin to develop protocols
for contact that assume diversity of cultures, interpretations,
and responses to contact. When thinking about how humanity
might respond to contact with ETI, we should build-in recog-
nition of and thoughtful strategies for dealing with cultural,
economic, and political diversity and recognize that there is a
high potential for contact to stimulate increased conflict and
disagreement among human groups - again as is evident in the
Coronavirus pandemic - rather than to unify humanity in re-
sponse to a real or perceived global threat.
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The architecture of a large interstellar spaceship, which is capable of serving as a living environment for a population

over many generations, is mainly dictated by the needs of said population in terms of food, water and breathable gases.
These resources cannot be stored for the entire duration of a journey that goes on for several centuries, so they must

be produced in situ. In order to determine the quantities necessary for the survival of the population, it is imperative to
precisely estimate their needs. In this article, we focus on accurate simulations of the water and air (oxygen) requirements
for any type of population in order to be able to provide precise constraints on the overall architecture of an interstellar ark
(the requirements in terms of food having already been studied in a previous publication). We upgrade our agent-based,
numerical, Monte Carlo code HERITAGE to include human physiological needs. Our simulations show that, for a crew

of about 1100 crew members (each characterized with individual anthropometric and biological data), 1.8 x 108 litres of
oxygen are annually required, together with 1.1 x 10° litres of water. Those results do not account for oxygen and water
used in growing plants, but they give us an insight of how much resources are needed in the spaceship. We also review
the best methods for generating water from waste gases (namely carbon dioxide and dihydrogen) and how such systems
could complement the oxygen-supplying biospheres inside multi-generational spaceships to form a closed and controlled

environment.

Keywords: Long-duration mission, Multi-generational space voyage, Space exploration, Space resource

1 INTRODUCTION
1.1 Space Colonies

In order to prepare for a long-term mission in an environment
where resources are scarce, it is necessary to plan and budget
for the equipment to bring, to build on site and to recycle. If we
take the real example of the French commercial ship Clairon et
Reine, a brig which regularly travelled from Marseille (France)
to Smyrna (Turkey) between 1827 and 1836, we can study how
the rationing in food was important and precise in order to
carry out long sea crossings [1]. According to the ship’s docu-
ments found in 1973, each of the ~ 10 sailors obtained a ration
of nearly 4200 daily kilocalories in bread, meat, fish, vegeta-
bles and cereals, which matches their intense physical activity
level. Thousands of litres of liquids (mainly alcohol and water)
were loaded on board before each departure, so that month-
long trips could be achieved [2]. This represents several tens of
tonnes of food which tended to spoil after a few weeks. Now, let
us compare this situation to space travels, where breathable air
becomes a valuable resource that must be taken into account in
the equation. In addition, it will not be possible to fish in the
vacuum of space, so food cannot be easily replenished. Storing
enough food, water and nutriments, together with a breatha-
ble mixture of gases, represents a challenge. First it will require
physical space and add mass to the space shuttle or spaceship,
which drives higher costs (larger ships, stronger propulsion
systems). Second, water and food will eventually spoil in time
despite the best industrial methods for food preservation and

storage [3, 4]. These problems are at the centre of contempo-
rary thinking for the human exploration and colonization of
Mars [5, 6, 7, 8, 9], but also for interstellar journeys to nearby
exoplanets [10, 11, 12, 13].

Sending humans to exo-worlds situated tens of parsecs away
from the Earth is a rather complex project, since it calls for
travelling in deep space for hundreds of years with sublumi-
nal propulsion systems. The technological complexity of such a
giant spaceship has been highlighted by many authors [10, 14,
15], but it is universally recognized that the human aspect of
the mission is even more complex. Multi-generational space-
ships are probably the best option we have since population
resources consumption over time can be modelled with great
precision [16]. These generation ships rely on the principle that
the population aboard will live, procreate, teach the new gener-
ation, and die, allowing the offspring to continue the journey.
Inside the vessel, a closed ecological system would artificial-
ly reproduce Earth-like conditions, landscapes and flora. The
population of a space ark should not be considered as a unique
crew with a distinct goal, but rather as families and communi-
ties living out normal, small-town lives in the world ship [17].
However, in order to continue the journey, their basic physio-
logical needs must be fulfilled.

Among the several solutions that have been postulated to
solve the issue of the inevitable depletion of food, water and
breathable gas supplies, the most convincing one is the pro-
duction of resources within the spaceship. This can be achieved

JBIS Vol 73 No.7 July 2020 239

EVERWAVE - Exhibit 1008
EVERWAVE v. LIMITLESS SPACE INSTITUTE - IPR2026-00469
Page 9 of 44



FREDERIC MARIN & CAMILLE BELUFFI

by either recycling wastes, by growing food and plants in
biospheres, or by using chemical reactions to transform
non-breathable gases to oxygen. But how much food, water
and oxygen is needed to ensure that the crew will have enough
resources to live a prosperous life? Precise quantitative estima-
tions have been achieved in the case of short duration space-
flights with a limited crew (see, e.g., [18]) but never in the case
of long-duration interstellar travels with a dynamic population,
which is the goal of this paper. We addressed the question of
food production and requirements in a previous publication
[13]. We now turn our attention and our numerical simulation
tool HERITAGE towards the issue of water and air consump-
tion aboard an interstellar spaceship whose crew consists of a
multi-generational population. In the following, we will present
the latest upgrades of our agent-based code that were necessary
to properly compute the annual basal oxygen consumption and
the estimated water requirements of the population. Then, we
will review the various methods of replenishing the spaceship
with pure water and air before concluding on the importance
of planning for a long-duration voyage.

2  UPGRADING HERITAGE
21 Overview of the agent based Monte Carlo code

The numerical code HERITAGE is a computer program that
was created to follow the evolution of a multi-generational
population within a closed environment with limited resources
and neither immigration nor emigration. HERITAGE has been
applied to interstellar space travels but can very well be applied
to local (Earth) situations such as an isolated tribe in the jun-
gle, an island or a Mars colony experiment such as the Mars-
500 project [8] or the Hawaii - Space Exploration Analog and
Simulation (HI-SEAS) [19].The uniqueness of the code comes
from the fact that it is an agent based tool. Each crew member
is fully simulated using a specific blueprint (a C++ language
class) that includes the most important biologic and anthro-
pometric data that are needed to characterize a real human:
age, gender, weight, height, genome, fertility, etc. The biological
factors are time-dependent and follow biological and physical
laws so that the population can grow old, reproduce and die
in a biologically realistic way. This allows us to model a real
population with mixed generations and heterogeneous char-
acteristics rather than populations with clearly separated gen-
erations, as what is usually done in population genetics studies
[20, 21]. HERITAGE is also a Monte Carlo code, which means
that each event happening in the spaceship (reproduction, ac-
cidents, genetic processes, and so on) are the result of random
draws that follow mathematical laws. This means that the code
can test all possible outcomes of an event by performing suc-
cessive draws. The code must be lopped several times (at least
one hundred times, see [13]) to have statistically significant re-
sults and determine the most probable outcomes. The results of
the simulations are then averaged over hundreds of loops that,
depending on the number of crew members, can take hours to
days to complete.

The code has been extensively described in the previous pa-
pers of the HERITAGE project [22, 23, 13]. In the following, we
will only review the new features that are necessary to deter-
mine air and water consumption aboard a closed environment.

2.2 Equations for air consumption

The daily quantity of air needed by a human under minimal
psychological and physiologic stress, and at an ambient tem-
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Fig.1 Plot of the Brody’s equation.

perature of between 20 and 26.6°C, has been derived thanks
to indirect calorimetry during clinical experiments [24, 25].
Surprisingly, this quantity depends only marginally on the sex
and height of the test subject but more strongly on its weight.
Indeed, there is a strong correlation between the body size and
metabolic rate of mammals [26]. Based on clinical observations,
an equation was derived to express the basal oxygen consump-
tion (Vo,) as a function of the subject weight w [27, 24]:

Vo, = 10wi (1)

in millilitre per minute. This equation is known as Brody’s
equation, whose representation can be found in Fig. 1. It is a
continuous function that can be used as a good proxy for hu-
man oxygen needs in stress-free situations. By volume, dry air
(> 10% humidity) contains 78.09% nitrogen, 20.95% oxygen,
0.93% argon, 0.04% carbon dioxide, and small amounts of
other gases [28]. Air also contains a variable amount of water
vapour, on average around 1% at sea level, and 0.4% over the
entire atmosphere. From Brody’s equation, it is thus possible to
estimate the basal oxygen consumption of a whole population
(if the weight of each individual is known) and then derive the
related volume of accompanying gases.

2.3 Equations for water consumption

Water is the largest constituent of the human body and can
be viewed as the most essential nutrient. It contributes to the
global health of humans and also accounts for a large frac-
tion of their body weight. Ingesting insufficient daily water
doses leads to dehydration and volume depletion [29], while
too much water leads to over-hydration and hyponatremia
[30]. In order to avoid those life-threatening conditions, an
appropriate amount of water must be consumed per day. It
is recognized that a minimum of one litre per day is neces-
sary to survive [31], but if we want to move away from this
scarcity assumption, it becomes less trivial to properly assess
the amount of water that is required to maintain a healthy
body. There are at least five equations used by clinicians to
determine water requirements. Studies have pointed out that
those five Estimated Water Requirements (EWR) equations
are strongly correlated but do not necessarily agree with each
other [32]. To determine the best equation, the calculated
EWR results were compared to measurements from the total
water intake (from food and beverages) from a representative
sample of the United State population. The strongest agree-
ment between the total water intake and the estimated water
requirements is found in the case of the equation issued by
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EWR factor
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Fig.2 Correction factor applied to the EWR as a function of dry
air temperature aboard the spaceship. The model is normalized to
unity at a nominal temperature slightly below 20°C and detailed in
the text.

the NRC (National Research Council) [32]:

EWRg = 354 — (6.91 x A)+(9.36 x W x PAL) (2)
— (726 x H x PAL)

EWR, = 662 — (9.53 x A) + (15.91 x W x PAL) (3)
— (540 x H x PAL)

with W the weight in kilograms, H the height in meters, A the
age in years, and the EWR in millilitre per day. The acronym
PAL stands for Physical Activity Level and is used to express

TABLE 1: Input parameters of the simulation®

a persons daily physical activity as a quantitative value. Those
equations are based on the basal metabolic rate of individuals,
such as already computed by HERITAGE (see [13]). They have
the advantage of accounting for the body mass, body height,
age, gender and physical activity level of the subject. All those
parameters are already included in HERITAGE from the pre-
vious upgrade. We thus simply included those equations into
our code to estimate the daily water requirements.

It must be noted that the estimated water requirements
are very temperature-sensitive: EWR increases with ambient
temperature as a result of sweating. The United States Army
Research Institute of Environmental Medicine has devel-
oped an empirical model that includes an equation to pre-
dict sweating rate during work [33, 34]. The model is valid
for dry air temperatures that range between 15 and 40°C and
accounts for four different physical activity levels. The model
has an exponential dependency on temperature with propor-
tional rate growths (see [31]). We used the model to numeri-
cally determine a temperature-dependent correction factor f
EWR to apply to the EWR value obtained with Eqs. 2 and 3:

JEwr = a — I—) x (1 =explexT)) (4)
c

with T the dry air temperature in Celsius degrees, a = 0.462,
b = 0.016 and ¢ = 0.048. This correction factor must be mul-
tiplied to the EWR to account for the temperature-dependent
daily dose of water needed by each crew member. A visual rep-
resentation of f gwr is shown in Fig. 2.

The correction factor has been normalized to an ambient
dry air temperature slightly below 20°C and a numerical fit al-

Parameters Values Units
Number of space voyages to simulate 100 -
Duration of the interstellar travel 600 years
Colony ship capacity 1200 humans
Overpopulation threshold 09 fraction
Inclusion of Adaptive Social Engineering Principles (0 = no, 1 =yes) 1 -
Genetically realistic initial population (0 = no, 1 =yes) 1 -
Number of initial women 250 humans
Number of initial men 250 humans
Age of the initial women 305 years
Age of the initial men 30+5 years
Number of children per woman 2+05 humans
Twinning rate 0.015 fraction
Life expectancy for women 85+5 years
Life expectancy for men 79+5 years
Mean age of menopause 45 years
Start of permitted procreation 18 years
End of permitted procreation 40 years
Initial consanguinity 0 fraction
Allowed consanguinity 0 fraction
Life reduction due to consanguinity 0.5 fraction
Chaotic element of any human expedition 0.001 fraction

*The p £ ovalues shown for certain parameters indicate that the code needs a mean (p) and a standard deviation value (o) to sample a

number from a normal (Gaussian) distribution.
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lowed us to extend the temperature range from negative values
up to more than 60°C. Nevertheless, the HERITAGE code will
emit a warning message whenever the temperature within the
spaceship is below or above the nominal temperature range
fixed by [33, 34], so that the user will know that the results are
subject to larger uncertainties. The annual dry air temperature
aboard the spaceship is now input data (similarly to the year-
by-year catastrophe risks and equivalent doses of cosmic ray
radiation) that can be fixed by the user. Note that for climate
control, a typical ambient temperature range is anywhere be-
tween 15 and 25°C. The human body, dressed appropriately,
can survive for a year under extreme conditions ranging from
-60 to +50°C in dry air conditions and with regular access to
water at cooler temperatures in the latter case [35]. Above and
below those limits, the crew members are killed by the pro-
gram. Finally, effects of extreme temperatures on the human
biological functions, such as fertility or blood flow [36, 37], are
rather complex to model and are not included in HERITAGE
at this point.

