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Previous studies show that city metrics having to do with growth, pro-
ductivity and overall energy consumption scale superlinearly, attributing
this to the social nature of cities. Superlinear scaling results in crises called
‘singularities’, where population and energy demand tend to infinity in a
finite amount of time, which must be avoided by ever more frequent
‘resets” or innovations that postpone the system’s collapse. Here, we place
the emergence of cities and planetary civilizations in the context of major
evolutionary transitions. With this perspective, we hypothesize that once a
planetary civilization transitions into a state that can be described as one vir-
tually connected global city, it will face an ‘asymptotic burnout’, an ultimate
crisis where the singularity-interval time scale becomes smaller than the
time scale of innovation. If a civilization develops the capability to under-
stand its own trajectory, it will have a window of time to affect a
fundamental change to prioritize long-term homeostasis and well-being
over unyielding growth—a consciously induced trajectory change or
‘homeostatic awakening’. We propose a new resolution to the Fermi para-
dox: civilizations either collapse from burnout or redirect themselves to
prioritizing homeostasis, a state where cosmic expansion is no longer a
goal, making them difficult to detect remotely.

1. Introduction

1.1. Life as a feedback between flows of information and energy
Life can be characterized as systems where fluxes of mass and energy lead to
the production, transmission and utilization of functional information. This
information is said to be ‘functional” in that it allows the living system to sur-
vive over time through a combination of homeostatic mechanisms and
autocatalytic behaviour (e.g. [1-3]). Hence, there is a tightly woven dynamic
interplay between free energy and information in life: free energy allows infor-
mation to be encoded, stored and used, and information channels external and
internal flows of energy to promote the system’s persistence.

Similarly, evolution has been characterized by a series of innovations in the
units undergoing selection, energy transduction and information processing.
Szathmary & Maynard-Smith [4] argued that the complexification of life over
deep time can be attributed to a series of ‘major transitions” in the characteristic
units of selection acting within biological systems. Such transitions thus rep-
resent major shifts in the ways in which biological information is encoded
and exploited. So too has human society been shaped and reshaped by inno-
vations that accelerate and widen the spread of information—most notably
the inventions of the printing press, telecommunication, computers and the
internet. Throughout its evolutionary history, life has learned to exploit differ-
ent free energy sources in its environment, from geochemical energy to sunlight
to the potential energy stored by previous life in flesh and fossil fuels [5].

© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsif.2022.0029&domain=pdf&date_stamp=2022-05-04
mailto:mwong@carnegiescience.edu
http://orcid.org/
http://orcid.org/0000-0001-8212-3036
http://orcid.org/0000-0001-5680-476X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Within the past 100 years, human civilization has also
unlocked nuclear energy and learned to transduce various
‘green’ energy sources (e.g. geothermal, wave motion and
wind) into electric power.

Advances in information processing and energy transduc-
tion reinforce one another autocatalytically: a greater ability to
learn engenders exploration and innovation that opens new
free energy resources; greater free energy resources allow for
the transition to new information-processing paradigms.
These evolutionary leaps sometimes involve the creation of
new levels of biological organization and hence new units
of selection, e.g. endosymbiosis, multi-cellularity and the
formation of social colonies.

1.2. Where do we fit in? The rise of human civilization
and the dataome

When optimization processes form tight positive feedback
loops, the rate of innovation and discovery (and the concomi-
tant demand on energy resources) can quicken dramatically.
We see this in the trajectory of human society since the emer-
gence of the ‘dataome’. The dataome encompasses the
external recording and processing of information (in e.g.
books, architecture and computers) as well as the coevolution
of those infological organisms atop of a collection of biologi-
cal organisms, and it may represent the most recent major
transition in information processing—one that we are not
only witnessing but also partaking in today [6].

The acceleration of the dataome was intimately tied to the
Agricultural Revolution: an energy transition from hunter—
gatherer societies to farming, enabled by innovations such
as animal husbandry and pottery (e.g. [7,8]). Together, the
energy excess afforded by agriculture and the growth of the
dataome set the stage for the creation of cities—defined
generally as permanent, dense settlements where individuals
share ideas—laying the
foundation for human civilization as we know it.

resources, infrastructure and

In some ways, a city is a superagent composed of individ-
ual human agents analogous to a multi-cellular organism that
is a superagent composed of individual cellular agents. Both
collectives support the differentiation of individual agents
(often phrased as a ‘division of labour’), and in both cases,
individual agents may come and go while the whole supera-
gent retains its identity. However, there are some key
differences between these two organizational structures of
life that have been quantified in part thanks to advances in
network and complexity science (e.g. [9]).

1.3. Cities as a new universality class exhibiting
unbounded growth

Recently, cities have been studied as socio-biological phenom-
ena that can be described quantitatively to reveal universal
trends that reflect the underlying principles of their organiz-
ation. Bettencourt ef al. [10] showed that many properties of
cities—GDP, patents, wages, disease and crime—are power
law functions of population size with a superlinear scaling
exponent > 1, rendering increasing returns with increasing
size. This places cities in a distinct universality class from bio-
logical metabolism, which scales as a function of size with a
sublinear scaling exponent < 1. Other aspects of cities—like
number of gasoline stations, length of electrical cables and
total road surface—do scale sublinearly; these are associated

with material and energy flows and are therefore analogous
to metabolism in biology.

Sublinear scaling leads to economies of scale—enhanced
efficiency of matter and energy processing, a necessary fea-
ture for selective favourability of increased organism size—
and a decreasing pace of life with increasing size. Examples
from biology include a slower metabolic rate in more massive
animals, like elephants, than smaller ones, like mice [11].

On the other hand, superlinear scaling results in an
increasing pace of life with increasing size. A striking example
is that the average walking speed is higher in larger cities
[12]. So too with crime rates [13] and the spread of infectious
diseases [14]. Importantly, the total energy consumption of
cities scales superlinearly [10].

The superlinear scaling of seemingly unrelated city prop-
erties is attributed to the social nature of cities. Indeed, the
observed values of this exponent for social characteristics
(8~ 1.2) can be estimated by how the number of effective con-
tacts per capita increases with city size ([10], electronic
supplementary material). In other words, in cities, social
interactions between agents create a dynamical network of
information flow that is hypothesized to drive quantifiable
changes in human behaviour that underlie the observed
scaling laws [10].

Because growth and wealth production scale superli-
nearly, cities are highly resilient dynamical entities.
Throughout modern history, few cities have completely per-
ished, despite two having had devastating atomic weapons
used against them, and despite the coming and going of
higher level power structures (e.g. empires, nation states
and political parties) [15].

Bettencourt et al. [10] developed a growth equation for
cities, reproduced below:
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where dN/dt is the population growth rate, Y represents
resources required by the population, R is the average
resources it requires to maintain an individual and E is the
average resources it requires to add a new individual to the
population. Bettencourt et al. [10] generalized the equation
further by allowing R, the maintenance energy per capita,
to vary (see their electronic supplementary material for
details), but the results are qualitatively the same.

Their analysis showed that when g>1, unbounded
growth will occur, leading to infinite population (and hence
infinite demand on resources) in a finite time. If such a ‘singu-
larity” is approached unchecked, the system will eventually
exceed its energy supply and collapse (or significantly
regress). However, Bettencourt ef al. [10] suggested that
singularities can be avoided by major qualitative changes,
or ‘innovations’, that reset the initial conditions and par-
ameters of the growth equation and set the city on a new
trajectory. If the underlying dynamics remain, meaning >
1 still holds true, then the city will be on a trajectory towards
a new singularity later in time (figure 1).