3 SIMULATIONS

Now that the code has been upgraded to account for air (oxy-
gen) and water consumption, we can run a complete simulation
to obtain the annual requirements in terms of food, water and
air. To do so, we set up HERITAGE according to the parameters
listed in Table 1. We simulate a relatively short space travel (600
year long) with a worldship of modest size: a maximum of 1200
crew members can live inside the vessel but we impose a secu-
rity threshold of 90% of that value to prevent overpopulation
and resource depletion. We include adaptive social engineering
principles that is a self-regulation of the population whenev-
er the overpopulation threshold is reached. No inbreeding is
tolerated on board (up to first cousins once removed or half-
first cousins) and the procreation window is wide: from 18 to
40 years old. The crew is expected to be rather inactive when
young (< 18 years old), moderately active in their age 18 - 24,
vigorously active between 25 and 50, moderately active up to
70 years old and sedentary for the rest of their life. We postulate
that the radiation shield of the interstellar ark is very efficient so
that the annual equivalent dose of cosmic ray radiation never
exceeds 2 millisieverts in deep space (i.e., beyond the protective
limits of the Sun and of the star around which is orbiting the
targeted exoplanet). This prevents any serious risks of neo-mu-
tations, cancers and genetic malformations. The initial crew is
gender-balanced and older than in our previous simulations:
30 years old on average with a standard deviation of 5. This
means that a few crew members are older than 40 years old
and some are younger than 20 at the beginning of the mission.
To move away from the scarcity paradigm (i.e., imposing the
minimal viable population of initial settlers at year 0, which is
of the order of 100, see [23]), we choose a departing population
of 500 humans. We will discuss the socio-demographic impor-
tance of the initial population age and number in another pub-
lication. We set up a chaotic factor that can randomly kill any
crew member for unexpected reasons (deadly accident, prema-
ture death, serious illness, etc.) to 0.1% per year. Finally, the dry
air temperature aboard is stochastically oscillating between 18
and 21°C and we set up three incidents along the course of the
multi-generational ark at years 191 (20% casualities), 350 (30%
casualities) and 490 (17% casualities). The casualty percentage
rates are chosen to mimic large-scale catastrophes and diseases,
such as the 14th century Black Death (~30% of the European
population died, [38]) or the 1918-1919 Spanish flu pandemics
(~22% of the Samoan population died, [39])

The results of the simulations are shown in Fig. 3. The top-

left panel shows the evolution of the population within the
spacecraft. From 500 at the beginning of the interstellar travel,
the crew quickly increases up to the security threshold. At this
point, the population number is subject to strong variations
as the crew is dominated by demographic echelons clustered
in discrete age groups. With time, this clustering gradually
disappears and a stable population level with people of many
different ages develops. The three catastrophes have little im-
pact onto the resilience of the crew and the population quick-
ly returns to the stable population level after the lethal events.
The rate of mission success is precisely 100% in this case. The
top-right panel of Fig. 3 shows the total energy expenditure in
kilo-calories per year. On average, there is a need for ~ 109 kcal
per year to maintain ideal body weight. Following our investi-
gations presented in [13], this total energy expenditure drives
a surface for geoponic agriculture of about 2 square kilometres
of farmland for a balanced diet (fruits, vegetables, meat and
fish, dairy and starch). The use of hydroponic and/or aeroponic
agricultures could help to reduce this surface by a factor of two.
The bottom-left figure presents the basal oxygen consumption
in litres per year. We see that about 1.8 x 108 litres of oxygen
are annually required to keep the crew alive. At the spaceship
ambient dry air temperature, considering a pressure of one at-
mosphere, this represents a volume' of 1.8 x 10° m* (2.4 x 10°
kg). If we account for nitrogen among the breathable gases, at
a fraction of 78.09% of the air composition, this means that
an additional amount of 6.7 x 10°® litres of nitrogen is needed
inside the vessel, which corresponds? to ~ 6.7 x 10° m*® (7.7 x
10° kg). In total, the spaceship must have a volume of about
10° m’ just to store the required breathable gases (nitrogen and
oxygen) at 21°C and at a pressure of one atmosphere for a full
year. Considering the simplest geometry for such spaceship (a
cylinder), this represents a structural length longer than 350
m for a fixed radius of 30 m. Storing a fraction of the gases
in pressurized tanks would help to drastically decrease such
architectural constraints. The breathable gases could then be
released inside the vessel according to the monitored needs of
the crew. In addition, it is not necessary to keep enough gas-
es for a full year. Day-to-day oxygen and nitrogen production
aboard must participate actively in the renewal of the breatha-
ble atmosphere (see Sect. 4.1). Finally, the bottom-right panel
of Fig. 3 presents the estimated water requirements in litres per
year. There is an annual need of 1.1 x 10° litres of water to hy-
drate the population. Of course, this amount of water does not
include the volume required by the biosphere (plants, animals,
insects, bacteria...) inside the ark to survive. It gives us a lower
limit solely based on human needs. This quantity represents a
volume of 1100 m® of water (1.1 x 10° kg), or a cylinder 35.4
m in length and 3 m in radius. This is a much smaller volume
than what is required by breathable gases requirements; wa-
ter could be stored in containers that are fixed on the vessel’s
flanks, minimizing the loss of space inside the spacecraft. Due
to the coldness of the interstellar atomic and molecular media
(£ -173.15°C, [40]), water stored outside the spaceship would
freeze (no need for active cooling in deep space) and could
be used as an ice shield against interstellar debris. Pathogens
would not proliferate at those temperatures and sterilizing wa-
ter is a known and easy process. In principle, collecting the re-
quired amounts of water from Solar System sources could be
achieved well before the mission even begins but, from cost-

'1 litre of oxygen gas represents a volume of 10~ m® and a mass of
1.309 g at 21°C and 1 atm.

*1 litre of nitrogen gas represents a volume of 10~ m’ and a mass of
1.155gat 21°C and 1 atm.
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Fig.3 HERITAGE results for a 600 years-long interstellar voyage under the conditions described
in the text. The supplemental noise seen in the estimated water requirements is due to the random
fluctuations of the dry air temperature aboard the spaceship.

wise and security reasons, it would be preferable to obtain new
and fresh water during the journey. The question of how to re-
new the water supply will be discussed in Sect. 4.2.

4 PRODUCING AIR AND WATER RESOURCES IN SPACE

Our HERITAGE simulations have proven that tremendous
annual amounts of oxygen and water are required to keep the
crew alive during centuries-long deep space travels. It is not
a viable option to store all the necessary resources at the be-
ginning of the voyage since the quality of liquid water would
likely deteriorate with time. Microbial cells (pathogenic bac-
teria such as, e.g., legionella) would ultimately grow and in-
duce pathogenic properties. Excessive growth of bacteria in
drinking water leads to hygienic, aesthetic and operational
problems [41]. In addition, the required volumes to store mil-
lions of litres of water and billions of cubic meters of breatha-
ble gases would induce disproportionate costs that could affect
the overall feasibility of ark-like projects. For those reasons, in
situ recycling and production of fresh air, water and food are
necessary [13].

4.1 How to recycle and produce breathable gases?

The most convincing and accurate examples that we have con-
cerning the production of breathable gases in space are the Mir
and ISS space stations. Inside those orbiting habitats, large scale
plant photosynthesis is not feasible to produce enough oxygen
so they rely on several methods to generate breathable gases:
pressurized oxygen tanks, oxygen generators and solid fuel ox-

ygen generators. These systems are not perfectly efficient and
losses are compensated by deliveries from Earth. Of course, the
delivery of oxygen to an interstellar spaceship is not realistic,
but nothing prevents the crew from storing oxygen in pressur-
ized tanks in case of a disaster. To provide a continuous flow
of oxygen, generators such as the Russian-made Elektron-VM
[42, 43] and the United States Environmental Control and Life
Support System (ECLSS, [44, 45]) are used. The oxygen genera-
tors option relies on water electrolysis that splits H,0 molecules
into hydrogen gas and oxygen gas such as:

2H* 4 2~ — H, ()
at the cathode and:
2H50 = Oy +4e™ +4H* (6)

at the anode when the half reactions are balanced with acid. In
the case of a balance with a base, the reactions become:

9H,0 + 2~ — Ho + 20H" 7)
at the cathode and:
20H- - %o, + HO+ 2~ (8)

at the anode. Combining either half reaction pair yields the
same overall decomposition of water into oxygen and hydrogen:

2H>0 — 2H5 + Oy (9)
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The electricity is generated by the station’s solar panels and sup-
plied to the oxygen generators through the station’s power grid
[46]. Water is essentially provided from Earth by space shut-
tles, which make oxygen generators such as Elektron-VM and
ECLSS less reliable in case of water shortage. The last method
to produce breathable gases uses chemical reactions. Solid fuel
oxygen generators consist of canisters that contain a mixture
of powdered sodium chlorate (NaClO;) and iron (Fe) powder.
The ignition of the iron powder provides the heat energy re-
quired to break down the sodium chlorate into sodium chlo-
ride and oxygen gas (plus residual iron oxide) such as:

NaClOg + Fe = 309 + NaCl + FeQ (10)

One kilogram of mixture is enough to provide oxygen for 6.5
man-hours [47, 48, 49, 50]. Chemical oxygen generators are
the most used methods to supply oxygen in confined spaces,
especially because of their long shelf life and reliability. Never-
theless, all the three technologies require resources that are not
effortlessly accessible in deep space. Recycling breathable gases
is necessary but not easily achievable, even in space shuttles
and space stations. Experiments involving organic compounds
[51, 52] or microalgae [53, 54, 55] to recycle carbon dioxide are
under study but they are not expected to be 100% efficient. The
only way to provide enough breathable gases and recycle gas
wastes is to mimic the Earth system: growing plants in space.
This is a challenging task but the recent success of the Change
4 lunar lander in January 2019 is paving the way towards more
and more complex biosphere experiments. The Chinese mis-
sion carried a 3 kg sealed biosphere-like box with seeds and
insect eggs to test whether plants and insects could hatch and
grow together in synergy. It successfully achieved the sprout
of cotton seed (and, maybe, of rapeseed and potato seeds, but
this has not been confirmed yet) within nine days, before a
failure of the temperature system [56]. Larger biosphere ex-
periments, such as Biosphere II, are trying to recreate a viable
ecosystem inside a huge closed dome that could very well be
representative of a spacecraft [57, 5, 6, 7]. This option is the
only realistic one to consistently provide enough breathable
gases to multi-generational crews, recycle carbon dioxide and
other by-products of life aboard a closed system, and create a
pleasant living and working environment for the crew. Howev-
er, this potential solution must be explored carefully since the
carbon dioxide content of the air is low; hence it might require
a significant extra mass of carbon. In addition, it is extremely
difficult to calculate how the efficiency works with such com-
plicated networks, since some carbon dioxide will be taken up
by the plants for photosynthesis. Large scale experiments, such
as Biosphere II, are therefore fundamental to the preparation
of interstellar arks.

42 Where to find water in deep space?

The problem of renewing water in space is even more com-
plex than that of creating oxygen in a closed environment. The
Solar system is full of small icy bodies (comets and asteroids)
that could be collected prior to the mission or even during the
spaceflight to restore the water tanks level after purification of
the melted ice. Harvesting water in the Solar system before the
launch of the space ark might be a good option since it can be
done during the construction time of the spaceship. However,
as we already stated it, it is dangerous to travel with all the wa-
ter stored for the mission. In case of a catastrophe that would
destroy part of the reserves, this would mean the end of the
mission. It is then necessary to collect additional water on the
course to the exoplanet. But, is this really an option? The closest

asteroid belt is the Main Belt. It is estimated to contain millions
of objects and is located between the orbits of Mars and Jupiter
(~ 2-3 astronomical units, au, from the Sun). Further away are
Trojan asteroids, rocky/icy bodies that are a separate group of
asteroids lying outside the main asteroid belt and sharing an
orbit with Jupiter (~ 5-6 au). Several comets and ice-coated
irregular satellites of the giant planets are situated shortly after
the Trojan asteroids, up to the Neptune Trojans at ~ 30 au. At
larger distances from the Sun, Kuiper belt objects fill the space
up to ~ 55 au. Most of the aforementioned asteroids are situat-
ed along (or close) to the planet’s orbital plane [58]. This means
that any interstellar travel whose direction does not lie close to
the Solar System ecliptic plane is less likely to encounter aster-
oid that could be harvested to restore water levels (at least up
to 55 au). In addition to the inherent risks of boarding a fast
moving® space rock, the chances to encounter enough aster-
oids along the spaceship’s trajectory within the Solar System is
rather low if the ship’s path deviates from the ecliptic. The only
true potential reservoir of frozen water that lies “close” to the
Sun is the Oort cloud. The Oort cloud is a large hypothetical
spherical reservoir of comets that surrounds the Solar system
at distances between 20000 and > 100000 au [62]. The outer
envelope could be the source of most long-lived comets and
be an ideal target for water replenishment if the risk is worth
it. Finally, in the deep interstellar space, the number density of
comets and asteroids that could be used to extract water is so
low (1.4 x 10-4 au? at a 90% confidence limit, [63]) that such
an option could be safely discarded.

We established that extracting water from comets and as-
teroids during the spaceship course is not a viable option. Is
recycling water from humans, plants and industrial activities
within the spaceship feasible? Aboard the ISS there are two wa-
ter recovery systems, one that processes water vapour from the
atmosphere (the water is then fed to electrolysis oxygen gener-
ators) and one that processes water vapour collected from the
atmosphere and urine into water that is intended for drinking.
However, they are not 100% efficient since some water is lost
due to small amounts of unusable brine produced by the re-
cycling systems, water consumption by the oxygen generators,
airlocks leaks that take humidity with them, and a few more.
Even with a 95% efficient system, such as the NASA’s Vapor
Compression Distillation experiment [64], the amount of wa-
ter that is lost per year is non-negligible and requires filling the
reserves with fresh water. This demonstration has the corollary
that some water must be created within the ship in addition to
the water recovered from the recycling systems. To do so, we
can rely on chemical reactions. In particular, the Sabatier pro-
cess could be used to produce methane and water. To do so, the
methodology relies on the reaction of hydrogen with carbon
dioxide at elevated temperatures (optimally 300-400°C) and
pressures in the presence of a nickel catalyst [65, 66, 9]. The
chemical exothermic process is such as:

A very interesting by-product of the Sabatier reaction is
the production of methane that could be very well used as a
propellant for the spaceship. In addition, this process would
recycle the human production of carbon dioxide to produce
water, that in turn could be used to water the plants and create

> The average orbital speed of a main-belt asteroid is 17.9 km.s™",
the orbital speed of Ceres [59]. Ceres has a pretty typical orbit and
makes up a third of the Belt by mass [60, 61].
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a complete loop. Along the same line of thoughts, the Bosch
reaction is under study to complement the Sabatier reaction
to maximize water production aboard the ISS or during future
Martian colonies [9]. The overall reaction is:

CO, + 2Hs = C +2H,0 (12)

This reaction requires the introduction of iron as a catalyst
and requires a temperature range of 530 — 730°C [67], which is
substantially higher than the Sabatier process. Yet, similarly to
the first chemical method, the Bosch reaction would also allow
for a completely closed hydrogen and oxygen cycle within the
biosphere. The by-product of this reaction is the production
of carbon that could be used for manufacturing, but the pro-
duction of elemental carbon tends to foul the catalyst’s surface,
which is detrimental to the reaction’s efficiency.

4.3 Life support systems, virtual habitat models and
HERITAGE

The ECLSS aboard the ISS is part of the more general class of
life support system (LSS). The goal of any LSS is to create and
manage a viable environment with sufficient breathable gas-
es, water and food, but also to maintain human-adapted tem-
perature and pressure conditions. Another task of a LSS is to
manage waste and recycle unnecessary material. The ECLSS is
crucial for the survivability of the ISS crew and it is easy to fore-
see that a similar (yet at larger scale) situation would apply in
the case of generation ships. LSS are well adapted for astronaut
crews that are, on average, anthropometrically similar. In the
case of the ECLSS, the human baseline values and assumptions
are such: a typical crew member has a mass ranging from a
95th percentile American male, with a total body mass of 99
kg, to a 5th percentile Japanese female, with a total mass of 53
kg [68]. Despite the use of similar equations for the basal meta-
bolic rate and water consumption than in this paper, the ECLSS
assumptions about the crew body mass and metabolic rate are
only valid for humans older than 19 years. The water/air con-
sumption and wastes of the same standard crew member with
a fixed respiratory quotient at a fixed ambient temperature are
averaged, and the physical activity levels are planned over a
standard workweek [69]. No children nor elder crew members
are accounted for in the human model of the ECLSS. Those
strong assumptions are perfectly valid for the ISS case, where
only trained astronauts are likely to go, but the assumptions
must be corrected in the case of an interstellar ark. Our HER-
ITAGE code is certainly not as efficient as the ECLSS model in
the case of a daily estimation of the human needs. Most of the
biological functions included in the code are based on medi-
cal data that are year-dependent, not day-dependent. For this
reason, HERITAGE is not likely to replace a LSS. However, our
code has the dual benefit of being adapted to the yearly con-
sumption of any type of population and it is a dynamical code
that reacts to changes in temperature, cosmic ray radiation
doses, population size variations, etc.