The general growth equation of Bettencourt ef al. [10] pre-
dicts that the time interval between resets, t.yc1., decreases as
the population grows:
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Figure 1. The growth trajectory of a city with scaling coefficient 8 > 1 leads
to singularities (dashed vertical lines) that must be avoided by innovative
resets. The time scale between resets decreases as the population, N,
increases. Adapted from Bettencourt et al. [10].

where N;(0) is the new initial condition after a new innovation
occurs. In other words, the frequency of innovations must
increase with time. This is consistent with the increasing fre-
quency of population growth cycles and technological change.

2. The asymptotic burnout hypothesis
2.1. A virtually connected world as a global city

Today, the dataome is omnipresent in our daily lives: porta-
ble computers and smartphones bind people across the
globe in a digital web of information. The internet—social
media in particular—allows individuals who have never
met physically to engage in faster, more frequent and more
prolonged social interactions. Technology-driven globaliza-
tion is not only metaphorically making the world smaller, it
is quite literally sidestepping the physical limitations of
human interactions and allowing people to exchange ideas
and influence one another from previously impossible
distances at previously impossible rates.

Owing to how deeply intertwined the dataome and human
biome has become, it is possible that we are in the midst of
another major informational phase transition: one that pushes
civilization into a state where the physical colocation of
humans in cities is no longer the dominant constraint on
human interaction. (Anecdotally, this is consistent with
migration away from densely populated city centres to sur-
rounding suburban regions during the COVID-19 pandemic,
when work-from-home practices were adopted [16-18].) Liber-
ated by the virtual interactions enabled by information
technology, the world may behave as one global city, even if
physical cities only cover a small fraction of the planetary surface.

Because it is human interactions that appear to give rise to
the superlinear scaling laws of cities, if civilization transitions
into a state that can be described as one virtually connected glo-
balized city, it is likely that such an organizational structure will
exist in the same universality class as cities. In other words, we
conjecture that a technologically connected civilization’s
productivity, growth and resource consumption would be
characterized by scaling laws with a scaling exponent 5> 1.

As the dataome expands, the preponderance of infor-
mation processing occurring at the societal level, rather
than the individual level, grows. As advances in artificial

intelligence are made, it is also possible that human—human
interactions may become less important than human-
technology, and eventually technology-technology inter-
actions. While human-human interactions are constrained by
time and cognitive capacity—the so-called ‘information satur-
ation” of human experience [19]—the ability for technological
agents to interact with one another in an ever-growing digital
planetary network could be boundless. What effect these near-
future shifts may have on the scaling coefficient of a globalized
city remains speculative, but we find it plausible that such
transitions could result in an even larger .

2.2. Generalizing towards exo-civilizations

The abstract nature of the driving force behind city pro-
ductivity, growth and total energy consumption—namely,
informational exchanges between individual agents—gives
promise for the generalization of these principles to hypothe-
tical civilizations elsewhere in the universe. We contend that
such principles are likely to be invariant to changes in mol-
ecular composition of the lower level agents (e.g. different
genetic or metabolic substrates). The emergence and evol-
ution of life on other planets remains speculative at this
time. However, it has been argued that certain major tran-
sitions—including the onset of life itself—are inevitable,
irreversible and ‘reproducible’ (e.g. [20-22]).

Such irreversibility is evident in the ‘core algorithms’ of
life on Earth that we observe to stretch back, largely unal-
tered, in deep time [6]. Examples include the universality of
a four-letter genetic code [23,24]; the universality of ATP
synthase as a disequilibrium converting engine and ATP as
an energy transfer molecule [25,26] and the widespread use
of the RuBisCO enzyme in carbon fixation, the gateway for
the vast majority of carbon assimilation on present-day
Earth [27,28]. Once these innovations emerged, the advan-
tages they confer ‘freeze’ them into the evolutionary
threads of life (e.g. [29]), making it difficult for optimization
processes such as Darwinian evolution (or hill-climbing on
fitness landscapes) to lock in potentially superior alternatives
later down the evolutionary line (e.g. [30,31]). While the
material specifics of life on Earth may be historically contin-
gent, the general principles of life should be universal. Life
requires information storage (perhaps not with DNA), free
energy transduction (perhaps not with ATP) and a way to
assimilate environmental substrates into useful metabolic
intermediates (perhaps not with RuBisCO)—but once life
discovers how to perform these tasks, such abilities will be
strongly selected for and hence persist through time.

Similarly, we can consider higher order features of life—
including endosymbiosis, multi-cellularity, language and the
creation of a parallel living system in the dataome—to be fea-
tures locked in by evolution. Although the exact timing of such
innovations may be stochastic, once they do emerge, they are
likely to persist because they become integrated into the posi-
tive feedback between information processing and energy
transduction described in §1. Hence, we can consider exo-
evolutionary trajectories that are similar to our own in that
they are governed by the same physical constraints and infor-
mation-energy feedbacks that have propelled biological
evolution on Earth. On these alien worlds, perhaps societies
composed of interacting agents will emerge and be subject
to the same governing principles as human civilization, even
if they do not share our particular material or historical details.
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At some point in their evolutionary path, societies will likely
invent and intertwine themselves with dataomes of their
own and may therefore self-organize into a globally connected
state characterized by scaling laws with an exponent > 1.

2.3. Sinqularities at the civilization scale

In the scenario laid out above, a global civilization will march
towards a singularity where energy resources can no longer
sustain the trajectory of unbounded growth. To reiterate, a
singularity occurs for trajectories that are headed towards a
state of infinite population and energy usage in a finite
amount of time. While new energy resources may be discov-
ered, briefly raising the ceiling for total energy consumption,
new energy resources cannot sustain a superlinear system
indefinitely due to the finite time scale associated with the
singularity. Thus, in our view, the important question is not
whether new energy resources can be found, but whether
innovations (perhaps in energy efficiency or distribution)
can reset the system’s trajectory by altering the parameters
in the growth equation (equation (1.1)). Thus, in this section,
we centre our argument around relevant time scales.

As with individual cities, the collapse or regression of
planetary civilizations can be momentarily avoided by inno-
vation-related resets that only delay the inevitable. The
time scale between resets that must be achieved to maintain
viability, t.yce, decreases over time; in other words, these
adaptations must occur at an ever-increasing pace.

Eventually, t.yqe may become sufficiently short that it
exceeds the civilization’s time scale for innovation, finnovate-
Perhaps this occurs when feycie < findividual’s lifetime, OT the sys-
tem’s learning time scale (driven, in humanity’s case, by
education). If just one cycle is missed, a regression to a
weaker mode of activity will likely occur.

For 2> 3>1 (as is the case for modern cities, where f~ 1.2
for certain metrics), Ztcyde is a divergent sum, so in theory, a
civilization can stay viable forever so long as it meets every
single singularity with a reset. However, harmful fluctu-
ations—both external and
system’s stability.

For instance, notable abandoned cities of the ancient
world—Angkor, Babylon, Chichen Itza and Pompeii, to
name a few—demonstrate that many major early cities

internal—can threaten the

succumbed to external fluctuations (e.g. volcanic, climatic
or invasion), internal fluctuations (e.g. deforestation or
overpopulation) or a combination of the two (e.g. [32-38]).
Modern cities have also been abandoned for a variety of
reasons: waning economic activity (e.g. California Gold
Rush ‘boomtowns’ of the late 1840s and early 1850s), natural
disasters (e.g. Craco, Italy, which was evacuated in 1963 after
a landslide) and nuclear disaster (e.g. Pripyat, Ukraine, fol-
lowing the Chernnobyl disaster in 1986).

As life grows in free energy-harnessing capability, the
magnitude of its internal fluctuations also increases.
Examples of energy expansion-related fluctuations include
the flooding of the atmosphere with the toxic gas O,, due
to the energy expansion of oxygenic phototrophy; anthropo-
genic climate change, driven by the energy expansion of fossil
fuels; and the threat of nuclear winter, enabled by the energy
expansion of nuclear fission. Informational expansions may
also induce catastrophic fluctuations, such as an internet-
induced ‘misinformation catastrophe’ in which agents lose
their ability to distinguish truth from fiction because

innovations in telling truth from lies do not keep pace with
the rate at which misinformation becomes more sophisticated.
While disease and physical crime may be less malignant in a
virtualized global city, viral misinformation and cybercrimes
may take their place. Finally, the emergence of any module
that produces dissipation and autocatalysis without contribut-
ing to homeostasis and learning is a dangerous form of
‘sublyfe’ [3] that siphons useful resources away from the
whole system; classic examples from biology include cancer
and ‘cheaters’ in evolutionary game theory. The recent rise
of blockchains and cryptocurrencies, which demand ever-
increasing rates of computational resources but do not contrib-
ute much to overall stability, may exemplify harmful internal
sublyfe fluctuations endemic to dataome-biome symbioses.

Thus, with time, .y decreases while potentially harmful
fluctuations become more likely to derail finnovate: ONCE feycle
becomes short enough that internal fluctuations or external
perturbations can cause tinnovate> feyce With some non-
negligible probability, collapse/regression may be inevitable.

If civilization transitions into a new regime where > 2,
perhaps due to a shift where interactions between artificial
agents dominate the flow of information, then Yty is a con-
vergent sum (i.e. fcyce gets shorter and shorter, such that the
cumulative sum converges to an upper bound). In other
words, the time scale between innovations vanishes (fcyce-
— () in a finite amount of time, and there will be a hard
cutoff to the longevity of such a civilization.

In any scenario, it seems that a civilization in which social
exchanges between agents form a dynamical network that
results in superlinear scaling will eventually reach a point
of collapse due to the ever more frequent singularities it
faces. We call this concept ‘asymptotic burnout’ and define
fournout t0 be the time scale between the emergence of the
dataome and collapse. If collapse were to happen today,
and we take the emergence of human language to be the
beginning of the dataome (e.g. [39,40]), then humanity’s
Foumout Would be on the order of 10° years. If instead we
use the emergence of the first cities or the emergence of writ-
ten language as our starting point (e.g. [41,42]), tpurnout would
be on the order of 10°~10* years.

3. The homeostatic awakening hypothesis

When burnout occurs, it will necessarily destroy the supera-
gent’s modus operandi (the ‘way of life’ that drives > 1), but
lineages of agents will likely persist, perhaps to self-organize
again into cities given enough time. Even if the agents compris-
ing a technological society do not survive long after burnout, it
is doubtful that a global civilization’s collapse will render its
planet completely lifeless, even in the most extreme cases
(e.g. nuclear winter). In this scenario, another agent may
emerge to establish a new dataome, form the next wave of orga-
nized civilization and put itself on a trajectory of unbounded
growth, cycles of innovation and eventual burnout.

Can this cycle (indeed, metacycle) of collapse be avoided?
At some point prior to tyurmout, the civilization may be able to
use its information-processing resources to construct a model
of reality that reveals the trajectory that it is on. We define
tawakening as the time scale between the emergence of the
dataome and this realization. We consider the study by Bet-
tencourt ef al. [10], as well as related works, to be part of
our own ‘homeostatic awakening’. Hence, for the case of
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Figure 2. Three scenarios for the evolution of a civilization on a burnout trajectory. Top: Atyindow < 0. In this scenario, the civilization does not realize its trajectory
before it suffers from burnout. Middle: Atyindow > 0, but Atyingow/ Ataccomplishment < 1. In this scenario, the civilization realizes it is on a trajectory but is unable to
accomplish a reorientation towards homeostasis before burnout. Bottom: Atyindow > 0, and Atyindow/ Ataccomplishment > 1. In this scenario, the civilization is able to
both understand that it is on a burnout trajectory and is able to reorient towards prioritizing homeostasis.

humanity, Atyindow = tburnout — fawakening 15 positive. This
Atyindow is the ‘window’ that a civilization has to purpose-
fully affect some kind of fundamental, systemic change that
alters its modus operandi away from unbounded growth that
results in an arbitrarily large demand on energy in a finite
amount of time. Note that there is no a priori reason why
Atyindow Must be positive. In many cases, tyyrout May occur
before t.wakening-

As life on Earth has increased in scale and complexity, its
‘cognitive horizon—defined as the spatial and temporal
extent of its predictive abilities and goal-driven behaviour—
has increased as well [43]. The cognitive horizon of human
civilization is unprecedentedly vast. We can predict the
future of physical systems from the subatomic to the cosmo-
logical scale, including the behaviour of complex systems,
such as humanity itself. It is this predictive power that
leads to what we call an awakening—the realization that
humanity has been unconsciously optimizing its autocataly-
tic feedbacks, resulting in the unbounded proliferation
and energy exploitation that eventually gave rise to the
superlinear scaling laws of cities.

In the one example of life that we have, the cognitive hor-
izon required to understand civilization growth seems to be a
product of civilization itself. That is, the mathematical and
scientific formalisms that are capable of describing complex
systems, as in Bettencourt et al. [10], did not emerge at the
level of bacteria, biofilms, ant colonies, forests, whale pods
or paleolithic hominids; they emerged as a result of the infor-
mational transactions allowed when the architecture of
human society transitions into cities. This raises the possi-
bility that Afyingow is, in general, short compared to, say,
evolutionary or geologic time scales.

In evolutionary histories where Afyingow is positive, a
civilization has the chance to discover how to enact the
changes it must make to rearrange its own internal dynamics
to consciously prioritize homeostasis. This likely requires a
cognitive step beyond simply recognizing the problem of

being on a trajectory of unbounded growth. Hence, we
define another At: Ataccomplishrner\t = treorient_ tawakening/ where
treorient 1S the time between the emergence of the dataome
and the discovery of how to reorient civilization towards
homeostasis. The ratio Atyindow/Ataccomplishment dictates
whether a civilization achieves long-term survival (figure 2).

A redirection would require a rewriting of the fabric of
global civilization so that unbounded growth is no longer
the priority—or at least no longer the outcome. Because
humanity has yet to discover what it must do in order to
alter its fate, we are unsure of the cognitive horizon required
to reach treorient- Many questions must be answered before
treorient Can be achieved, including: What, besides growth,
would we optimize? Does open-ended evolution and novelty
discovery require unbounded growth? Can we, as a species,
convince ourselves that maximizing a different metric will
not only guarantee our persistence, but also improve our
overall well-being? Will the dataome play a crucial role in
arriving at the solution?

One example of a society actively choosing a non-growth
trajectory is the small kingdom of Bhutan, located between
India and China. Owing in large part to its pursuit of Bud-
dhist philosophical ideals, Bhutan’s government pursues a
policy of maximizing ‘Gross National Happiness” instead of
gross domestic product. The achievement of this objective is
quantified using an index designed to assess the well-being
of Bhutan’s population. The ‘four pillars of gross national
happiness’ are the following;:

(i) sustainable and equitable socio-economic development
(ii) environmental conservation
(iii) preservation and promotion of culture
(iv) good governance.