HERITAGE shares more comparative points with virtual
habitat models. In particular, the V-HAB model developed by

the Exploration Group in Munich [70, 71, 72] includes a dy-
namic representation of the crew to be integrated in any LSS.
The human model includes a much more sophisticated rep-
resentation of the human body (lungs, heart, kidneys, fluids ...)
and very precise estimations of the water, food and breathable
gases intake can be achieved. The V-HAB model works very
well when compared to ISS data and can be used to prepare a
Mars colony with reliable numbers. Nevertheless, the human
model in V-HAB remains static, in the sense that only stand-
ardized, active, male adults can be modelled [72]. HERITAGE
accounts for gender, age, size, weight and genetic diversity. This
makes HERITAGE a valuable and complementary tool to LSS
and virtual habitat models to obtain precise (at a year time-
scale) quantitative values of the human needs in terms of food,
water and breathable gases, accounting for a dynamical popu-
lation that is truly representative of an off-world colony.

5 CONCLUSIONS

We have developed the HERITAGE code to include water and
oxygen consumption aboard multi-generational interstellar
spaceship. The code now estimates the annual requirements in
terms of water and oxygen volumes that a heterogeneous pop-
ulation would need to live comfortably, accounting for various
physical activity levels, body shapes and ambient dry air tem-
peratures. The results of a simulation where about 1100 crew
members are numerically investigated shows that about 1.8
x 10® litres of oxygen are annually required to keep the crew
alive, together with ~ 10° litres of water. Those results do not
account for oxygen and water used in growing plants, but they
give us an insight of how much resources are needed in the
spaceship. This, in turns, help us to determine the architectural
constraints of such an enterprise.

In order to narrow down the possibilities to restore the
levels of breathable gases and water, we undertook a concise
review of the methods for recycling and producing air and wa-
ter in space. The most convincing methods rely on photosyn-
thesis aboard the spaceship and chemical reactions to main-
tain a closed loop for water and air. Humans (and animals
and insects) would inhale air and exhale carbon dioxide. This
carbon dioxide will in turn be partially recycled by the plants
from the biosphere, and partially used to feed the Sabatier and
Bosch chemical reactors to produce water. Water will be used
to hydrate humans and water the plants. The by-products of
the chemical reactors could be then used as engine fuel or raw
material for industries. This first order scheme is of course too
simplistic as such, but it gives us a direction of study to really
get a stable biosphere.
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We consider some implications of the much-discussed circumstellar habitable zones around M-dwarf stars for

the conventionally understood radio SETI. We argue that the flaring nature of these stars would further adversely
impact local development of radio communication and that, therefore, their circumstellar habitable zones should be
preferentially studied by other methods. This is a clear example of how diversity of astrobiological habitats is introducing
contingency into the cultural evolution, thus undermining the universality of cultural convergence as one of the major
premises of the traditional SETI, and of how specifics of the physical environment strongly shape cultural evolution

taken in the broadest, most inclusive sense.

Keywords: SETI, Covid-19, Pandemic, Risk, Cultural diversity

1 INTRODUCTION

There has been a dramatic surge of interest in planetary habita-
bility following discovery of large number of small, Earth-sized
planets in exoplanetary systems of red dwarf stars such as Prox-
ima Centauri [1], Kepler 42 [2, 3], or TRAPPIST-1 [4]. Gradu-
ally emerging consensus suggests that, just as M-dwarfs dom-
inate with more than 70% in any representative sample of the
Main Sequence stars [5], planets around M-dwarfs dominate
the overall tally of planets in the Galaxy. The fact that M-dwarfs
might not be easy to find and study in biased, usually flux-lim-
ited surveys (Fig.1), should not occlude this ground truth: any
general statement concerning habitability, biosignatures, tech-
nosignatures, etc. should be conditionalized on the statistical
predominance of red dwarf stars.

This includes the halo population of very old red dwarfs as
well [6]. Obviously, consequences for astrobiology are dramat-
ic: habitability of exoplanets and exomoons around red dwarfs
has become one of the most discussed issues in recent astrobi-
ological research [7-15]. While all results are necessarily very
tentative as of this writing, there is a growing trend of accepting
planets around red dwarfs as legitimate part of the overall set of
habitable planets in the Galaxy.

Even modern studies on the rate of habitable planetary for-
mation throughout the Milky Way history are nowadays led to
separate red dwarf planetary systems from the rest of the Main
Sequence stars [16, 17]. Including the former leads to signifi-
cantly different values of such crucial quantities as the median
age of habitable planets in the Milky Way. In fact, the emerging
position seems to be that an average habitable planet should be

' Also at Future of Humanity Institute, Faculty of Philosophy,
University of Oxford, Suite 8, Littlegate House, 16/17 St Ebbe’s Street,
Oxford, OX1 1PT, UK.
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Fig.1 The average density of stars with distance. Stars are counted
in spherical shells of 20 pc width. The spectral types are color-coded
as designated while the black lines of different width represent the
density for the number of stars at the shell at the given distance, as
designated in the plot. The data was queried per spectral type from
the SIMBAD database on October 12, 2019.

located around a red dwarf star, prompting a natural question
why are we — as per an anthropic selection effect — not located
around one as well [18]. Even if we conclude that the observ-
ers of our kind are not vanishingly rare in the overall astrobio-
logical landscape, it is still worthwhile to inquire whether our
specific SETT methodologies are, in one way or another, incon-
spicuously rooted in peculiarities of this particular reference
class of observers. In other words, we need to ask ourselves to
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what extent the detectability of other types of observers is a
consequence of the systemic properties of their physical envi-
ronment — as opposed to being product of the contingencies
and happenstance of the entire (biological + cultural) history.

Consider the theoretical assumptions of our own SETT pro-
jects. Since the early days of the “Founding Fathers” in 1950s
and 1960s, most practical activities in the field have relied on
radio waves as presumed carrier of extraterrestrial signals.
The precepts of Cocconi and Morrison [19] held firm in this
regard, and in fact any suggestion of an alternative SETI, the-
oretical or empirical, has been often downplayed as fantastic
or simply ignored. The key resource database is https://tech-
nosearch.seti.org, maintained by the SETI Institute. That site is
an attempt to catalog all published SETI searches since Project
Ozma in 1960. It is organized into three different lists: Radio,
Optical, and Archival; “optical” list includes wavelengths from
y-rays through the far-infrared, and “archival” list contains
searches that have used previously published data to search
for technological artefacts. While some early examples are
present, in particular theoretical analyses of advanced tech-
nology by Dyson and of optical SETI by Townes and Schwartz
in early 1960s, it has been only since the turn of the century
(partially for technological reasons) that more serious non-ra-
dio searches have been performed. And the atmosphere has
changed to the effect that in recent years (roughly since 2010)
the alternative approaches, such as extragalactic (e.g., 20-22)
or Dysonian SETI [23] have received more mainstream ac-
ceptance. Of course, more work in history of science is neces-
sary in order to elaborate upon this development; the present
manuscript has no such aspirations. Instead, we wish to focus
upon one particular aspect in which our conventional tech-
nological practices in the SETI field are in tension with the
ubiquitous evolutionary contingency.

This issue is by no means too specific or parochial: it touches
upon the key topic of cultural convergence upon which all SETI
projects are based (even if it is too often only tacitly admitted
by the research community). Following the original argument
of Simpson [24], the great geographer and evolutionist Jared
Diamond has argued that particular features of human culture,
such as radio, are likely to be contingent within the context of
cultural evolution [25]. Radio is just a particularly prominent
example of direct interest to SETT, but the reasoning we need to
reconsider here applies equally to many other aspects of tech-
nological evolution.

In this note, we explicitly do not wish to enter the complex
debate about habitability of planets around M-dwarfs and
whether they could support simple life only, or both simple
and complex life, etc. Instead, we wish to discuss the following
related questions: if planets around red dwarfs are indeed hab-
itable for complex life and intelligence, should we then stick to
the conventional orthodoxy of radio searches in their cases?
Are there clear physical reasons to adopt different, more effi-
cient strategies for such, and/or sufficiently different habitable
locales? If the answer to the latter question is in the affirmative,
then it is of crucial importance to consider what other anthro-
pocentric cultural baggage [26, 27] we have unjustifiably smug-
gled in while conceiving and planning our SETI programs.

2 CONTINGENT NATURE OF RADIO COMMUNICATION

Why, exactly, should we assume radio communication as typi-
cal in a wider astrobiological context? One of the most influen-
tial contemporary intellectuals, evolutionary biologist and his-

torian Jared Diamond has argued forcefully against our SETI
efforts on the basis of their blithely assumed convergence. He
paraphrases this assumption as follows:?

If you expose millions of species for millions of years to sim-
ilar selective forces, of course you can expect similar solu-
tions to emerge time and time again. We know that conver-
gence is very common among the species on Earth, and, by
the same reasoning, convergence should also exist between
Earth’s species and those elsewhere. Hence, although radio
communication has evolved here only once so far, consid-
erations of convergent evolution lead us to expect its evolu-
tion on some other planets as well.

Note that Diamond does not only ascribes to the SETI pro-
ponents the core idea of continuity of cultural and biological
evolution - he does accept it himself in order to show that it
is insufficient for supporting the SETI position. The essence of
his counter-argument rests upon the example of woodpeck-
ing. It is an empirical fact that woodpeckers are an extremely
well-adapted species, whose complex adaptations enable them
to fill a stable ecological niche with significant success. Which
further leads him to conclude (p. 162):

Consider what biology might have taught us about the inev-
itability of radio evolution on Earth. If radio building were
like woodpecking, some species might have evolved certain
elements of the package or evolved them in inefficient form,
although only one species managed to evolve the complete
package. For instance, we might have found today that tur-
keys build radio transmitters but no receivers, while kan-
garoos build receivers but no transmitters. The fossil record
might have shown dozens of now-extinct animals experi-
menting over the last half billion years with metallurgy and
increasingly complex electronic circuits, leading to electric
toasters in the Triassic, battery-operated rat traps in the
Oligocene and, finally, radios in the Holocene.

A detailed criticism of logical and empirical aspects of Di-
amond’s argument is given in Cirkovi¢ [29]. Here we wish to
bring attention to another, usually disregarded aspect of this
evolutionary argumentation, namely that even if we fully ac-
cept the continuity between biological and cultural evolution,
as well as high adaptive value of radio communication on
Earth, this is still insufficient for the strong convergence con-
clusion [30]. In particular, there may be wide classes of habitats
in which radio communication has much lower adaptive value,
or none at all.

We need explicitly astrobiological evolution to account for
selection pressures at the very high levels of joint (biological +
cultural) evolution. In a way, this has been recognized; one of
the early SETI pioneers, Michael Papagiannis noticed back in
1984 that the very limits of sustainability might act as a selec-
tion pressure, filtering out profligate and wasteful civilizations
[31]. This study is one of the very first in which the continuity of
biological and cultural evolution was emphasized in its natural,
astrobiological context. Obviously, astrophysical distribution of
resources dictates the intensity of this kind of selection pressure.

We should expect other abiotic selection pressures, one of
them being adequately generalized space weather. The con-
ventional definition of space weather is pragmatic and anthro-

2Ref. 28, p. 158..
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pocentric (e.g. The US National Space Weather Strategy and
Action Plan 2019%):

Space weather comprises a set of naturally occurring phe-
nomena that have the potential to adversely affect critical
functions, assets, and operations in space and on Earth.
Extreme space weather events can degrade or damage crit-
ical infrastructures, which may result in direct or cascading
failures across key services such as electric power, communi-
cations, water supply, healthcare, and transportation. The
Sun can create space weather events that have the potential
to substantially disrupt or damage critical functions, assets,
and operations in space and on Earth, including critical
infrastructure and technology systems.

Clearly, this statement could and should be generalized to
include stars other than the Sun and their habitable and po-
tentially inhabited planets. Space weather generalized in such
a way is necessarily part of the abiotic selection pressure acting
on the set of technological civilizations in the Galaxy.

It is very well known that space weather influences many
aspects of contemporary human civilization on Earth, such
as satellites [32], high-latitude electric power grids [33], com-
mercial airplane traffic [34], or human radio communications
themselves (e.g., [35]-[37]). Extreme space weather events, like
the Carrington event of 1859, present an acknowledged glob-
al risk for modern civilization accustomed to electronics and
long-range communications [36]. Space weather on and near
Earth, however, is extremely nice and clement in comparison
to other astrophysical locales, and notably in comparison the
environment around flaring and magnetically active M-dwarfs.
Both persistent and intermittent activity of such stars, coupled
with the necessarily small distance of planets within their cir-
cumstellar habitable zones, create space weather conditions
which are orders of magnitude more extreme than anything
that could ever be encountered on and near Earth. Consequent
impact on technological systems of our cosmic peers — and tar-
gets to be chosen in SETT surveys - should be correspondingly
larger and lead to diverging outcomes, when compared with
our situation. Taking into account the abundance of M-dwarfs
and planets around them, this effect might be dominant overall
and seriously jeopardize our conventional SETI strategies.

3 M DWARF FLARES AS SOURCES OF RADIO NOISES

That M-dwarf flares emit substantial electromagnetic noise has
been known since the early days of radio astronomy. Direct
detection of cool main-sequence stars in the radio domain be-
yond 10-20 pc is still very difficult, however. Radio emissivity
is highest in the very early stages of stellar evolution, near Zero
Age Main Sequence (ZAMS), although the ages of M dwarfs
are very poorly constrained [38]. Majority of M dwarfs belong
to the magnetically active category (160 of 238 in the exam-
ple of [39]). These dMe stars possess magnetic fields 10-100
times the strength of Solar magnetic field, and their frequent
intensive flares are accompanied by coronal mass ejections and
formation of complex persistent magnetospheric structures as
large as 10 R*. If the radius of a typical M dwarf is similar to the
radius of Proxima, about 1.07 x 10° km, scales of these magnet-
ic structures are large enough to partially overlap with sizes of

? https://www.whitehouse.gov/wp-content/uploads/2019/03/
National-Space-Weather-Strategy-and-Action-Plan-2019.pdf, last
accessed September 25, 2019.

the circumstellar habitable zone. Space weather on worlds lo-
cated in these habitable zones is necessarily extremely complex,
and orders of magnitude more intense and inclement than in
the case of Earth.

Observations of Proxima by Davenport et al. [40] show that
“normal” flares of energies about 1028 ergs occur on the av-
erage 63 times a day, while “superflares” at 1033 ergs or more
occur on the average 8 times per year. While flares like these
could be major destructive influences on the biospheres of
planets around red dwarfs and could possibly cause mass ex-
tinction episodes even on Earth, which is 1 AU distant from
a quiescent star like the Sun [41], we neglect this more gener-
al aspect of flaring here, concentrating on the effects of space
weather on presumed technological civilizations. Segura et al.
[10] investigate effects of a strong flare of April 12, 1985 on
red dwarf AD Leo by simulating the effects from both UV ra-
diation and protons on the atmospheric chemistry of a hypo-
thetical, Earth-like planet located within red dwarf’s habitable
zone. Of particular concern is the decrease in ozone column
density as a consequence of high-energy photons and protons.
The conclusions of these authors are, however, optimistic in the
sense that the impact of strong flares on the atmospheric ozone
is quite modest and unlikely to seriously damage a hypothetical
biosphere. Somewhat different results have been obtained by
Howard et al. [42] for the Proxima 2016 superflare, their mod-
els indicating rather strong ozone depletion at Proxima b, with
atmospheric parameters taken to be Earth’s. In addition, there
are other possibly adverse effects, such as desiccation of plan-
etary water [41]. Irrespectively of this controversy, if we sup-
pose that at least some biospheres around M dwarfs can evolve
technological civilizations, they would still face space weather
incompatible with the extensive use of radio communications
familiar from our experience.