By placing preservation and conservation front and centre,
Bhutan is pioneering a potential path in which material and
economic metrics are not necessarily maximized, but other
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goals such as human and environmental health and the pur-
suit of knowledge are instead emphasized. Bhutan may of
course be an isolated special case that does not in fact demon-
strate a society actively choosing an ‘awakened’ path. This
country deliberately chose a different objective function to
other nations—but whether this has relevance to avoiding
burnout is another question. On the one hand, this choice
was motivated by sustainability to a large extent, a key part
of avoiding exponential growth catastrophes. On the other
hand, Bhutan as a country is unlikely to reach any kind of
technological singularity in the near-future (burnout risk is
relatively low at present).

History contains examples of ‘mini-awakenings'—
humans recognizing their own trajectory towards a crisis
and consciously learning to adapt, mitigate harmful fluctu-
ations and prioritize homeostasis over unyielding growth.
Here, we highlight three:

(i) The mitigation of ozone depletion, caused as an uninten-
tional byproduct of the emission of chlorofluorocarbons,
in the second half of the twentieth century. Through
legal actions, substances that were found to be harmful
to the Earth’s ozone layer were banned from use.
Today, the trend has reversed and the ozone hole has
diminished in size.

(i) The deescalation of weapons of mass destruction fol-
lowing the Cold War. During the height of the Cold
War, the globe’s nuclear arsenal exceeded 70 000 war-
heads, and numerous flashpoints threatened world
stability against all-out nuclear warfare. While human-
ity has not yet removed the threat of nuclear
annihilation, today it is somewhat diminished, and
the global tally of nuclear warheads stands at less
than 14 000 [44].

(iii) The international moratorium on whaling, enacted in
1982. While far from perfect, this moratorium had a
fundamental positive impact on the plight of marine
mammals. Although whaling was also declining for
other reasons, the international recognition of the
extinction trajectory caused by whaling in the late
twentieth century helped redirect the path to one of
conservation and respect. For example, Humpback
whale numbers have rebounded significantly since
the IWC moratorium and may eventually recover to
pre-whaling levels.

Previous evolutionary transitions may also offer a source
of optimism. In multi-cellular organisms, neighbouring cells
can ‘normalize’ aberrant cells, such as cancerous cells, by
altering bioelectric gradients (e.g. [45-47]). Through the regu-
latory mechanisms of cell-to-cell communication, cells
cooperate towards organ-level and organism-level homeostasis,
no longer distinguishing between themselves as individual
cells but as part of a larger ‘self’ [48-50]. If technological
social connectivity is used wisely, perhaps humanity can
notice the pain of the world more directly, learn to treat the
planet better and wake up to the fact that, on our current trajec-
tory, we're mutually harming ourselves both individually
and collectively.

Bettencourt et al. [10] showed that when individual organ-
isms self-organize into cities, life transcends into a different
universality class than individual organisms. Self-aware-
ness-driven reprioritization towards homeostasis may be

the next transcendence that life takes (or must take) after
civilization as we know it [51].

4. Burnout and awakening in the context of the
Fermi paradox

The Fermi paradox asks: in a universe that seems amenable to
abiogenesis and the evolution of life leading to technological
civilizations, why haven’t we seen definitive evidence of
extraterrestrial civilizations? We contend that this question
presents itself as a ‘paradox’ because there is an implicit
assumption that the trajectory of progress can be extrapolated
from the past, i.e. that the future is a linear extension of past
and current trends. Specifically, civilizations are projected to
attain greater energy harnessing capabilities and greater
knowledge of the universe until they spread in an
unbounded colonialist manner across the galaxy.

The Kardashev scale is one example of this mode of think-
ing. This measure of the ‘advancedness’ of civilizations is
based on the concept of energy expansions: a Type I civiliza-
tion uses all of the energy available at the planetary scale; a
Type 1II civilization uses all of the energy available at the pla-
netary system scale and a Type III civilization uses all of the
energy available at the galactic scale. It has been argued that
once a Type II civilization becomes interstellar, it should
spread across the galaxy in a relatively short amount of time
[52-55]. Hence, the lack of evidence of extraterrestrial visitors
is widely considered to be consistent with the belief that a
Type III civilization does not currently exist in the Milky
Way. Additionally, extragalactic observations suggest that
Type III civilizations are rare [56], although this absence may
stem from an inability to observe in the appropriate way.

Two important aspects of biology are missing from
Kardashev-like frameworks: (i) evolution is not always
gradual and linear, but is impacted by major transitions
and ‘punctuated equilibria” and (ii) the dynamics of city-
like living systems in which information flows and energy
flows result in superlinear scaling and singularity crises.

Perhaps Type III civilizations on the Kardashev scale are
in an unreachable part of biotechnological state space because
most civilizations face burnout at the planetary/sub-plane-
tary scale. When burnout approaches, if Atyingow <0, the
civilization will necessarily collapse or regress until it iterates
into a new cycle. If Atyingow > 0, the civilization has a chance
to consciously transcend into prioritizing homeostasis; other-
wise, it will collapse or regress. Hence, there may be very few
or no plausible trajectories through biotechnological state
space that connect humanity’s present state and the region
occupied by hypothetical Type III civilizations (figure 3).

Whether homeostatic transcendence happens in all or a
minute fraction of all cases is irrelevant to the observables con-
sistent with the Fermi paradox. If collapse or reorientation are
the only likely options, then whatever their yields are, a civili-
zation’s growth will cease—either because cosmic expansion
is no longer viable or because it is no longer an imperative.
This argument may provide a theoretical foundation for the
‘sustainabilty solution’ to the Fermi paradox [57].

Other ‘solutions’ to the Fermi paradox involve ‘bottle-
necks’ that are probability-based. In the language of the
Drake equation [58], this takes the form of equating one of
the biotechnical factors to a very low probability. The solution
we propose here is of a different kind: it is an inevitable
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Figure 3. Perhaps hypothetical Type Il civilizations are in an inaccessible region of biotechnological—population size state space, where civilization trajectories are
bounded by a ‘burnout horizon’, and long-lived civilizations have consciously reoriented their trajectories away from growth in population size and length scales to
explore other dimensions of biotechnological state space. Note that we do not rule out the possibility of some kind of channel that might allow a transition to the

Type Il region.

barrier, emergent from the dynamics of energy and infor-
mation flows within a living system, that civilizations will
either meet or learn to redirect themselves around. (Note
that if the burnout-awakening hypothesis is borne out,
this does not preclude the possibility of other ‘great filters’
as well).

The lifetime of ‘technologically advanced’ civilization, L,
is considered to be one of, if not the most, uncertain variables
in the Drake equation. If the burnout-awakening hypothesis
does indeed describe the fate of civilizations across the
cosmos, then L may have a bimodal distribution. The civiliza-
tions that encounter burnout will be extremely short lived;
the civilizations that consciously choose homeostasis will be
significantly longer lived (figure 4).

Jill Tarter (2021 personal communication) has suggested,
provocatively, that it might be the detection of other extrater-
restrial civilizations that spurs a civilization into the long-
lived mode. This suggestion is not incompatible with our
idea. Discoveries about the universe, in general, inform our
collective psyche. The discovery of alien life, and especially
alien intelligence, may play an important role in affecting
the monumental changes necessary to complete a planetary
civilization’s reorientation towards homeostasis.