Solar flares are known to cause so-called radio fading events
at HF (3-30 MHz) range, characterized by decrease in signal
amplitude due to increased ionospheric electron density. Such
events on Earth can last up to several hours and cause dramatic
increase in the noise in HF bands, including the complete loss
of signal [35]. These effects are likely to be magnified by at least
two orders of magnitude or more for hypothetical inhabitants
of planets around M dwarfs. This is strongly dependent upon
the unknown planetary magnetic fields, although it must be
noted that planets in habitable zones of red dwarfs are likely to
be slow rotators - tidally locked or in Mercury-like resonances
- with weak magnetic fields [11].

Several recent studies have measured the intensity of radio
bursts of M-dwarf stars (e.g. [43]) related to flaring. Many long
bursts, of the duration of an hour or several hours are detected
with peak flux densities of 10-200 m]y in the frequency interval
1-6 GHz, which is exactly the one of interest for the tradition-
al SETT (since it includes the “water hole“ range). Frequency
drifts also occur in almost all bursts, on variety of timescales;
this would make maintenance of reliable radio communication
even more difficult. Similarly, the March 24, 2017, radio flare of
Proxima reached peak intensity of 100 mJy, about three orders
of magnitude higher than the persistent emission in the quies-
cent state [44]. To further put it into perspective, this peak in-
tensity is about an order of magnitude greater than the typical
source flux at 21cm in the VLA SETI observation of Gray and
Marvel [45], and 50-100 times the intensity of typical noise in
radio maps at 6.25 GHz.

The Arecibo message was transmitted at a power of 1 MW.
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Assuming a transmitting bandwidth of 10 Hz this translates to
radio flux of 10 pJy. With the sensitivity of the upcoming state-
of-the-art modern radio telescopes reaching the sub-uJy scales,
this message would be detected at distances in excess of 10 pc.
However, at a Proxima-like distance of ~1 pc the signal strength
would be of the order of ~1 mJy which is some two orders of
magnitude smaller than the strength of Proxima Centauri ra-
dio flares. The Arecibo message broadcast was less than three
minutes in duration, which would make an analogue likely to
overlap with periods of high stellar activity. For the detected
M dwarfs’ radio bursts, Villadsen & Hallinan ([43], Table 3)
report peak flux uncertainties ranging from ~1% to ~40%. All
this puts the traditional SETT attempts, such as the Arecibo
message, in the noise region of the typical stellar activity.

These comparisons are, of course, of limited value, since it
is highly improbable that - taking into account the local space
weather - large installations such as the Arecibo telescope
would have been built by a hypothetical Proximan civilization
in the first place. It seems only reasonable to assume that such
a civilization would tend to use other methods of long-range
communication both for internal purposes and for hypothet-
ical interstellar communication. Such methods may be those
already conceived by present-day humans (e.g., [46]), like gam-
ma-rays or inscribed matter packages, or hitherto unimagined
“wild cards”.

4  DISCUSSION

The idea that radio communication is essentially convergent
- that it will emerge independently in the course of (biolog-
ical + cultural) evolution in many Galactic biospheres - is of
key importance for the traditional SETI. Ever since Tesla and
Marconi invented radio, via Cocconi and Morrison [19] and
the OZMA Project, to the Breakthrough Initiatives of today, ra-
dio communication has been seen as the most efficient way of
transmitting information over long, incl. interstellar distances.
The traditional SETI is based on the idea that radio commu-
nication is a rule, and that the other ways of communicating
like optical lasers, gamma-rays, neutrinos, gravitational waves,
or inscribed matter artefacts, if they exist somewhere at all are
contingent exceptions, happenstance. Some of the limitations
of this approach have been known for quite some time [47].
However, this idea emerged in the context of human history
and human technological evolution, predicated upon the rela-
tive radio quiescence of our Sun and very clement space weath-
er for most of the time since homo sapiens developed techno-
logical civilization. These physical circumstances should not be
taken for granted at all — and especially should not be taken
for granted now that we know much about the spatiotempo-
ral distribution of habitable planets in the Galaxy. In the case
of M dwarfs, we may have, ironically, a kind of see-saw effect:
while strong magnetic fields may indeed help habitability of
planets around such stars, they might simultaneously suppress
the kind of technology, namely radio, which could make the
emerging technological civilizations there detectable.

Copernican reasoning would suggest that since the one ex-
ample of a known technological civilization orbits a G-type star,
we should - lacking deeper empirical knowledge - expect that
others will as well. If M-dwarfs dominate in the set of Galac-
tic habitable planets and if habitable planets around M-dwarfs
dominate in the subset of habitable planets evolving intelligent
life, this assumption used in the traditional SETI may be un-
founded, as described above. A straightforward consequence
would be the corresponding methodological shift. Radio com-

munications in the vicinity of M-dwarfs would be much less ef-
ficient, less reliable, and more expensive than what has been ex-
perienced in human history, our being located around a G-type
star. Thus, technological civilizations arising around M-dwarfs
would be pressured into developing other mentioned ways of
first planetary and later interplanetary and interstellar commu-
nication.* In other words, the pathway of technological evolu-
tion of such intelligent communities will likely diverge from
our pathway in several respects. One of these is exactly the key
for detection and/or communication over interstellar distances.
Hence, our SETI efforts should be modified accordingly. If our
present view is correct, we can predict the lack of any SETI-in-
teresting radio sources from the vicinity of red dwarfs, even if it
possesses planets in its circumstellar habitable zone [48].

There is a wider and more important philosophical and
methodological consideration behind this and similar practi-
cal issues: the emancipation from anthropocentrism and fully
endorsing the diversity of habitats in the overall astrobiological
landscape [27]. It could be regarded as analogous to the pro-
cess of Bayesian learning: in the beginning we knew very lit-
tle about physical conditions of other Galactic habitats and as
we learn more and more, we have to modify and update our
optimal strategies. There has been strong recalcitrance to such
process in the circles of the traditional SETI. One unfortunate
side effect of this recalcitrance is exactly that it strengthens the
hand of those radical sceptics who would gut the entire SETI
enterprise, as is the case with Jared Diamond. Furthermore, it is
important to notice that there are also distinguished astrobiol-
ogists arguing for at best scepticism regarding SETT, at least in
part on the basis of evolutionary contingency [49, 50].

Diamond criticized the whole of SETI on this basis; while it
can be shown that his general argument fails and that evolu-
tionary convergence does indeed leave the doors open for cau-
tious optimism in regard to SETI [25, 29], there are particular
SETTI issues where Diamondian scepticism is more justified.
The issue of hypothetical technological civilizations evolving
around M dwarfs in light of the traditional radio SETI is one
such example. In light of the above it is unlikely that radio will
be a convergent feature of the cultural evolution of such civili-
zations - if they arise in the first place, of course. Even if they
subsequently develop satisfactory shielding from flares [51] or
colonize different planetary systems with calmer space weather
[52], it is quite likely that cultural quirks will persist, be suffi-
ciently entrenched, and suppress, ceteris paribus, relative fre-
quency of the radio usage, as compared to the other methods
of long-range communication (such as those listed in [46]).
Therefore, we need to do the same while targeting — extremely
numerous — planetary systems of M-dwarfs in our SETT sur-
veys. In the same time, we need more systematic analysis of our
anthropocentric quirks and peculiarities in order to correct for
multiple biases of our historically contingent culture and for-
mulate truly objective SETI programs. Hence, the current issue
represents an excellent example of the urgent need to overcome
the disciplinary barriers and to formulate true multidiscipli-
nary research programs, in which our insights in astrophysics,
astrobiology, and SETI studies could be fruitfully joined with
those of the studies of culture, history of science and technolo-
gies, and humanities in general. An approach along these lines
is certainly the Dysonian SETT [20-23].

*In the specific case of M-dwarfs, UV and soft X-ray
communications would be intermittently suppressed as well by their
XUV flaring and coronal ejections [10].
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In this paper we have extended our previous work and considered the spectral characteristics of interstellar non-
relativistic von Neumann probes launched by Kardashev Type-Il and Type-lll civilizations. It has been shown that by
means of the proton capture, required for replication, strong bremstrahlung emission will be generated. We have found
that for both types of civilizations the probes might be visible mainly in the infrared spectral band, but as it has been
found the probes might be visible in the ultraviolet as well. For both cases it was shown that differential power has dips
for equally spaced frequencies, which might be a significant fingerprint to identify such exotic interstellar objects.

Keywords: von Neumann Probes, SETI, Extraterrestrial life-detection

1  INTRODUCTION

In the previous paper (henceforth paper-I) we have considered
self-replicating von Neumann extraterrestrial probes [1]. In
this work we considered Type-II civilization self-replicating
extraterrestrial robots and estimated their length-scales. We
found that for making a process of colonization of space very
efficient, the probes must be of micron size. Then, in a molec-
ular cloud the typical timescale of replication might be several
years, which might lead to potentially detectable very intense
radiation. In Paper-I we estimated orders of magnitude of ra-
diation frequency, bolometric luminosity and its increment,
but did not study the spectral characteristics of emission, the
study of which is a purpose of the present work. The idea of
self-reproducing probes has been proposed in the last century
by von Neumann [2]. In particular, he studied the possibility
of machines with artificial intelligence capable of self-repro-
duction and the problem has been examined in the context of
information theory and corresponding thermodynamics. This
idea also has been revisited in the context of the search for
extraterrestrial intelligence (SETI) [3]. After the discovery of
‘Oumuamua’s unusual behaviour [4], the interest to the study
of extraterrestrial probes has been revived, despite the natural
explanation of the aforementioned peculiarity [5].

In general, the study of techno-signatures of advanced extra-
terrestrial civilizations has been actively discussed since a bril-
liant idea of Dyson [6], who proposed to search for Type-II [7]
civilizations by searching for infrared spheres (Dyson spheres
- DS) built around stars. It is worth noting that according to
Kardashev’s classification Type-I is a technological civilization
which uses the total energy coming from the host Solar-type
star to the Earth-like planet, Type-II is an advanced alien soci-
ety harnessing the total energy emitted by the star and Type-III
civilization is capable to use the total energy of the host galaxy.
The interest to techno-signatures has revived after the discov-
ery of a strange behaviour of the Tabby’s Star’s (KIC8462852 in
the Kepler Input Catalog) flux, characterised by unusual high
dips [8]. The problem is so complex that Dysonian SETT should
be revisited and widened [9]. Interesting attempts have been

presented in a series of papers [10-17].

In this context our previous work (Paper-I) where we have
studied the von Neumann interstellar Type-II probes.’ merits
special interest. The main aim of the paper was a) to show high
efficiency of small sized probes in colonising the space and b)
estimate very general characteristics of the emission pattern. In
the paper-I we have examined the probes with three possible
velocities: 0.01¢; 0.02¢; 0.1¢ (c is the speed of light) and it was
shown that number of the probes increases drastically by the
factor of 1032 during 650yrs (v = 0.01¢), 320yrs (v = 0.02¢),
60yrs (v = 0.1¢). Which are quite realistic values because they
are small compared to a timescale (3000yrs) required for Type-I
civilization to reach the level of Type-II [6]. We have found that
the probes might be seen from radio to infrared spectral band
and estimated the luminosity increment time-scales which lie
in the interval (1-10)yrs and the corresponding achieved lumi-
nosities might be enormous, at least of the order of 10'*erg/s.

The aim of the present paper is certain extension of paper-I.
In particular, we are going to study the spectral characteristics of
the probes studying energy emitted by the unit of time per unit
of frequency for Type-II and Type-III extraterrestrial probes.

The paper is organized in the following way: in Sec. 2, we
consider the general tools and methods, applying them to
Type-1I and Type-III civilizations and obtain corresponding
results and in Sec. 3 we outline the summary of the results.

2 MAIN CONSIDERATIONS

As we have already shown in the previous work, the mass rate
for a spherical probe is given by [1]:

dM

S 7Br¥monc (1)

'In Paper-1 a) Eq. (2) the probe’ size and density should be 0.01 pm
and 1 cm” and in b) the optimal size should be 107 cm instead of 7
x 107 cm.
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E (ergs™ Hz")

0 05 1 15 2 25 3 35 4
f (H2) x1011
Fig.1 The behaviour of Erversus frequency. The set of parameters is:

B =0.01, No =100, { = 0.1, m0 = m, (m, is the proton mass), p=0.4g
cm?® n =10 cm?, D=2 pc.

where r is the radius of the probe, f=v/c is a dimensionless ve-
locity, ¢ represents the speed of light and my, is the mass of a
molecule the probes encounter and # is the number density of
particles in a cloud. By taking into account an expression for
the mass of the spherical probe, M = 4n{r’p/3, the timescale of
replication writes as:

_ M 4 p r I3
T dM/dt B % mon % c 0.1
7 (2)

X yrs
0.1mm

T

0.01 10%em=3
% p cm

B X 0.4g em=3 A

where £ denotes the fraction of the total volume filled with the
material the probe is made of, and the corresponding density is
normalised by the Graphene density (up to now the strongest
material). As it is clear from the above expression time required
for replication of a single probe is of the order of several years.
This in turn means that in a nebula with a length-scale 2pc the
multiplication factor, 27, becomes of the order 10*, which in-
dicates high efficiency of the process. By assuming the initial
number of robots 100, one can straightforwardly show that
an average distance between probes is of the order of 1m. The
time-scale has been estimated for the typical parameters of HII
interstellar atomic hydrogen cloud [18].

In Paper-1 we have discussed that the probes when collect-
ing the cloud atoms or molecules will inevitably lead to ob-
servable events. In particular, it is easy to show that a single
probe capturing protons will accelerate them with the acceler-
ation a~ v%/(2«r), where « is a dimensionless parameter char-
acterizing an acceleration distance). This process in turn will
lead to the Larmor emission and as a result, by means of the
multiple events of proton capture, the bolometric luminosity
corresponding to a single probe is given by [1]:

Lo % nree?34 3)

leading to the total luminosity of the ensemble of self-replicators:

E (ergs" HZ")

0 2 4 6 8 10 12
f (Hz) x10™

Fig.2 The dependence of Eron frequency. The set of parameters is
the same as in the previous graph except n = lcm™ and D = 50000

pe.

where Np indicates the initial number of robots. Throughout
the paper we use k= 0.1)

T
Loy o §71‘7‘CC2B4N0 x 2t/ (4)

As it has been shown in [1], for a given medium there is a
certain relation between the probe size and the length-scale of
a space, D, the ensemble is supposed to occupy reaching some
critical (maximum) luminosity, L

3n2 mon D 1 L
1 € X P X == n

NoLo(r) ©)

Unlike the previous study, in this paper we consider both
types of advanced civilizations: Type-II, harnessing the total
energy of its host star and Type-III utilizing the energy of a
galaxy [6]. For Type-II probes the critical luminosity is of the
order of the Solar luminosity, L ~ 3.8 x 10%ergs s, whereas
for Type-III the critical value should be of the order of the bo-
lometric luminosity of the galaxy. As an example we examine
the Milky Way galaxy L, ~ 3.6 x 10'° L [18]. The aforemen-
tioned equation should be solved numerically and in the for-
mer case, for a spherical cloud with a length-scale D~2pc one
obtains the probe size of the order of 0.025cm and for the latter,
by taking into account the diameter of the Milky Way galaxy D
~ 50000pc one has 1.28 x 10° cm. The calculations have been
performed for f= 0.01.