5. Discussion

We have outlined a hypothesis that planetary civilizations,
virtually connected by their dataomes, may grow along tra-
jectories toward asymptotic As
approaches, civilizations may attain the cognitive horizon to

burnout. burnout
understand their trajectory and affect a reprioritization
towards homeostasis. Either outcome—homeostatic awaken-
ing or civilization collapse—would be consistent with the
observed absence of Type III civilizations.

The goal of this article is simply to state the burnout—awa-
kening hypothesis and provoke discussion, introspection and

future work. Like so many other astrobiological hypotheses,
there is no evidence yet that this idea is true, other than its
rooting in the laws of life that seem to govern biological
organization on Earth.

We acknowledge that the hypothesis laid out above rests
on several crucial assumptions, namely:

(i) Bettencourt ef al. [10]'s universal urban growth
equation is a correct description of city growth and
also captures the essence of a broader universality
class of large-scale biological organizations.

(i) Bettencourt ef al. [10]’s argument that the network of
social interactions provided by dense urban environ-
ments causes some city metrics to have a scaling
coefficient > 1 is true.

(iii) When the dataome evolves to allow the network of
social interactions to transcend physical location,
global civilization can be described by a similar
general growth equation with g>1.

(iv) This reasoning can be abstracted to exo-civilizations
because it relies on the general idea of social organis-
mal agents self-organizing into city-like superagents.
According to the basic ideas of complex systems,
the emergence of such high order is expected to be
invariant to lower level details.

One major caveat is that perhaps the formation of city-like
entities (with 8> 1) is not a universal feature of life in the uni-
verse, but some unique quirk of life on Earth. Astrobiologists
often caution against using the specific characteristics of
Earthly life to guide our search for life elsewhere, because
such details might be single instantiations of, rather than fun-
damental to, what life is. For example, Kempes & Krakauer
[59] argue that replication is just one form of persistence,
which is the more universal aspect of life. In a biosphere
where self-replication of individuals is not the paradigm,
evolution would proceed much differently, potentially
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Figure 4. An example bimodal distribution of the lifetime L of civilizations. The relative sizes of each mode is dependent on how many civilizations are able to

transcend into homeostatic awakening and avoid burnout.

resulting in different growth equations and macroscopic scal-
ing laws. The idea of cities as an organizational structure of
life may not even make sense in such a scenario.

Even if the individual agents in an exo-civilization are
human-like in physiology, perhaps it is not appropriate to
assume that human-like social structures will necessarily
follow. An analogy can be drawn to exo-biochemistries:
Because ‘chemical space’ is huge, some astrobiologists have
hypothesized that alien biochemistries could take many
different forms, and that the particulars of our biochemistry
were influenced by the specific chemical environment on
the early Earth as well as historical contingencies of our
single evolutionary path (e.g. [60-63]). Similarly, perhaps
‘cultural space’ is huge, resulting in technological civiliza-
tions whose self-organizing dynamics appear as foreign to
us as a lyfe form that doesn’t use H,O as its solvent.

Assuming that the burnout hypothesis is true, a civiliza-
tion’s path to homeostasis may come in other forms than a
cognitive choice. In other words, a conscious awakening, as
described in §3, may not be strictly necessary to achieve long-
evity. Perhaps reorientation towards homeostasis may
happen by ‘accident’ or even be a feature of a deterministic
trajectory. In one speculative scenario, virtual spaces (social
media, video games, etc.) may absorb most, if not all, of the
cognitive attention of humanity. When biological agents
become physically and mentally immersed in the dataome,
civilization might turn ‘inward’ to serve the dataome’s
priorities, whose persistence could be maintained without
unbounded growth.

Life as “persistence’ is one view that underwrites the free
energy principle (FEF, ak.a. active inference), namely, that
life will exhibit a tendency to minimize surprise under internal
model predictions of external environmental states [64]. Under
this framework, life restricts the growth of the entropy of its
own state(s) by minimizing the cognitive mismatch (surprise)
between internal inferential models and the environment. This
approach has produced a wide range of intriguing insights,
though its theoretical and philosophical foundations continue
to be critically assessed [65-67]. It is possible that an FEP-like
dynamic underlies the emergence of homeostatic awakening
events. The FEP predicts convergence between living systems’
cognitive models and the environment, such that the persist-
ence of those living systems is maximized. Hence, the
dynamics of homeostasis, allostasis [68,69] and the robust
stability of biological systems at different hierarchical levels
(e.g. organismal to societal) could be interpreted in terms of

the FEP. Note, however, that the divergent feedback dynamics
that lead to burnout are beyond the scope of the FEP and
require different explanatory frameworks.

How might one imagine testing the asymptotic burnout
and homeostatic awakening hypotheses? The most conclus-
ive evidence would take the form of exo-anthropology—the
direct observation of extant or extinct exo-civilizations. How-
ever, this is not likely to be achieved with present or near-
future technologies. Ironically, if the burnout-awakening
hypothesis is true, exo-anthropology might be an extraordi-
narily rare activity across the cosmos, limited to instances
where civilizations can identify the signs of burnout or awa-
kening on neighbouring planets that host(ed) life, or the post-
burnout remnants of a prior civilization on their planet [70].

The burnout-awakening hypothesis does not preclude
the remote detection of exo-civilizations, be they approaching
burnout or post-awakening, via planetary-scale technosigna-
tures. Such technosignatures include electromagnetic
transmissions (both accidental and purposeful), industrial
changes to atmospheric chemistry, the construction of artifi-
cial structures in space and the complexity of planetary
time series measurements [71-75].

In fact, civilizations that are near burnout may be the most
detectable exo-civilizations, as they would be altering their
environments and dissipating free energy in a wildly unsus-
tainable manner—fluctuations on the planetary scale that
exhibit the largest signal-to-noise. This presents the possi-
bility that a good many of humanity’s initial detections of
extraterrestrial life may be of the intelligent, though not yet
wise, kind. Observing such burnouts (provided humanity is
long lived enough to do so) would provide potential confir-
mation of part of our hypothesis. On the other hand,
persistent civilizations that transition through homeostatic
awakening may be difficult or impossible to detect. If so,
this would be sympatico with Karl Schroeder’s recasting of
Arthur C. Clarkes’” ‘technology looks like magic” proposition:
‘Any sufficiently advanced civilization will be indistinguish-
able from Nature’ [76,77].

Regardless of whether the burnout-awakening hypoth-
esis does or does not describe a universal trajectory for life
in the universe, it is critical to know whether humanity is in
danger of suffering from an asymptotic burnout. We hope
that future work will test the assumptions outlined above.
Specifically, we encourage the collection and analysis of
global datasets to quantify how growth, productivity and
other social metrics have changed over time. Informational
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innovations—from printing to radio to the internet—have
allowed for faster and more widespread social interactions
with less of a need for temporal and spatial synchrony
between agents. Can different scaling laws be identified for
different stages of dataome evolution? Can modern civiliza-
tion be treated like one global city driven by virtual social
interactions? At what scales do resources become constrain-
ing and could yet unrealized energy transitions liberate a
civilization from burnout trajectory? We also encourage
theoretical work to complement these empirical analyses.
A deeper theoretical understanding of the dynamics that
determine the value of f may reveal suggestions for how
we can enact a fundamental change to our ‘way of life’ that
helps us consciously avoid self-induced collapse.

Authors” contributions. M.L.W.: conceptualization, investigation, visual-
ization, writing—original draft and writing—review and editing;
S.J.B.: investigation, validation, writing—original draft and writ-
ing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.
Funding. We received no funding for this study.