In the previous study we have considered only a general
emission pattern, without going into special characteristics. On
the other hand, identification of the probes requires a detailed
study of the emission process. Therefore, the major aim of the
paper is to examine the spectral energy distribution of self-rep-
licating von Neumann probes. For this purpose we consider
radiated energy per unit of frequency [19]

ﬂ B 8rwt

where w is the cyclic frequency of emission and
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1 [+

zi(w) = —

d(t)e“tdw
2 J_

N )
is the Fourier component of the dipole moment. By consid-
ering the Fourier transform of its second time derivative, one
obtains [19]:

e e +00 )
—wld(w) = — / a(t)e™t dw (8)
2

—00

where e is the proton’s charge and a(t) is the corresponding ac-
celeration when encountering the probes. If one approximates
it as a constant value, a, during an interaction time 7, ~2xr/v,
then it is straightforward to show:

sin (%) | %)

reducing Eq. (6) to the following form:

Are2 B2 2
dW  dme*p : (?) sin? <%) (10)

df 3¢
where fo=pc/(2nxr) and we have taken into account w=27f. The
derived formula characterises a single event of a proton cap-
ture. To obtain the total emission per unit time and unit fre-
quency interval (spectral power), Er = dW/(dtdf), we note that
the incident proton flux is np,cf, then one can write:

W dme?r® B %
;t_df = n,,N(t.)mp‘—; X (%) sin’ (%) an

where

€ea

d(w) = o

N(t) = Ny x e/ (12)

is the total number of probes. As a next step, we are going to
apply the obtained expressions to Type-II and Type-III civili-
zations.

2.1 Type-ll interstellar probes

In this subsection we examine the von Neumann probes be-
longing to Type-II societies. For this purpose we consider
a spherical nebula with a radius of the order of 1pc, then, as
we have already shown the optimal length-scale of the robot
should be of the order of 6.63 x 10“cm leading to the corre-
sponding characteristic emission frequency?

Be 10 B
o= D 3.7x 10" x 0.0 Hz (13)

In Fig. 1 we plot the dependence of Efon frequency. The set
of parameters is: § = 0.01, No = 100, { = 0.1, mo = m,, (m, is the
proton mass), n = 10*cm?®, D = 2pc. As it is clear from the fig-
ure, the spectral power of von Neumann probes has a specific
fingerprint: at certain frequencies Ef diminishes. From Eq. (11)
one can straightforwardly show that the spectral power be-
comes zero for the following discreet set of equally spaced fre-
quencies f; = forrk for k = 1; 2; ... The presented spectral behav-
iour is drastically different from black body spectrum as well as
from the thermal bremstrahlung, which can be a very impor-
tant factor in identifying the von Neumann interstellar probes.

2 The velocities of the probes are not relativistic and therefore, the
Doppler shift does not affect the result.

Another interesting feature is that if one considers a different
value of B, the corresponding length-scale of the probe will be
different, but the overall spectral feature will be the same - in
this sense the given spectrum is unique. The initial number of
probes 100, very rapidly multiplies and approximately in 650
yrs the total number will be of the order of 10% colonising the
whole nebula. One should also note that if one maintains an
annual growth rate of 1% in industry, then 3000 yrs is quite
enough to reach such an advanced technological level, which
means that the assumption of existence of such alien societies
is quite reasonable [6].

2.2 Type-lll interstellar probes

As it has been classified by Kardashev [7] advanced civiliza-
tions consuming almost the whole power of their host galaxy
(~4 x 10* ergs s) is the so-called Type-III society. Our own
civilization consumes approximately 4 x 10" ergs s*, which
means that if an average 1% of annual growth is maintained
our society will achieve Type-III in 6000 years, which like the
previous case, is a negligible value on the galactic timescale.

For making estimates, we consider the parameters of the
Milky Way, having the diameter 50,000 pc and the total lumi-
nosity 3.6 x 10" L. Then, by taking into account the number
density of interstellar protons 1 cm? for the optimal size of the
probe one obtains 0.025cm (see Eq. (5), which means that the
frequency describing the spectral energy distribution is of the
order of 1.2 x 10" Hz - infrared spectrum.

In Fig. 2 we show the behaviour of Ef versus f. The set of
parameters is the same as for Type-II civilizations except n =
1 cm® and D = 50,000 pc. Like the previous case, one can see
that emission spectra of Type-III probes vanish for a discreet
set of frequencies fi = fyrk for k = 15 2; ... with = 1.9x 10" Hz.
For the considered value of velocity, the timescale of colonising
the whole galaxy is of the order of T= D/(2fc) ~16 Myr, which
is by three orders of magnitude less than the galactic age, 10
Gyr. Therefore, colonization in the context of timescales might
be quite reasonable. From Eq. (12) one can straightforwardly
show that after the mentioned time, the multiplication factor
will be of the order of 10°® leading to the total luminosity of
the order of the galactic laminosity. Peculiarity of the emission
spectra, characterised by equally spaced dips and the overall
dependence on frequency, which is different from all other
spectral behaviours, might be a good sign to identify the Type-
IIT interstellar von Neumann probes.

Recently new prospects appeared thanks to the 500 m Ap-
erture Spherical Radio Telescope (FAST) - a single-dish radio
telescope that is going to work in the SETT projects as well [20].
On the other hand, radio emission of von Neumann probes is
efficient. In particular, for Type-II probes the total power emit-
ted in the Hydrogen line (1.42 GHz) will be of the order of 10*?
ergss™.

3  CONCLUSION

We have studied the spectral characteristics of Type-II and
Type-III von Neumann self-reproducing interstellar probes.
For this purpose we have considered emission generated by
proton capture and examined the corresponding mechanism
of bremstrahlung.

Considering Type-II robots it has been shown that to colo-
nise the spherical nebula with radius of the order of 1 pc, the
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optimal length-scale of the probe should be 0.013cm, leading
to emission from radio to infrared. It has been found that the
differential emission power has equally spaced dips in frequen-
cy. The same behaviour has been found for Type-III interstellar
probes as well (also potentially observable from radio to infra-
red), which might be a significant indicator to identify these
exotic robots.

Generally speaking, we have analyzed the emission pattern
for certain typical parameters. Consequently for different val-
ues the emission spectra will be different, but what is very im-

portant, a general fingerprint - the particular behaviour, with
periodic dips - is maintained and in this sense the mentioned
results are unique. Therefore, if one finds the similar depend-
ence of spectral power on frequency, this might be a significant
result indicating the existence of von Neumann interstellar
probes.
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The Search for Extraterrestrial Intelligence (SETI) has heretofore been a largely passive exercise, reliant on the pursuit
of technosignatures. Still, there are those that advocate a more active approach. Messaging Extraterrestrial Intelligence
(METI) has had a controversial history within the larger SETI project; it is claimed that the risks involved outweigh

any potential benefits. These arguments are ultimately not compelling, result in absurd policy recommendations, and
rest on a faulty appreciation of the nature of technosignatures, whose detectability implies intent to signal. Present
technology is advancing quickly such that we will soon have great observational reach, to the point of reliably detecting
such technosignatures and biosignatures: a capability that can be matched or exceeded elsewhere. To escape the SETI
Paradox properly defined, at least one technological civilization must choose not to suppress its own continuum of
astrobiological signals, of which METI is merely the most effective endmember. Passive SETI's low likelihood of success
in the short-term is a serious obstacle to sustainable funding, alongside a ‘giggle factor’ enhanced by a pernicious fear
of contact. The scientific community must integrate an active approach to better ensure both the continuity and eventual

success of the SETI project.

Keywords: METI, SETI, Astrobiology, Technosignatures, Biosignatures

1  INTRODUCTION

The plurality of worlds is an ancient dream: thanks to mod-
ern astronomy, we understand it at last to be reality. So long as
we dreamt of those worlds, we often supposed them inhabited,
usually by beings quite like us. The Search for Extraterrestri-
al Intelligence (SETI) has spent the last six decades scanning
the skies for signs of such extraterrestrial technologists (ETs).
Despite plausible estimates that project dozens of other techno-
logically advanced civilizations to exist within the galaxy [1], to
date none have been found. This is the Great Silence: a puzzle
that has since its inception captivated the astrobiological com-
munity, and many others besides. Where are the aliens?

There are two established ways to answer this question. One
is to detect a biosignature: some ‘object, substance and/or pat-
tern whose origin specifically requires a biological agent [2].
On worlds presently unreachable by in-situ analysis and re-
mote sensing by spacecraft, these phenomena will be rendered
as one or more spectral features that indicate atmospheric gas-
es or surficial reflection, best considered in the context of their
planetary and stellar environments [3,4]. Some traditional bi-
osignatures include O,, O;, nitrogen oxides (NOx), complex
sulfur gases, photosynthetic pigments, redox disequilibria, or
seasonal oscillations of the same [3,4].

SETI sets itself apart from the larger astrobiology project as
the hunt for technosignatures: detectable features indicative of
an environment modified by technology [5]. Common biosig-
natures can be created by abiotic processes, but technosigna-
tures provide increased confidence in the detection of extra-
terrestrial life [3]. Many kinds of technosignatures have been

proposed, and different SETI disciplines have evolved to find
them [6]. Communications SETI aims to find communications
leakage or directed messaging from ETs across the electromag-
netic spectrum. Artifact SETT searches for ET’s environmental
footprint, manifested by such things as artificial structures, at-
mospheric pollution, waste heat, or space probes a-la-Voyager.
Inexplicable anomalies in nature can also point to the presence
of ETs, though with less certainty. Traditionally, most time and
effort has been dedicated to radio SETI, as immortalized in
Carl Sagan’s Contact.

The object of such ‘passive’ SETI efforts is to search for tech-
nosignatures across the electromagnetic spectrum. Still, there
are those within the community that advocate a more active
approach. METT (Messaging Extraterrestrial Intelligence), or
Active SETI, involves the intentional sending of messages or
recoverable probes, in the hopes of eliciting a reply. To date,
16 distinct messages have been transmitted to 26 different tar-
gets [7], plus the Voyager Golden Records and Pioneer plaques.
Taken liberally, the five spacecraft humanity has sent on in-
terstellar trajectories themselves count as METI. Despite this
storied history, METT’s position within the larger SETT project
has long been controversial. It is often seen, quite literally, as
‘searching for trouble’ [8]. The argument over METT’s legitima-
cy and effectiveness has raged since the Arecibo Message was
sent in 1974 and continues to this day.

1.1 The METI Debate

METI proponents, hereafter metiists, have historically prof-
fered many arguments in favor of their position. Chief among
them is advocacy for a diversity of strategy in the SETI project,
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especially after so many years of non-detection. Doug Vakoch,
head of METI International, maintains that ‘through METI we
can empirically test the hypothesis that transmitting an inten-
tional signal will elicit a reply’ and that objections to METT suf-
fer from various psychological biases [9]. He and Shostak claim
that any ET with somewhat greater technical capacity could
detect humankind’s radio communications leakage [9,10], and
Zaitsev takes this a step further by declaring this makes it im-
possible to hide from more advanced civilizations [11]. Addi-
tionally, powerful radar soundings of asteroid and planetary
surfaces have proved integral to the study of their morphology
and dynamics, and treating such transmissions as dangerous
could discourage dedicated systems from being built, and re-
duce humankind’s ability to precisely chart the ephemerides
of Potentially Hazardous Objects [12]. More prosaically, Cold-
War era over-the-horizon radars were powerful and even diur-
nal radio sources that could be detected by ETs [13].

In short, metiists typically maintain that our communica-
tive, technological society has betrayed our presence to ETs,
whatever their disposition; though Vakoch maintains that
SETI itself relies on altruistic messaging from the other side
[9]. Metiists tend to hold that ETs are likely neutral or benign,
and paint rosy pictures of the outcomes of contact. They of-
fer humanistic reasons to engage in METI too - in distilling
what is best about humankind, singular low-impact efforts
like the Arecibo message and Voyager Golden Records stand
far more robustly as messages to humans about SETI than as
practical attempts to contact aliens. Transmissions also act as
time capsules to provide information about civilizations that
may no longer exist, and consequently have archaeological and
cultural value [14]. Zaitsev provides perhaps the most heartfelt
arguments, looking to history to say that not reaching out to
other civilizations could lead to the human species’ extinction
through apathy and isolationism. Most poetically, he frames
METI as an answer to the Great Silence [9].

METTI opponents, hereafter passivists, have developed an-
swers to these arguments and claims of their own. They main-
tain that passive SETT’s lack of success so far is no indication
of its capacity to accomplish its goals and that tempting fate by
transmitting constitutes ‘reckless endangerment of all mankind’
[15,16]. Whether it is asserted that we cannot know the motives
of ETs [8], and thus ought to beware, or that we can, and they
must be accordingly malign; whether it is imagined technolo-
gists would travel to Earth to harvest our resources [17], enslave
humanity [18] or, more insidiously, have our world destroyed
remotely with relativistic or Drexlerian weapons [15], the spec-
trum of possibility is deemed too great to hazard.

METT advocates stand accused of ‘following a naive faith’
that ETs are altruistic or godlike, maintaining breathlessly that
the aliens are waiting for us to call, eight arms outstretched in
welcome to the Galactic Club [15]. Indeed, some metiists are
partisans of the Zoo hypothesis, and optimistic to a fault. With-
out concrete plans to receive a return message, metiists are said
to have no methodology nor sense of empiricism. Indeed, they
are hardly scientists at all, more comparable, as passivist-ex-
traordinaire John Gertz acidly puts it, to ‘someone who cul-
tures and releases anthrax’ [16].

Evolutionary psychologists have attempted to condemn
METI as announcing Earth’s myriad resources to the cosmos
while leaving it ‘lightly guarded by a gullible young species’
[17]. Similarly, luminaries like Stephen Hawking have com-
pared METT to inviting European colonizers onto First Nations

soil; he maintains that contact had better wait until humans
are further developed as a species, both technologically and
ethically [19]. The risks of METI today, it is plausibly argued,
outweigh the benefits - humankind should instead listen pas-
sively for decades, centuries even, before attempting to initiate
interstellar contact. Gertz also calls on governmental bodies to
make an injunction against METI and prohibit intentional sig-
naling to extrasolar targets at power greater than a terrestrial
television broadcast [16].

That specification is considered important, because passiv-
ists maintain that humanity’s communications leakage cannot
be detected by ETs [20]. More to the point, they say METI
will not be detected, or if it were, it will not be decoded [13].
Even the ‘best case scenarios’ (e.g. beams of microwaves used
for power transmission) would appear to ETs only as transient
events. Moreover, passivists maintain that Earth’s detectabili-
ty window is closing; communications will soon take place
through cables, or over directed satellite links [8,15]. Why run
the risk when we have yet to show our hand?

Passivists claim too that funding is in the bag and that pas-
sive SETT’s progress is due to accelerate. The Breakthrough
Listen program recently brought in $100 million over 10 years
from magnate Yuri Milner, and passivists duly expect that pub-
lic funding will follow [8]. Most interestingly, some maintain
that the search is nearly over, and ET artifacts could already be
in the Solar System, waiting to be discovered [15]; only time
will tell.

2 DISCUSSION

It is certainly true, as admirably illustrated by passivists, that
many pro-METI arguments fall flat. There is no guarantee that
ETs will pick up our communications leakage by itself, or un-
derstand its significance, or be able to understand it. The zoo
hypothesis is contrived; SETI has indeed just begun its search,
and at any rate does not rely exclusively on directed, altruis-
tic messaging. However, little else in the passivist arsenal bears
scrutiny, and this debate has been limited almost exclusively to
‘orthodox’ radio-SETT [6]. As such, passivists neatly skirt the
crux of the issue: they fail to see METT scientific potential and
humans as both participants in and objects of the Search for
Extraterrestrial Intelligence. Even so, it is still worthwhile to
answer detractors’ points specifically before moving on to the
larger picture.

2.1 Challenges to Passivist Arguments

Trivially, both EM leakage and METI can be detected by ETs
with sufficiently powerful telescopes; pointing such fantas-
tic instruments in the right direction is a separate if soluble
problem, as will be shown later. Moreover, even if transmis-
sions cannot be interpreted, they can provide evidence of a
technological civilization in the vicinity of Earth [14], which
may be enough to elicit a reply (or, taking passivists at their
word, hostilities). Assuming targets to be incapable of de-
coding transmissions is liable to underestimate the tenacity
of advanced species. It is true that metiists are often guilty of
using numinous language to describe such ETs; Zaitsev refers
to ‘highly developed civilizations™ as ‘something supernatural
and mysterious’ [11]. This, however, is Clarkean aphorism, not
a religious profession - indeed, Gertz makes the same point
about magiclike extraterrestrial technology ad nauseam [16]. If
all that is left to the charge of ‘faith’ is optimism, then so be it:
some humans are condemned to be sanguine.
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This does not entail, however, that metiists assume anything
about ET’s behavior. Indeed, passivists cannot seem to agree on
whether they can ‘know the mind of extraterrestrials’ and pre-
dict the outcome of contact, the source of the characteristic risk
they perceive. Neutral outcomes to contact are just as possible
as positive or negative ones [21], entailing that METT will still
be useful in all cases save one where we stumble on a ‘hostile
super-civilization’ [18].

Positing that the response of an extraterrestrial intelligence
to contact would be malign or predatory relies on assump-
tions that cannot be substantiated until contact occurs [22].
Such projections make themselves predicate on one’s priors,
and on analogies to human culture [23]. Tempting though
it may be to predict alien behavior by looking to human evo-
lution and history, it seems dubious to extrapolate too much
from a sample size of one; it is impossible to know whether
(aggressive) human behavior is characteristic of intelligent
life, though serious attempts have been made to suggest that
this is the case [17]. Granted, there is no reason to positively
expect a Star Trek-style United Federation of Planets either;
this is the stuff of science fiction, as are hysterical fears of alien
invasion. Indeed, Gertz refers to his own cautionary hypothet-
icals as ‘outlandish’ [16], and for good reason. Any disinterest-
ed intelligence capable of travelling to Earth and vaporizing
our oceans accordingly has the power to fix its own large-scale
problems locally, with less effort — and that is provided that
our existence is immaterial to it, which may not be the case.
Life, or intelligence at any rate, may have value to ETs, or not.
There is a persuasive element to the axiom that civilizations
harmonious enough to last for eons do not, by definition, blow
themselves up within the characteristic time frame, but again
that is absolutely no guarantee of anything.

More concretely, the incentive for hostility between widely
spaced ETs is misaligned. It may be possible to estimate an ET’s
scientific capabilities in relation to one’s own, and perhaps their
rate of technological progress and aptitude for aggression, but
over vast, interstellar distances the margins of error in these cal-
culations could range many orders of magnitude, a fact as true
for remote weapons as crewed visitations. What if ETs, a thou-
sand light years distant, were to receive one of our messages?
Humanity could be gone by then, annihilated in a thermonu-
clear exchange - or, it could be busy settling the nearest twenty
systems, playing with Death Stars and laser swords. Granted,
there may be unknown methods to escape this time delay, to
travel here instantly or know of humankind’s state of affairs in
real time - but then, who is pretending aliens are gods?

There is a kernel of truth to passivists’ claim that METT ef-
forts have been unscientific; however, these are problems of
particulars and not fundamental to the METT framework. Cer-
tain past transmissions are better thought of as publicity stunts
than serious attempts to contact ETs [7]. Additionally, Vakoch’s
formulation of METTs scientific potential is true but hopelessly
narrow and ought be broadened as the following: METI tests
for ETs by actively inducing the data that orthodox SETI waits
passively to receive, increasing sampling efficiency and accelerat-
ing data acquisition. It is by design a different approach to the
same problem (seeking to find ETs) and deserves its place with-
in the larger, interdisciplinary SETI project [6]. While passiv-
ists maintain that astronomy is purely an observatory science
and active approaches to it are incoherent, such a view ignores
previous interdisciplinary efforts that did exactly that: e.g. the
collision of the Deep Impact mission’s impactor with Comet
9P/Tempel, which was observed both by the spacecraft bus and

a number of other space-based and Earth-based telescopes.

Again, to passivists’ credit, metiists have also not yet articu-
lated a coherent plan to receive return messages; however, this
is not entirely their fault. Passivists have determinedly thwarted
attempts by metiists to obtain time on large, powerful radio tel-
escopes and without that foot in the organizational door, plan-
ning for return messages has been made difficult. Moreover,
much like the hostility argument, considering metiists’ lack of
return plan important fails to appreciate the time delay inher-
ent in sending and receiving messages. While most METI and
passive SETI efforts have been focused on nearby stars (sci-
entists like to have questions answered within their lifetimes),
many of the most interesting targets of astrobiological scrutiny
are hundreds if not thousands of light-years away. Decades or
more of time in the interim allows for construction of new as-
tronomical infrastructure (some of which is underway now)
and the plan to receive amounts itself to passive SETL. Critical-
ly, searching for return messages operates over a small area of
sky and a restricted time interval; as such, arguing that we will
miss such directed messages reduces to arguing that we will
reliably miss unplanned-for transients (at any time and from
any direction in the sky) otherwise interesting to orthodox
SETI. METT is, in effect, working to speed up the process of
contact, to settle the longstanding empirical question posed by
the Great Silence once and for all.

Hawking sees this acceleration as a detriment, maintaining
humanity needs time to develop the necessary ethics and ad-
vanced technology to smoothly engage with extraterrestrials.
This is, however, a line of argument just as dangerous to the
larger SETI project as to METI. Following his logic and thus
supposing humankind were ‘not ready’ for contact, our own
SETI programs would be pointless in the short-term: should
we find anything, it would seem at present we are civilization-
ally incapable of dealing with it. This is an absurd conclusion to
draw, as it is not obvious what the effects of discovery would be
on the human psyche [24].

Hawking’s position voids the push to discard METT on the
grounds that SETT will succeed in the near future. This often
relies on the assertion that ET probes are here in the Solar Sys-
tem; much though one would like to live in the world of 2001:
A Space Odyssey, we cannot work on the assumption that we
do, or that ET exists at all [25]. In that case, why not do what
we can to increase the likelihood of discovery?

Similarly, the assertion that Earth’s EM detectability win-
dow is closing relies on uncertain projections of the future, not
just of technology but of its placement within the Solar Sys-
tem. One can imagine scenarios where high-gain, high-power
interplanetary communications may be necessary; targets will
often be smaller than the cross-section formed by laser or radio
beams. Even granting the passivists” hypothesis, the assertion
that Earth will soon be undetectable is not and cannot be true
in the broadest sense.

2.2 Earth as a Planet: Astrobiology and the Copernican
Principle

In proposing to regulate Earth’s display to the cosmos, passivists
consider only orthodox radio technosignatures - yet human
activity leaves a planetary-scale, characteristic environmental
footprint amenable to an Artifact SETI approach. Atmospher-
ic contamination by artificial pollutants such as chlorofluoro-
carbons (CFCs) [26], industry-relevant particulates like heavy
metals, and geologically rapid changes in trace but significant
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gas concentrations (CFCs, CO,, NOx, CH,, O;) can provide
potential technosignatures. Industry has integrated itself with
global biogeochemical cycling and that is only projected to in-
tensify as time goes on [27]. As we brace to counter and con-
tend with the effects of climate change, it is worthwhile to note
that Earth is in ‘hybridized’ thermodynamic disequilibrium, a
state also considered a potential technosignature [28], though
at present the contribution of direct waste heat from human
civilization is small. City lights illuminating Earth’s nightside,
with their diurnal variance and artificial spectral signature,
could also be detected by telescopes relying on well-under-
stood technology [10]. It is easy to forget that to any putative
aliens, humans are ETs too, and thus in considering Earth’s sig-
naling potential all technosignatures need to be accounted for
- not merely the ones that are convenient.

Passive SETI relies on the assumption that some other civ-
ilization, having confronted the cosmic emptiness, must have
already decided that being detectable to others was worth the
risk it entailed; that is, that the detectability of technosignatures
conveys the implicit intent to signal. At present, humankind is
behaving as though detectability were not a problem, engaging
neither in an active messaging campaign nor in serious repres-
sion of communications leakage or artifact technosignatures.
This neutral approach illustrates how concerns about hostile
ETs are not held seriously and constitutes unplanned signaling.

Less obviously, biosignatures are part of this conundrum, as
they too are by definition detectable. Additionally, they serve as
grounds for a targeted, follow-up search for technosignatures if
identified. From this, a continuum of astrobiological signaling
can be established, ranging from unintentional biosignatures,
to passively broadcast technosignatures and onward to active
messaging. METT thus stands as an extreme, directed, active
technosignature, the difference between it and other astrobio-
logical signaling being one of degree, not kind.

Spectral technosignatures and even biosignatures are on the
edge of humankind’s detection capabilities now; soon we will
have great observational reach to the point of reliably identify-
ing these biogenic phenomena at great distances. The long-de-
layed JWST will dependably identify atmospheric technosig-
natures on nearby planets after only a day or so of integration
time [26]. The upcoming Nancy Grace Roman Space Telescope
(formerly WFIRST, the Wide-Field InfraRed Survey Telescope)
and Vera C. Rubin Observatory (formerly LSST, the Large Syn-
optic Survey Telescope) are both dedicated in part to the dis-
covery of exoplanets [29,30]. Global projects such as the Square
Kilometer Array will greatly enhance our radio astronomy ca-
pabilities, and LUVOIR (the Large UV/Optical/IR Surveyor)
will launch with the intention to directly image and spectrally
characterize the atmospheres of exoplanets [31,32]. In the last
decade, the notional cost of a kilogram to orbit has dropped
by an order of magnitude and may soon fall another thanks to
innovative space ventures, enabling still more fantastic space-
based telescopes in the coming decades. New light collection
techniques taking advantage of the lensing effects of Earth’s
atmosphere or the Sun’s gravitational field have also been pro-
posed [33,10]. Armed with these extraordinary instruments, in
the coming decades scientists will peer into the atmospheres
of nearby exoplanets identified by wide-field surveys [34] and
listen to the sky with still greater aptitude. Additionally, we are
developing new and complimentary techniques in characteriz-
ing habitable (and, ultimately inhabited) worlds [35].

If, as passivists admit, other civilizations are likely much

older (and thus liable to be much more advanced) than our
own, will they not have still more capable telescopes and tech-
niques, and perhaps an interest in using them? Even well-un-
derstood technology, scaled to sizes soon achievable, enables
remarkable observational reach without resorting to Clarkean
maxims. Again, SETT is a two-way street, and passivists fail to
apply the mediocrity principle and see humans as extraterres-
trial technologists. Theirs is an anti-Copernican viewpoint, ar-
rogating to humans a special reference frame where other ETS’
astrobiological signals are detectable, but ours are not. This
is spurious. Exoplanets represent natural ‘focal points’ in the
search for technosignatures [36]; Earth is thus liable to be a
target of astrobiological scrutiny in the same way other ‘poten-
tially habitable’ exoplanets have been by humans [37]. Worlds
considered habitable that are also bizarre sources of transients
(e.g. radar bursts, radio chatter, rapid atmospheric spectral
changes, etc.) could be determined to be of special interest, and
potential technosignatures that are suspect alone can be made
convincing together.

Life has modified Earth’s environment considerably through-
out its ~4 billion-year tenure on the planet and modeling the
detectability of these changes throughout Earth’s past (hoping
to inform studies of Earthlike exoplanets) has become some-
thing of a cottage industry. CH, was a thousand times more
abundant in the Archean than today; it and photochemical or-
ganic hazes derived from it represent two such biosignatures
[38]. While the Great Oxidation Event (2.5 billion years ago)
knocked CH, below plausible detection thresholds and O, may
have been detectable only for the last ~10% of Earth’s history,
Oj; discernable through strong ultraviolet features provides a
strong proxy for biogenic O, since the Paleoproterozoic, stop-
ping the gap [39]. If Earth has been displaying biosignatures
continuously for the past 4 Gyrs, then it may be detectable by
ETs even at extraordinary distances and through deep time.

In this light METT does not present a unique risk to human-
kind; those preexisting ‘hostile super-civilizations” dedicated to
snuffing out other evolutionary experiments in intelligence will
have already had considerable time to discover Earth’s biotic
potential and act accordingly; if they were nearby and wished
to find us, they surely could. While some metiists might con-
tend that only intelligent life (or perhaps only those species ac-
tively wrecking their planetary ecosystem) would be a cause
for aggression, again biosignatures stand as a reliable precursor
to technological societies that could provoke such hostility. If
these advanced societies are old, as they are likely to be, then it
stands to reason that Earth may already be in their proverbial
crosshairs.

2.3 Reworking the SETI Paradox

These facts present a dilemma known as the SETI Paradox.
First coined by Zaitsev, it is traditionally phrased as ‘SETI...
is meaningless if no one feels the need to transmit’ [40]. It can
also be rendered as a question: ‘what is the point of SETI if
transmission is not worth the risk? We will never find any-
thing!” In this wording, it is specifically unsymmetric ‘trans-
mission’ that leads to failure of discovery; unfortunately, like
Vakoch’s formulation of METT’s empirical practice, this defini-
tion is contrived and narrow. Additionally, it limits itself to the
sphere of Communications SETI and relies to some degree on
the false claim that passive SETI depends on altruistic messag-
ing. Thankfully, this is not the whole story.

Communications SETT has been likened to a cooperative
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game in which players cannot communicate [6]. Framing the
SETI Paradox exclusively in terms of transmission buys into
the passivist misapprehension that Earth is safe from detection
if no interstellar transmissions are sent. The broader view of
detectability established herein incorporates METT onto a sig-
naling continuum that includes passively displayed biosigna-
tures and technosignatures, both of which are broadcast merely
by our presence on Earth. This makes the larger SETI project
an opt-out, not an opt-in game - voiding the traditional SETI
Paradox, or at least requiring it to be reframed in proper terms.

If civilizations truly are risk-averse, they will not just avoid
METT programs, but also minimize communication leakage,
and perhaps not engage in large-scale activity of the kind that
would be visible to other ETs. Inordinately cautious ones could
suppress atmospheric and surficial signals too, for fear of being
found [22]. If all nearby civilizations do this, then none of them
will discover each other. This is the reworked SETI Paradox:
SETI is meaningless unless at least one alien civilization chooses
not to suppress its own panoply of astrobiological signatures.

This restores SETT to its base assumptions (that civilizations
are detectable both through technosignatures and biosigna-
tures) while treating humans as what they are: ETs that can be
detected in the diversity of ways we ourselves search for them.
A rephrased corollary follows: what is the point of SETI if sig-
naling is not worth the risk? SETT predicates itself on the idea
that civilizations will exhibit detectable technosignatures, and
life biosignatures (though not necessarily at the same time or
in the same place - risk-averse civilizations may transmit from
locations far from their homeworld); if any of these signals are
not forthcoming, then SETI is pointless.