Acknowledgements. We are greatly indebted to Caleb Scharf and Robert
M. Hazen for constructive feedback on early drafts of this manu-
script. M.L.W. gratefully acknowledges conversations with Desun
Oka and thanks Nadia Drake, Nathalie Cabrol, Ann Marie Cody
and Jill Tarter for insightful discussions at the SETI Institute/George-
town University’s virtual event ‘Earth at the Crossroads: Can the
Study of Other Worlds Help Us Save This One?’ Finally, we thank
Marcus Hamilton and our anonymous peer reviewer for their
constructive comments that strengthened our ideas and provided

Data accessibility. This article has no additional data.

valuable additional context.

References
1. Hazen RM, Griffin PL, Carothers JM, Szostak JW. 13. Glaeser EL, Sacerdote B. 1999 Why is there more quantitative biology, vol. 29. pp. 185-187. Cold
2007 Functional information and the emergence of crime in cities? J. Polit. Econ. 107, $225-5258. Spring Harbor, NY: Cold Spring Harbor Laboratory
biocomplexity. Proc. Nat/ Acad. Sci. USA 104, (doi:10.1086/250109) Press.
8574-8581. (doi:10.1073/pnas.0701744104) 14.  Stier AJ, Berman MG, Bettencourt L. 2020 COVID-19 25. Pinna S, Kunz C, Harrison S, Jordan SF, Ward J,
2. Walker SI, Davies PC. 2013 The algorithmic origins attack rate increases with city size. arXiv preprint Werner F, Lane N. 2021 A prebiotic basis for ATP as
of life. J. R. Soc. Interface 10, 20120869. (doi:10. arXiv:2003.10376. (doi:10.1101/2020.03.22.20041004) the universal energy currency. bioRxiv.
1098/rsif.2012.0869) 15. West GB. 2017 Scale: the universal laws of growth, 26.  Walker JE. 2013 The ATP synthase: the understood,
3. Bartlett S, Wong ML. 2020 Defining lyfe in the innovation, sustainability, and the pace of life in the uncertain and the unknown. Biochem. Soc.
universe: from three privileged functions to four organisms, cities, economies, and companies. Trans. 41, 1-16. (doi:10.1042/BST20110773)
pillars. Life 10, 42. (doi:10.3390/1ife10040042) Baltimore, MD: Penguin Press. 27. Field (B, Behrenfeld MJ, Randerson JT, Falkowski P.
4. Szathméry E, Smith JM. 1995 The major 16. Beria P, Lunkar V. 2020 Presence and mobility of 1998 Primary production of the biosphere:
evolutionary transitions. Nature 374, 227-232. the population during Covid-19 outbreak and integrating terrestrial and oceanic components.
(doi:10.1038/374227a0) lockdown in ltaly. Munich Personal RePEc Archive. Science 281, 237-240. (doi:10.1126/science.281.
5. Judson OP. 2017 The energy expansions of See https:/mpra.ub.uni-muenchen.de/100896/. 5374.237)
evolution. Nat. Ecol. Evol. 1, 1-9. (doi:10.1038/ 17. Bloom N, Ramani A. 2021 The donut effect of 28. Raven JA. 2009 Contributions of anoxygenic and
$41559-017-0138) Covid—19 on Cities. Center for Economic oxygenic phototrophy and chemolithotrophy to
6. Scharf C. 2021 The ascent of information. Baltimore, Performance, No.1793. See https://cep.Ise.ac.uk/ carbon and oxygen fluxes in aquatic environments.
MD: Penguin Publishing Group. pubs/download/dp1793.pdf. Aqu. Microbial Ecol. 56, 177-192. (doi:10.3354/
7. Bocquet-Appel JP. 2011 When the world’s 18.  Ramani A, Bloom N. 2021 The donut effect of ame01315)
population took off: the springboard of the (OVID-19 on cities (No. w28876). Cambridge, MA: 29.  Koonin EV. 2017 Frozen accident pushing 50:
Neolithic demographic transition. Science 333, National Bureau of Economic Research. stereochemistry, expansion, and chance in the
560-561. (doi:10.1126/science.1208880) 19.  Milgram S. (1970). The experience of living in cities: evolution of the genetic code. Life 7, 22. (doi:10.
8. Wells JC, Stock JT. 2020 Life history transitions at a psychological analysis. In Annual Meeting of the 3390/1ife7020022)
the origins of agriculture: a model for American Psychological Assoc., Sep, 1969, 30. Kauffman SA. 1993 The origins of order: self-
understanding how niche construction impacts Washington, DG, US. This paper is based on an organization and selection in evolution. New York,
human growth, demography and health. Front. Invited Address presented to the Division of General NY: Lightning Source UK Ltd.
Endocrinol. 11, 325. (doi:10.3389/fend0.2020. Psychology at the aforementioned meeting. 31. Venkataram S, Monasky R, Sikaroodi SH,
00325) American Psychological Association. Kryazhimskiy S, Kacar B. 2020 Evolutionary
9. Batty M. 2017 The new science of cities. Cambridge, ~ 20. Morowitz H, Smith E. 2007 Energy flow and the stalling and a limit on the power of natural
MA: MIT Press. organization of life. Complexity 13, 51-59. (doi:10. selection to improve a cellular module. Proc. Nat/
10.  Bettencourt LM, Lobo J, Helbing D, Kiihnert C, West 1002/cplx.20191) Acad. Sci. USA 117, 18 582—18 590. (doi:10.1073/
GB. 2007 Growth, innovation, scaling, and the pace  21. Russell MJ, Nitschke W, Branscomb E. 2013 The pnas.1921881117)
of life in cities. Proc. Natl Acad. Sci. USA 104, inevitable journey to being. Phil. Trans. R. Soc. B 368, ~ 32. Benson L, Petersen K, Stein J. 2007 Anasazi
7301-7306. (doi:10.1073/pnas.0610172104) 20120254, (doi:10.1098/rsth.2012.0254) (pre-Columbian Native-American) migrations
11. West GB, Brown JH. 2005 The origin of allometric ~ 22. Smith E, Morowitz HJ. 2016 The origin and nature of during the middle-12th and late-13th
scaling laws in biology from genomes to life on earth: the emergence of the fourth geosphere. centuries—were they drought induced? Clim.
ecosystems: towards a quantitative unifying Cambridge, UK: Cambridge University Press. (Change 83, 187-213. (doi:10.1007/510584-006-
theory of biological structure and organization. 23. Woese CR. 1964 Universality in the genetic code. 9065-y)
J. Exp. Biol. 208, 1575-1592. (doi:10.1242/ Science 144, 1030-1031. (doi:10.1126/science.144. 33. Oglesby RJ, Sever TL, Saturno W, Erickson Il DJ,
jeb.01589) 3621.1030) Srikishen J. 2010 Collapse of the Maya: could
12. Bornstein MH, Bornstein HG. 1976 The pace of life. ~ 24. Abel P. 1964 Evidence for the universality of the deforestation have contributed? J. Geophys. Res.