METTs place as the endmember on Earth’ signaling contin-
uum underlies the fundamental incoherence to any pro-SETI,
anti-METT position: if no one signals, no one receives; if METI
is unscientific, then SETT is unscientific; and if we aren’t ready
to initiate contact, we certainly aren’t ready to receive messages
to that effect. Every single viable case against METI reduces
to one against SETI: a practice that, while not without contro-
versy, is a well-established scientific discipline. Passivists’ lack
of imagination in this respect and selective application of the
Copernican Principle entails, as will be seen, ludicrous and ir-
responsible policy recommendations.

2.4 Passivists’ Absurd Policy Recommendations

Passivists claim that METI presents a unique, existential risk
to humankind and further claim that legal countermeasures
ought to be taken against it. Gertz gleefully proposes that
transmitters be ‘proscribed with criminal consequences’ on the
national or even international level [16], conjuring up fanciful
images of SWAT teams descending on the homes of unassum-
ing ham radio operators. More sweepingly, he proposes to pro-
hibit intentional signaling to extrasolar targets at power greater
than a terrestrial TV broadcast. This harkens back to the pas-
sivist assertion that such signals are not detectable, which can
only be considered reasonable when evaluated simplistically;
remember, the numerous technosignatures and biosignatures
Earth exhibits alongside its special place in the LWHZ (Liquid
Water Habitable Zone) cannot be considered separately. Be-
yond being arbitrary, this injunction is entirely unenforceable
[41], and has several downstream consequences.

Metiists have expressed fear that such prohibitions would
interfere with asteroid and planetary radar soundings [12], and

targets of powerful EM transmissions will inevitably be smaller
than the beam’s distant cross-sections themselves. Gertz an-
ticipates this objection by proposing that such transmissions
should be prohibited only when targets occult background
stars within 1000 LY [16]. Again, this cutoff is arbitrary and
fails to appreciate Earth’s long and continuous history of as-
trobiological signaling. The idea seems workable in principle
- but see how willing passivists are to squander and complicate
valuable telescope time. Additionally, does this propose to lim-
it and interfere with our descendant’s ability to communicate
across interplanetary and even interstellar distances [10]? Does
this entail a moratorium on lightsail-type interstellar probes,
given the massive laser arrays (aimed at or near nearby stars)
needed to accelerate them to relativistic speeds? This attitude
seems strange, given passivists’ enthusiasm for the other do-
ings of Breakthrough Initiatives. Lastly, as Gertz weirdly and
straw-clutchingly puts it, METI specifically endangers Ameri-
can national security by transmitting information to ETs who
are not in Earth’s public domain [16]. Take note of appeal to
militarism; it will come back.

Conveniently, Gertz and other passivists’ policy proposals
entail no serious change to the status quo. However, as they are
loathe to realize, radio communications are not Earth’s only
brand of technosignature. Haqq-Misra terms passivists’ policy
position as ‘precautionary malevolence’ and correctly identifies
the next step of their logic to be masking passively broadcast
technosignatures [22]. Humankind has done a rather good job of
cleaning up CFCs, but other atmospheric pollutants anomalous
in oxidizing atmospheres remain, notably ammonia, anthropo-
genic Non-Methane Volatile Organic Compounds (NMVOCs)
and heavy metal particulates derived from smelting and refining
practices. Additionally, waste heat from power generation and
consumption may in time prove detectable to ETs, alongside the
spectral signatures of city lights. Assuming precautionary ma-
levolence, all these things are immense liabilities; shall we curtail
the practices that create them to drive these pollutants below any
conceivable detection limit? Take steps no nation or environ-
mental group is prepared to make to reduce humanity’s spectral
footprint, in a world unable to swiftly deal with anthropogen-
ic climate change? The authors’ feelings on environmental and
light pollution aside, these conclusions are absurd and unwork-
able, and no mandate exists to enact them; it is in this wise that
passivist arguments reduce to primitivist critiques, again a strain
of thought as dangerous to SETI as to METL

Passivist arguments also entail fear that Earth, a smallish
planet squarely in the LWHZ and replete with resources ‘ripe
for the taking, will be subject not just to SETI, but to general
astrobiological scrutiny. Indeed, Earth is far enough from its
parent star to be directly imaged by coronagraph-equipped,
next-generation telescopes, making this an easy task [31].
Ought we go still further and dedicate our energies to pumping
out reducing antibiosignatures like H, and CO [42] to ward off
the evil aliens? Shall we smother the biosphere to hide chloro-
phyll’'s ubiquitous spectral fingerprint? Never mind the conse-
quences, it could be said, ‘we’re holding the fate of the Earth in
our hands!’

There is no end to this slippery slope as there is no escap-
ing Earth’s status as a putative subject of SETI. Passivists at-
tempt to square this circle by ignoring the detectability of
other technosignatures and arbitrarily propose policy options
that sufficiently assuage their worries while sacrificing as little
comfort as possible. The scientific community need not credit
the alarmist projections of these master hypocrites, and policy-
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making based on their fears also would run SETT’s funding and
credibility firmly into the ground.

25 Securing SETI's Funding and Success

Passivist arguments present a serious threat to the larger SETI
project’s continued funding and support. Since 1993, American
SETI endeavors have been forced to derive funding from tran-
sient, often philanthropic sources; Yuri Milner’s Breakthrough
Listen initiative has been a massive boon to the field, but there
is no guarantee that such private charity will continue. Passive
SETTs likelihood of success at any given time is slim; why pour
capital into an effort that is virtually guaranteed not to succeed
this quarter, or the next, or the one after? Here opposition to
METT is no help. METI marginally increases the likelihood of
discovery per unit time, thus (however slightly) increasing the
likelihood of returns on investment. Again, the SETI Paradox
rears its head: what is the point of SETI if, as passivists argue,
signaling is too risky? If donors can complete this defeatist syl-
logism, the SETT project will never secure continuous funding
from private sources.

To restore sustainable funding protected by law, SETT’s cred-
ibility in the eyes of the public and elected politicians needs to
be rehabilitated. This may prove difficult, thanks to a phenom-
enon known as the ‘giggle factor’ [23]. Talk of ‘aliens’ makes
people laugh, notably Congresspeople and other funding enti-
ties. There is no reason to search exclusively for biosignatures
when technosignatures may be easier to find [23], but Congress
and other government entities will not take SETI seriously. The
search for biosignatures has thankfully recovered from this
laughingstock status, but SETT has yet to escape it. As a result,
technosignatures are often considered separate and apart from
(or just as a footnote to) serious astrobiological discussion (e.g.
[3,4]), when the distinction between them is far more apparent
than real. Gertz urges the National Academy of Sciences to re-
lease a study in favor of funding SETI, as its reccommendations
are often considered authoritative by Congress [16]. One sin-
cerely hopes such an effort would succeed, and there have been
whispers of change in the wind - but don't positively expect it.

Too often the laughter at SETI projects is not entirely hu-
morous, and it is passivists’ fault that this is true. Passivists wish
to find ET asymmetrically; they want to spy, not to contact.
While all SETT scientists certainly share the view that SETT ad-
vances knowledge both of the cosmos and humanity’s place in
it, the antipathy and melodrama with which passivists describe
mutual contact is not lost on the public. Gertz compares ET
detection to catastrophic earthquakes and asteroid impacts,
and raises the spectre of interstellar attack [15,16]. Notionally
serious scientists fret in print about alien invasion [17]. Hawk-
ing compares symmetric contact to imperialism and insinuates
humanity is not ready for discovery anyway, two things which
he cannot claim to know [19]. They oppose METI despite it
being a methodological accelerant, and worry that if discovery
does happen, Men in Black will appear to hijack and censor this
monumental event [16].

It is well-understood that fear, once spread, can provoke ir-
rational behavior in this context [41]; it was not for nothing
that Orson Welles’ 1938 radio dramatization of War of the
Worlds excited some two million people to panic in war-jittery
America [43]. Passivists frightened declarations provoke both
honest fear of and cynical derision toward SETI from the pub-
lic and their elected politicians, who promptly refuse to fund it.
Gertz finds this disappointment perplexing, then rather dan-

gerously suggests that SETT eschew funding from the National
Aeronautics and Space Administration (NASA) and National
Science Foundation (NSF) and instead look to the Department
of Defense, explicitly reccommending that SETI be treated as a
problem of military aggression [16]. Gertz may think himself
clever, but this is a Faustian bargain the SETI project simply
cannot afford to make.

“The fact that SETI is serious hardly requires defense’ [16].
Our present conundrum is the natural outcome of stoking fears
of alien invasion, and the dread of ETs as aggressors permeates
our culture [23]. This fear of contact, and even of discovery,
feeds back into the tribalistic mentality that fuels popular but
hysterical films like Independence Day. Again, Star Trek is no
model either; what is needed is a middle path, free of both un-
realistic fears and aspirations, that treats METT as what it is - an
organic and necessary extension to the SETI project.

3  CONCLUSION

Crucial to that middle path is the admission that contact can
proceed in a great diversity of ways; the spans of thinkable
neutral, positive, and negative outcomes are equal [22]. Even
50, one can dismiss contrived notions like the zoo hypothesis,
and recognize that METI does not uniquely increase risk even
should our cosmic correspondents be ‘hostile super-civiliza-
tions. Offered below are policy options that aim to enhance
METTs scientific and social standing, in the hopes of maintain-
ing and enriching the financial integrity and public acceptance
of the larger SETI project.

3.1 Policy Recommendations

Excluding the two Voyager probes’ Golden Records, interstel-
lar messages to date have been sent using mutually unintelligi-
ble encoding schemes and without international consultation,
proper feasibility studies, ethical concern for miscommunica-
tion or even peer review [13,14,44], a suite of facts that belies
metiist’s past claims to complete scientific rigor. Indeed, there
are no guidelines for METT prior to detection of a reply. Earth
is detectable to ETs via its continuum of biosignatures, passive
technosignatures, and METT; however, METI represents the
only component of Earth’s astrobiological signaling that is entire-
ly under our control. Those who transmit (or authorize trans-
mission) have complete command over the content, strength
and direction of the signal. It is outside the scope of this paper
to decide who speaks for the Earth (as opposed to other forms
of signaling), but that question is not to be written off by those
maverick metiists who claim it is their right to get a word in
before everyone else. Here METI reduces to a commons prob-
lem wherein the actions of individuals may decide the course
of history for all concerned, even if the risk to humankind is
slight [24]. As such, those who act on their own may be ‘en-
gaged in unauthorized... diplomacy’ [16]; it follows therefore
that we ought to at least be careful about what we transmit, and
discourage individuals from doing so by themselves. A more
specific and workable set of guidelines are needed to better
enshrine, establish, and standardize METI methodology, and
here is where well-intentioned passivists and metiists agree. As
it is impossible to prevent unauthorized transmissions, METI
guidelines must be written charitably and reasonably, so that

they will be followed.

Future transmissions’ feasibility ought to be thoroughly
studied in the style of other scientific ventures in outer space:
both specifying all parameters of the message and the instru-
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ment used to transmit it, and assessing the message’s detect-
ability as a function of ET’s technical capacity and receiver
attributes. Additionally, this information must be free and ac-
cessible to the public; an ‘online database containing such de-
scriptions in a standard uniform format’ is in order [13]. Great
care must be taken to ensure that any room for miscommuni-
cation is negligible, that messages not provoke disgust in ETs,
and to draw upon a broad consensus of human cultures and
locations (and animal communications studies) in assessing a
messages comprehensibility and content [17,44]. The specifics
of such best-practices are the prerogative of the extended SETI
community to decide and debate internally before any thought
can be made of making recommendations about transmission
to policymakers.

Following this messaging standardization, a concerted plan
for sending transmissions to specific targets and receiving re-
turn messages must also be developed. Choosing targets will
doubtless base itself on the astrobiological scrutiny of poten-
tially habitable exoplanets detailed herein, alongside nearby
and/or anomalous stars (e.g. Boyajian’s Star). Receiving mes-
sages will entail regularly searching a small area of sky around
the target after the minimum time for transmission and return
(given by twice the target’s distance in light-years). This will
not be an undue burden on other targeted SETI searches or all-
sky surveys, unless something is detected, in which case rapid,
confirmatory follow-up observations by other telescopes will
be necessary. Humankind has time, in the intervening decades
between the sending and receiving of messages, to construct
and engineer the facilities needed for such a fantastic enter-
prise both on and oft Earth. Thankfully, such instruments are
being designed and built today. Additionally, in line with pro-

posed guidelines for passive SETI, it must be stipulated that
any information regarding return messages be made free and
open to the public, to better discourage the knowledge and/or
content of received messages from becoming a flashpoint for
international conflict [45].

3.2 Toward a Cautious Optimism

A change in the zeitgeist is needed; the SETT community must
trade the arbitrary and self-contradictory pessimism of passiv-
ists for the cosmopolitan hope of escaping the SETI Paradox
and participating in an interstellar community. Additionally,
metiists ought to drop contrived and unpolished arguments in
favor of their position and instead embrace METT place along
Earth’s continuum of astrobiological signaling. SETT scientists
must work to legitimize SETT in the hearts and minds of both
politicians and the public, and the first step towards that is leav-
ing speculation about the outcome of contact behind. To boost
the likelihood of discovery and maintain passive SETI’s fund-
ing, we should exercise every technique available to us - in the
hopes of someday making SETI the planetary-scale endeavor
that such a rich and informative enterprise deserves to be.

Such a cautious optimism about the SETT project enjoins that
the darkness of space is nothing to fear and proposes to send a
flare into the void to illuminate the path forward. Detractors of
METT are afraid of the dark, yet ought be more afraid of their
spectral shadows; moreover, following their fearful reasoning
to its logical conclusions results in absurd policy recommenda-
tions. If we care for the Search for Extraterrestrial Intelligence
at all, we must integrate an active approach - to better ensure
both its continuity and eventual success.
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This paper will summarize a pilot wave interpretation of quantum mechanics known as the dynamic vacuum model that
claims the quantum vacuum can vary spatially and temporally. Some of the recently published findings for this dynamic
vacuum model approach are discussed and the implications of these findings lead to some possible new insights
associated with the Casimir force phenomenon. This deeper study suggests that there is structure to the quantum
vacuum in the Casimir cavity and some time will be spend developing some conceptual experiments designed to detect
this structure. Some general sizing calculations related to these experiments are provided to determine the possibility
of being able to measure the phenomenon in the lab. Two of the noted concepts may have propulsion related benefits,
firstly to provide larger amounts of negative vacuum energy density for the idea of a space warp or wormhole, and
secondly as an in-space propulsion system with the ability to push on the dynamic vacuum medium.
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1  INTRODUCTION

The Copenhagen interpretation is the dominant point of view
taken by the physics community today, and has been so since
early in the last century. Stated simply, the Copenhagen inter-
pretation of the physical world at a microscopic level is that the
nature of reality is probabilistic and not deterministic. While
the Copenhagen interpretation enjoys the distinction of being
the favored line of thinking, it is not without alternatives. One
of the alternative lines of thinking in the ontological debate of
the nature of reality at the microscopic level is pilot wave the-
ory. Pilot wave theories are a family of realist/deterministic in-
terpretations of quantum mechanics that make the conjecture
that the statistical nature of the formalism of quantum mechan-
ics is due to an ignorance of an underlying more fundamental
real dynamics, and that microscopic particles follow real tra-
jectories over time just like larger classical bodies do. The first
pilot wave theory was proposed by de Broglie in 1923 [1] where
he proposed that a particle interacted with an accompanying
guiding wave field, or pilot wave, and this interaction is respon-
sible for guiding the particle along its trajectory orthogonal to
the surfaces of constant phase. In 1952, Bohm [2, 3] published
a pilot wave theory where the guiding wave is equivalent to the
solution of the Schrodinger equation and a particle's velocity
is equivalent to the quantum velocity of probability. A more
recent conjecture put forward by the authors [4] considers the
vacuum as a form of quantum fluid that can sustain both spa-
tial and temporal variations, that is, a dynamic vacuum. In the
dynamic vacuum model, the vacuum fluctuations play the role
of the guiding wave, specifically, the vacuum fluctuations (vir-

This paper was presented at the Foundations of Interstellar Studies
Workshop 2, 27-30 June 2019, at Charfield, UK.

tual fermions and virtual photons) serve as the dynamic medi-
um that guides a real particle on its way.