Nature 259, 557-559. (doi:10.1038/259557a0)

genetic code. In Cold Spring Harbor symposia on

115, D12106. (doi:10.1029/2009JD011942)

62002207 ‘6L ua3ul 20s Y °r  yisi/jeunol/bio-buiysigndAiaposiesol H


http://dx.doi.org/10.1073/pnas.0701744104
http://dx.doi.org/10.1098/rsif.2012.0869
http://dx.doi.org/10.1098/rsif.2012.0869
http://dx.doi.org/10.3390/life10040042
http://dx.doi.org/10.1038/374227a0
http://dx.doi.org/10.1038/s41559-017-0138
http://dx.doi.org/10.1038/s41559-017-0138
http://dx.doi.org/10.1126/science.1208880
http://dx.doi.org/10.3389/fendo.2020.00325
http://dx.doi.org/10.3389/fendo.2020.00325
http://dx.doi.org/10.1073/pnas.0610172104
http://dx.doi.org/10.1242/jeb.01589
http://dx.doi.org/10.1242/jeb.01589
http://dx.doi.org/10.1038/259557a0
http://dx.doi.org/10.1086/250109
http://dx.doi.org/10.1101/2020.03.22.20041004
https://mpra.ub.uni-muenchen.de/100896/
https://mpra.ub.uni-muenchen.de/100896/
https://cep.lse.ac.uk/pubs/download/dp1793.pdf
https://cep.lse.ac.uk/pubs/download/dp1793.pdf
https://cep.lse.ac.uk/pubs/download/dp1793.pdf
http://dx.doi.org/10.1002/cplx.20191
http://dx.doi.org/10.1002/cplx.20191
http://dx.doi.org/10.1098/rstb.2012.0254
http://dx.doi.org/10.1126/science.144.3621.1030
http://dx.doi.org/10.1126/science.144.3621.1030
http://dx.doi.org/10.1042/BST20110773
http://dx.doi.org/10.1126/science.281.5374.237
http://dx.doi.org/10.1126/science.281.5374.237
http://dx.doi.org/10.3354/ame01315
http://dx.doi.org/10.3354/ame01315
http://dx.doi.org/10.3390/life7020022
http://dx.doi.org/10.3390/life7020022
http://dx.doi.org/10.1073/pnas.1921881117
http://dx.doi.org/10.1073/pnas.1921881117
http://dx.doi.org/10.1007/s10584-006-9065-y
http://dx.doi.org/10.1007/s10584-006-9065-y
https://doi.org/10.1029/2009JD011942

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

46.

47.

D’Andrea WJ, Huang Y, Fritz SC, Anderson NJ. 2011
Abrupt Holocene climate change as an important
factor for human migration in West Greenland. Proc.
Natl Acad. Sci. USA 108, 9765-9769. (doi:10.1073/
pnas.1101708108)

Cook B, Anchukaitis KJ, Kaplan JO, Puma MJ, Kelley
M, Gueyffier D. 2012 Pre-Columbian deforestation as
an amplifier of drought in Mesoamerica. Geophys.
Res. Lett. 39, 16706. (doi:10.1029/2012GL052565)
Medina-Elizalde M, Rohling EJ. 2012 Collapse of
Classic Maya civilization related to modest reduction
in precipitation. Science 335, 956-959. (doi:10.
1126/science.1216629)

McGowan H, Marx S, Moss P, Hammond A. 2012
Evidence of ENSO mega-drought triggered collapse
of prehistory Aboriginal society in northwest
Australia. Geophys. Res. Lett. 39, L22702. (doi:10.
1029/2012GL053916)

Lawrence D, Palmisano A, de Gruchy MW. 2021
Collapse and continuity: a multi-proxy
reconstruction of settlement organization and
population trajectories in the Northern Fertile
Crescent during the 4.2 kya Rapid Climate Change
event. PLoS ONE 16, €0244871. (doi:10.1371/
journal.pone.0244871)

Atkinson QD. 2011 Phonemic diversity supports a
serial founder effect model of language expansion
from Africa. Science 332, 346-349. (doi:10.1126/
science.1199295)

Perreault C, Mathew S. 2012 Dating the origin of
language using phonemic diversity. PLoS ONE 7,
€35289. (doi:10.1371/journal.pone.0035289)

Smith ME. 2001 The earliest cities in urban life. In
Readings in urban anthropology 4th edn (eds G
Gmelch, WP Zenner), pp. 3-19. Long Grove, IL:
Waveland Press.

Powell BB. 2009 Writing: theory and history of the
technology of civilization. Chichester, UK: Wiley-
Blackwell.

Levin M, Dennett D. 2020 Cognition all the way
down. Aeon Essays. Retrieved 22 December 2021.
Stockholm International Peace Research Institute.
2020 World nuclear forces. Oxford, UK: Oxford
University Press.

Chernet B, Levin M. 2013 Endogenous voltage
potentials and the microenvironment: bioelectric
signals that reveal, induce and normalize cancer.
J. (in. Exp. Oncol. s1, $1-002. (doi:10.4172/2324-
9110.51-002)

Riol A, Cervera J, Levin M, Mafe S. 2021 Cell systems
bioelectricity: how different intercellular gap
junctions could regionalize a multicellular
aggregate. Cancers 13, 5300. (doi:10.3390/
cancers13215300)

Harris MP. 2021 Bioelectric signaling as a unique
regulator of development and regeneration.
Development 148, dev180794. (doi:10.1242/dev.180794)

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Arnellos A, Moreno A. 2015 Multicellular agency: an
organizational view. Biol. Phil. 30, 333-357.
(doi:10.1007/510539-015-9484-0)

Levin M. 2019 The computational boundary of a
‘self: developmental bioelectricity drives
multicellularity and scale-free cognition. Front.
Psychol. 10, 2688. (doi:10.3389/fpsyg.2019.02688)
Levin M. 2021 Bioelectric signaling:
reprogrammable circuits underlying embryogenesis,
regeneration, and cancer. Cell 184, 1971-1989.
(doi:10.1016/j.cell.2021.02.034)

Frank A, Grinspoon D, Walker S. 2022 Intelligence as
a planetary scale process. Int. J. Astrobiol. 1-15.
(doi:10.1017/5147355042100029X)

von Neumann J, Burks AW. 1966 Theory of self-
reproducing automata, vol. 1102024. Urbana, IL:
University of Illinois press.

Hart MH, Zuckerman B. 1982 An explanation for the
absence of extraterrestrials on Earth. In
Extraterrestrials: where are they? pp. 1-8.
Cambridge, UK: Cambridge University Press.
Wright JT, Mullan B, Sigurdsson S, Povich MS. 2014
The G infrared search for extraterrestrial civilizations
with large energy supplies. I. Background and
justification. Astrophys. J. 792, 26. (doi:10.1088/
0004-637X/792/1/26)

Carroll-Nellenback J, Frank A, Wright J, Scharf C. 2019
The Fermi paradox and the aurora effect: exo-civilization
settlement, expansion, and steady states. Astronomical
J. 158, 117. (d0i:10.3847/1538-3881/ah31a3)

Garrett MA. 2015 Application of the mid-IR radio
correlation to the G sample and the search for advanced
extraterrestrial civilisations. Astronomy Astrophys. 581,
L5. (doi:10.1051/0004-6361/201526687)

Haqg-Misra JD, Baum SD. 2009 The sustainability
solution to the Fermi paradox. arXiv preprint
arXiv:0906.0568.

Drake F. 1965 The radio search for intelligent
extraterrestrial life. Curr. Aspects Exobiol. 32, 323.
(doi:10.1016/B978-1-4832-0047-7.50015-0)

Kempes (P, Krakauer DC. 2021 The multiple paths
to multiple life. J. Mol. Evol. 89, 415-426. (doi:10.
1007/500239-021-10016-2)

Bains W. 2004 Many chemistries could be used to
build living systems. Astrobiology 4, 137-167.
(doi:10.1089/153110704323175124)

Lv KP, Norman L, Li YL. 2017 Oxygen-free
biochemistry: the putative CHN foundation for exotic
life in a hydrocarbon world? Astrobiology 17,
1173-1181. (doi:10.1089/ast.2016.1574)
Krishnamurthy R. 2018 Life’s biological chemistry: a
destiny or destination starting from prebiotic
chemistry? Chemistry—A European Journal 24,

16 708—16 715. (doi:10.1002/chem.201801847)
Petkowski JJ, Bains W, Seager S. 2020 On the
potential of silicon as a building block for life. Life
10, 84. (doi:10.3390/life10060084)

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

74.

75.

76.

71.

Friston K. 2013 Life as we know it. J. R. Soc.
Interface 10, 20130475. (doi:10.1098/rsif.
2013.0475)

Aguilera M, Millidge B, Tschantz A, Buckley CL.
2021 How particular is the physics of the free
energy principle? Phys. Life Rev. 40, 24-50. (doi:10.
1016/j.plrev.2021.11.001)

Biehl M, Pollock FA, Kanai R. 2021 A technical
critique of some parts of the free energy principle.
Entropy 23, 293. (doi:10.3390/e23030293)
Colombo M, Wright C. 2021 First principles in the
life sciences: the free-energy principle, organicism,
and mechanism. Synthese 198, 3463—3488. (doi:10.
1007/511229-018-01932-w)

Corcoran A, Pezzulo G, Hohwy J. 2020 From
allostatic agents to counterfactual cognisers: active
inference, biological regulation, and the origins of
cognition. Biol. Phil. 35, 32. (doi:10.1007/510539-
020-09746-2)

Tschantz A, Barca L, Maisto D, Buckley CL, Seth AK,
Pezzulo G. 2022 Simulating homeostatic, allostatic
and goal-directed forms of interoceptive control
using active inference. Biol. Psychol. 169, 108266.
(doi:10.1016/j.biopsycho.2022.108266)

Schmidt GA, Frank A. 2019 The Silurian
hypothesis: would it be possible to detect an
industrial civilization in the geological record?

Int. J. Astrobiol. 18, 142-150. (doi:10.1017/
$1473550418000095)

Tarter JC. 2006 The evolution of life in the Universe:
are we alone? Proc. Int. Astron. Union 2, 14-29.
(doi:10.1017/51743921307009829)

Margot JL, Croft S, Lazio TJW, Tarter J, Korpela EJ.
2019 The radio search for technosignatures in the
decade 2020-2030. arXiv preprint arXiv:1903.05544.
Wright JT. 2019 Searches for technosignatures: the
state of the profession. arXiv preprint
arXiv:1907.07832.

Kopparapu R, Amey G, Haqq-Misra J, Lustig-Yaeger
J, Villanueva G. 2021 Nitrogen dioxide pollution
as a signature of extraterrestrial technology.
Astrophys. J. 908, 164. (doi:10.3847/1538-4357/
abd7f7)

Bartlett S, Li J, Gu L, Sinapayen L, Fan S, Natraj V,
Yung YL. 2022 Assessing planetary complexity and
potential agnostic biosignatures using epsilon
machines. Nat. Astronomy 6, 387-392. (doi:10.
1038/541550-021-01559-x)

Schroeder K. 2011 November 11). The deepening
paradox. The Deepening Paradox -
KarlSchroeder.com. Retrieved March 28, 2022. See
https:/www.kschroeder.com/weblog/the-
deepening-paradox.

Ivanov VD, Beamin JC, Caceres C, Minniti D. 2020
A qualitative classification of extraterrestrial
civilizations. Astronomy Astrophys. 639, A94.
(doi:10.1051/0004-6361/202037597)

62002207 ‘6L ua3ul 20s Y °r  yisi/jeunol/bio-buiysigndAiaposiesol


http://dx.doi.org/10.1073/pnas.1101708108
http://dx.doi.org/10.1073/pnas.1101708108
http://dx.doi.org/10.1029/2012GL052565
http://dx.doi.org/10.1126/science.1216629
http://dx.doi.org/10.1126/science.1216629
http://dx.doi.org/10.1029/2012GL053916
http://dx.doi.org/10.1029/2012GL053916
http://dx.doi.org/10.1371/journal.pone.0244871
http://dx.doi.org/10.1371/journal.pone.0244871
http://dx.doi.org/10.1126/science.1199295
http://dx.doi.org/10.1126/science.1199295
http://dx.doi.org/10.1371/journal.pone.0035289
http://dx.doi.org/10.4172/2324-9110.S1-002
http://dx.doi.org/10.4172/2324-9110.S1-002
http://dx.doi.org/10.3390/cancers13215300
http://dx.doi.org/10.3390/cancers13215300
http://dx.doi.org/10.1242/dev.180794
http://dx.doi.org/10.1007/s10539-015-9484-0
http://dx.doi.org/10.3389/fpsyg.2019.02688
http://dx.doi.org/10.1016/j.cell.2021.02.034
https://doi.org/10.1017/S147355042100029X
http://dx.doi.org/10.1088/0004-637X/792/1/26
http://dx.doi.org/10.1088/0004-637X/792/1/26
http://dx.doi.org/10.3847/1538-3881/ab31a3
http://dx.doi.org/10.1051/0004-6361/201526687
http://dx.doi.org/10.1016/B978-1-4832-0047-7.50015-0
http://dx.doi.org/10.1007/s00239-021-10016-2
http://dx.doi.org/10.1007/s00239-021-10016-2
http://dx.doi.org/10.1089/153110704323175124
http://dx.doi.org/10.1089/ast.2016.1574
http://dx.doi.org/10.1002/chem.201801847
http://dx.doi.org/10.3390/life10060084
http://dx.doi.org/10.1098/rsif.2013.0475
http://dx.doi.org/10.1098/rsif.2013.0475
http://dx.doi.org/10.1016/j.plrev.2021.11.001
http://dx.doi.org/10.1016/j.plrev.2021.11.001
http://dx.doi.org/10.3390/e23030293
http://dx.doi.org/10.1007/s11229-018-01932-w
http://dx.doi.org/10.1007/s11229-018-01932-w
http://dx.doi.org/10.1007/s10539-020-09746-2
http://dx.doi.org/10.1007/s10539-020-09746-2
http://dx.doi.org/10.1016/j.biopsycho.2022.108266
http://dx.doi.org/10.1017/S1473550418000095
http://dx.doi.org/10.1017/S1473550418000095
http://dx.doi.org/10.1017/S1743921307009829
http://dx.doi.org/10.3847/1538-4357/abd7f7
http://dx.doi.org/10.3847/1538-4357/abd7f7
http://dx.doi.org/10.1038/s41550-021-01559-x
http://dx.doi.org/10.1038/s41550-021-01559-x
https://www.kschroeder.com/weblog/the-deepening-paradox
https://www.kschroeder.com/weblog/the-deepening-paradox
https://www.kschroeder.com/weblog/the-deepening-paradox
http://dx.doi.org/10.1051/0004-6361/202037597

	Asymptotic burnout and homeostatic awakening: a possible solution to the Fermi paradox?
	Introduction
	Life as a feedback between flows of information and energy
	Where do we fit in? The rise of human civilization and the dataome
	Cities as a new universality class exhibiting unbounded growth

	The asymptotic burnout hypothesis
	A virtually connected world as a global city
	Generalizing towards exo-civilizations
	Singularities at the civilization scale

	The homeostatic awakening hypothesis
	Burnout and awakening in the context of the Fermi paradox
	Discussion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