In [4], the authors considered a heuristic model of the hy-
drogen atom. The model consisted of the assumptions of a
quantum fluid surrounding the proton, a density distribution
of that fluid, and of a velocity field describing the spatially
varying speed of propagation of a disturbance in the density
field. In this dynamic system, acoustic-like resonances could
be established describing the electron orbitals as determined
by the Helmholtz wave equation. The authors found that the
acoustic eigenfrequencies of the system matched observation
with a reasonable degree of accuracy (100 error was ~5%). A
more recent paper [5] completed a painstaking process show-
ing a deep and explicit connection between the Schrodinger
equation and the Quantum potential which led to the detailed
derivation of the acoustic wave equation for the quantum me-
dium. That work derives the Helmholtz equation from the
Schrodinger equation, and provides the rigorous expectation
that the system will thus have eigenfrequencies in the form of
acoustic resonances.

In [5], the authors updated the numerical model of the
hydrogen atom including an explicit derivation of the densi-
ty distribution of the quantum fluid around the proton. This
derivation considered the electric field around the proton
where, following standard practice, the electrostatic pressure
is expressed as Pg = ¢E*/2 where E = kq/r* and k = (4mep) ™.
The energy density in the field can be determined by making
use of the equation of state relationship between pressure and
energy density w = P/e with w = 1/3 for radiation. Using the
Einstein mass-energy equivalence, the predicted mass density
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Fig.1: Eigenfrequency pressure distributions from the numerical analysis tool representative
of the hydrogen 1s, 2p, and 3d states, and molecular hydrogen.

in the field around the nucleus is quite close to the heuristic
derivation relationship derived in the earlier paper: p = 3.06
x 10#/r* kg/m® vs p = 2.99 x 10* kg/m’. The authors found
that the acoustic eigenfrequencies of the updated system were
closer to observation than in the earlier model analysis results
(w100 error was < 1%). The updated model approach was also
used to assess a two-proton model representative of molecular
hydrogen, and the acoustic resonance of the system was found
to match observation with similar accuracy as the model re-
sults for atomic hydrogen. Fig. 1 depicts some of the acoustic
resonances for both atomic hydrogen and molecular hydrogen.

2 CASIMIR CAVITY CONNECTION

The 1/r* dependency of the density field for the quantum fluid
from both the heuristic model and explicit model mentioned
earlier suggests a possible connection with the Casimir force
for a parallel plate cavity. In the Casimir cavity scenario, the
“density” of the quantum vacuum has a 1/d* spatial depend-
ency, where the spatial variable, d, is representative of the sep-
aration of the plates that define the cavity. One can calculate
the predicted average density for n = 1 to n = 7 states for the
hydrogen atom using the p = 3.06x10*/r* kg/m? relationship.
One can similarly calculate the predicted average density for an
equivalent “effective” Casimir cavity where

Since the density explicitly derived for the quantum fluid is
dependent on the electric field of the atom, it has a dependen-
cy on the atomic number Z: p = Zx3.06x10-46/r4 kg/m>. The
Casimir density equation can likewise be updated to include
this same Z dependency and the ~1/3 factor identified in Table
1 such that it takes the following form:

_Z  hcnm?
Pc =

3¢2 240(27)%

Fig. 2 shows a plot of radius versus density for the primary quan-
tum numbers n = 1 to n = 7 for the atomic numbers Z=1to Z =
7. The density values for the different cases are plotted as cross-
es and polygons, while the Casimir density is plotted as circles.
Trend lines have been added for the different atomic number
cases to visually group the related primary quantum numbers.

This intriguing correlation of the density function for the
quantum fluid around the nucleus of the atom and the Casimir
cavity calculation motivates another consideration. If the
Casimir cavity equation can make a prediction for the density
in the quantum vacuum around the nucleus, can the density
equation derived from the electric field provide a prediction for
the shape and structure of the electric field inside the Casimir
cavity? Typically, the density of the quantum vacuum within
a Casimir cavity is assumed to be isotropic and unchanging,
the walls are at the same potential (typically grounded in an

Pc =
These values are calculated with a ratio provided in Table 1. As 10° . X Z = 1 observed
can be seen from the table, the ratio of the densities is consist- 7?7 ‘& + ; =2 °:°""'“‘d
4= - % Z = 3 observed
ently ~1/3. z 4: 3 0 k Z = 4 observed
10—3 Z =2 -k\'f\\; O Z = 5 observed
. . ) Py §~$ > I Z = 6 obgerved
TABLE 1: This table compares the derived “density” ofa &, PRIPRE - - < Z =7 observed
given energy state n to the Casimir density for a cavity with a = : Y ‘\t“:& GASTMIR
separation distance of 2r,. The Casimir column is the Casimir ; 10-¢ n=11"~ :)3,
force per unit area multiplied by 1/¢2. The Ratio column is the a \"fkq}
Casimir column value divided by the p column value. b ‘f?;
10~° s
n radius (m) p (kg/m®)| Casimir (kg/m?) | Ratio T&
1 5.29x10" [  3.91x10% 1.16x104 |  2.95 Aldle S
2 211x100 [ 1.53x10” 451x107 | 2.95 1071 o e e
3 4.76x10-1° 5.95x10*° 1.76x10% 2.95 : :
radius (meters)
4 8.46x101° 5.96x101° 1.76x10° 2.95
5 1.32x10° |  1.00x10 2.96x10" |  2.95 Fig.2 Density of quantum fluid plotted forn=1ton=7forZ=1
6 1.90x10° |  2.33x10" 6.88x10-" 2.95 through Z = 7. The bottom line labelled Z = 1 represents hydrogen,
" - - and labels for the points representing n = 1 and n = 7 have been
7 2.59x10 6.78x10 2.00x10 2.95 added. The Casimir values are also plotted as hollow circles.
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Fig.3 Polarization of the vacuum fluctuations in a Casimir cavity.

experiment), and there is no anticipated electric field expressed
in the cavity. However, the case being considered would seem
to indicate that this may not be the situation. After a bit of ma-
nipulation, an equation that predicts the electric field being ex-
pressed in the middle of the Casimir cavity can be shown to be:

B |1, O 1
Tl 9¢g 240-16(d/2)*

The field originates at the midplane of the cavity and extends
outward to the plates in an analogous manner to what is found
around the nucleus of the atom in the form of the radial elec-
tric field. It is conjectured that what may be occurring in the
Casimir cavity case is that the vacuum is polarizing in response
to the exterior conductive walls being held at the same poten-
tial (grounded), and the change in vacuum energy density is
a result of the energy density in this polarization field being
expressed by the quantum vacuum fluid. Fig. 3 shows a concep-
tual view of the polarization of the ephemeral fermion antifer-
mion pairs that is conjectured to exist in the cavity expressing
the electric field.

3 CASIMIR CAVITY EXPERIMENT
3.1 Case 1: Measuring Effective Electric Field in Cavity

If this conjectured polarization field is present in the Casimir
cavity, one can devise some conceptual experiments designed
to detect and interact with this field. One fairly direct approach
might be to construct a Casimir cavity that includes an electric
field probe located along the midplane of the cavity. For exam-
ple, a probe could be a single whip probe or a fork-like probe
that has two or three whip probes. The constraint for the whip
probes would be that their cross section would be minimal
when compared to the size of the side plates so that their effects
on the vacuum energy density are negligible from an experi-
mental view. It should be explicitly stated that the purpose of
the experimental setup described here is to measure the electric
field, not the Casimir force, so the construction approach used
could be a layered lithography type process with the cavity
and its elements deposited/etched on/into a substrate. Fig. 4
depicts a representation of the cavity concept with the neces-
sary elements. For analysis purposes to evaluate the viability
of the notional experimental setup, the cavity is envisioned to
have a separation distance of 1 micrometer. The size of the
side plates is 1 millimeter long and 0.2 mm tall. The predicted

oscilloscope

Fig.4 Casimir cavity with whip probes to measure effective electric
field from vacuum polarization.

electric field present in the noted cavity is ~-2.86 millivolts and
the total amount of negative energy in the cavity would then be
8.28x10'7 joules. If the whip probe located along the midplane
is connected to a meter that has a 10 Megohm impedance, the
meter will drain the energy in the cavity in approximately 0.1
milliseconds. This magnitude and duration of voltage transient
should be detectable by a laboratory oscilloscope.

3.2 Case 2: Increasing Magnitude of Casimir Force

Another approach to explore if there is structure to the vacuum
in a Casimir cavity would be to implement an experiment to
measure the force between two movable plates defining the
cavity. This setup utilizes the electric field probe construction
detailed for Case 1, however, in this case the probe is con-
nected to a voltage power supply to maintain the voltage of
the probe at a higher value than predicted by Equation 1. For
example, if a Casimir cavity of identical geometry as detailed
in Case 1 were implemented such that one could measure the
magnitude of the force, and the voltage of the probe externally
driven to twice the value (2 x -2.86 millivolts), then the mag-
nitude of the force is predicted to increase four fold. While
there are electrostatic forces to account for in this experimen-
tal setup, they are of a different magnitude than the Casimir
force, and could be analytically calculated and subtracted from
the results. The real challenges envisioned for the implemen-
tation of this experiment would be the ability to precisely con-
trol alignment of the plates and probe relative to one another,
and the ability to accurately place the objects with precision
separation distances envisioned. It should be noted that if this
increase in force is measured, it would also indicate that the
magnitude of the negative vacuum energy density in the cavity
has been externally pumped to a larger magnitude.

3.3 Case 3: Tapered Casimir Cavity

Another potential experiment enabled by the insights discussed
in this paper is the implementation of a tapered Casimir cavity.
A tapered Casimir cavity would induce a pressure gradient in
the gap between the plates thus resulting in a force parallel
to the midplane of the cavity and directed from the large end
to the small end. In order to maintain this force, field probes
would be placed in the gap and have external power applied to
maintain the pressure gradient thus preventing the flow from
simply oscillating. The applied voltage of the probe and taper
angle of the cavity could be increased to see an increase in the
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Fig.5 Tapered Casimir cavity with whip probes.

magnitude of the force. Fig. 5 depicts a notional cavity concept
where it is anticipated that similar to Case 1, the setup could
be built atop a substrate using a layered lithography approach
to build up the elements. If the tapered cavity is such that the
narrow gap is 2 micrometers wide, the large gap is 7 microm-
eters wide, the overall length of the cavity is 50 micrometers,
and the height of the plates is 0.2 millimeters, then a single
cavity is predicted to generate 0.7 piconewtons when 0.1 mil-
livolts is applied to the probes. The thrust to power for this
system is quite low at roughly twice that of a photon rocket’s
performance, so the system may not be useful for generating
thrust for any reason other than exploring the physics of the
phenomenon. However, the tapered cavity could be arrayed on
a wafer in large numbers to increase the power throughput of
the system and be a source of longitudinal waves in the vacu-
um for many and varied applications.

4  PROPULSION IMPLICATIONS

There are some propulsion related implications that may be of
interest should the noted experiments detailed in the preced-
ing sections confirm the predicted dynamic vacuum structure
in the Casimir cavity. Firstly, the Case 2 experiment envisioned
to increase the magnitude of the Casimir force achieves this
effect by increasing the magnitude of the negative vacuum en-
ergy density that exists between the two plates that define the
cavity. As is known in the physics community, the properties
of negative vacuum energy density are mathematically equiv-
alent to the concept of exotic matter as it is defined within the
framework of general relativity. Indeed, negative vacuum ener-
gy density was discussed in one of the earliest papers exploring
the concept of a space warp as a viable exotic matter candidate
to satisfy the requirements of the field equations [6]. If the Case
2 experiment were able to manifest an increase in magnitude of
the Casimir force (and hence negative vacuum energy densi-
ty), then one could imagine a follow-on experiment that would
make use a very small three dimensional toroidal construction
(<1 cm), whose volume is entirely filled with a matrix of these
cavities. This small toroid construction could be employed in
an interferometer experiment where it is placed along one of
the two beam paths allowing the beam to traverse through the
toroid opening along its central axis. Increasing the voltage
applied to the antennas within the matrix of Casimir cavities
discretizing the toroidal geometry would increase the magni-
tude of the negative vacuum energy density present throughout
the ring, and thus would induce a change in optical path length
over a spherical domain defined by the toroid’s outer diame-
ter for the transiting interferometer photons. A laser source of

photons would be used to create an interference pattern at the
detector with the toroidal device off, and then again with the
device on. These two interference patterns would be utilized as
inputs to some signal analysis algorithms designed to explicitly
quantify changes in beam path as measured by the apparatus.
An iteration on this approach with more sensitivity would be to
pulse/energize the toroid at a fixed frequency (e.g. 4 Hz) while
collecting an array of interference patterns from the detector
such as a two-dimensional image sampled at say 30-60 Hz. The
coherent array of interference patterns could be run through a
Fourier analysis algorithm on a pixel by pixel basis to deter-
mine if there is energy in the spectrum associated with the drive
frequency. This technique could be used to collect longer and
longer data samples such that the signal to noise ratio would
increase with longer observation times. The pinnacle objective
of this experiment would simply be to detect the manifestation
of a microscopic warp bubble in the laboratory.

Secondly, an iteration of the Case 3 experiment, effectively
a longitudinal wave photon rocket as is, would be to apply an
external magnetic field orthogonal to the force vector in an at-
tempt to increase the thrust to power ratio of the apparatus. The
application of an external magnetic field to the cavity affects
the pressure gradient induced in the dynamic vacuum, result-
ing in a slower predicted exit velocity of the flow from the cav-
ity whereby increasing the thrust to power ratio. By applying
a 2000 Gauss magnetic field, energizing the forks to 40 milli-
volts, a single cavity is predicted to yield a thrust of 3.67x10!!
N with a thrust to power ratio of 6.3 uN/W — which is just an
order of magnitude below a Hall thruster. One might envision
fabrication of a 1 ecm x 1 cm wafer equipped with a couple
thousand of these cavities arrayed across the surface of the wa-
fer by means of nanofabrication techniques, and this Casimir
wafer might be used in a CubeSat as a form of in-space pro-
pulsion. This wafer might be stacked to facilitate processing
of more power based on the CubeSat mission objectives and
power budget. Alternately, higher magnetic fields might be ex-
plored to determine if the thrust to power ratio might be made
to be more competitive with Hall thrusters.

5 CONCLUSIONS

This paper has provided a brief summary of the pilot wave
interpretation of quantum mechanics and provided an over-
view of a recent pilot wave model approach known as the dy-
namic vacuum model. Some of the recently published findings
for the dynamic vacuum model approach were discussed and
the implications of these findings led to some possible new
insights associated with the Casimir force phenomenon. The
implications that there is structure to the quantum vacuum in
the cavity were discussed and some notional experiments were
presented. Some general sizing calculations related to these
experiments were provided to determine the possibility of be-
ing able to measure the phenomenon in the lab. The propul-
sion implications from two of the noted experimental concepts
were highlighted and briefly discussed.
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