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Abstract

The evolutionary process of matter from a hot plasma to self-conscious cognition follows a multi-scale thermodynamic process
characterized by temporary gradients of energy in an expanding universe. The continued expansion of the universe allows for a
series of organization levels, including astrophysical, chemical, biological, and informational, all of which are consistent with an
increase in entropy on a universal scale. The observation that, according to astronomical data, star formation and energy flow have
been in a period of decrease since cosmic noon implies a universe in which cold temperatures and, in turn, longevity of complex
systems could be gauged by their efficiency rather than their abundance. Cognition and computation in this context would be
understood to be physically and thermodynamically driven phenomena in which longevity depends on the degree of cooling in the
universe. This understanding of the history of the universe removes the concept of a universe ending in “nothing” and replaces it with
a universe running out of “work-extracting gradients.” This thermodynamic trajectory of the universe also has strong implications
for the potential for intelligent civilizations to interact and communicate with one another over cosmic distances. The same laws of
physics that drive the evolution of matter to cognition also establish the limits on communicating and traveling across the universe.

Intelligent life could exist in many parts of the universe and yet remain permanently isolated from one another.
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A Unified Thermodynamic Narrative

The evolution of the universe is viewed as one process or rather
the continuum of the thermodynamic evolution. The universe is
viewed as a constrained system with low entropy, especially in the
gravity mode. Nevertheless, the universe is viewed as evolving
over time due to the evolution of the universe, which allows for
the gradients that can be harnessed to generate energy. This is in
conformity with the Lambda Cold Dark Matter (ACDM) model,
which is highly supported by the data from the cosmic microwave
background, the large-scale structure, supernovae, and the age of
the universe, which is about 13.8 billion years [1,2]. There are,
however, aspects of the above that need clarification to ensure
that the above ideas are not misconstrued. One of the ideas is that
the concept of the conservation of energy is not applicable at the
universal level. Although the stress-energy tensor is conserved at
the local level in the theory of general relativity, the concept of

the conservation of energy at the universal level is not applicable.
“Total energy” simply does not exist [3]. Moreover, the second law
of thermodynamics does not imply that the universe becomes more
disordered. On the contrary, the second law of thermodynamics
asserts that the total entropy of the universe increases. However,
the systems in the universe can become more ordered through
the export of entropy. This is due to the theory of nonequilibrium
thermodynamics, which explains the “dissipative structures” [4].
The idea that the universe terminates in “nothingness” simply
means that the universe runs out of free energy gradients that can
perform work [5,1]. In the above framework of the evolution of the
universe, the concept of cognition can be considered as one of the
late stages of the evolution of matter, where matter uses the free
energy gradients for work. Moreover, the intelligent systems are
not exceptions, but rather the results of the information processing
that takes place in the framework of the thermodynamic evolution
of the universe.

Early-Universe Thermodynamics and the Survival of Matter

In the context of the standard model of hot Big Bang cosmology,
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the universe was composed of a plasma, with matter particles
constantly being created and annihilated, thus in a state of
equilibrium. However, with the passage of time, the rate of reactions
slowed in comparison with the rate of cosmological expansion,
and different matter particles started “freezing out” of equilibrium.
There are two time periods in the universe characterized by this era.
The first is the Big Bang Nucleosynthesis, which occurred in the
first few minutes after the Big Bang, producing the majority of the
universe’s hydrogen, helium, and trace amounts of lithium [6]. The
second is the recombination, which occurred after 380,000 years,
where electrons started combining with the nuclei, producing
atoms and the cosmic microwave background radiation observed
in the universe today [2]. Another requirement in the existence of
matter is the presence of baryon asymmetry, where the amount of
matter observed in the universe is just one part per billion, which
has managed to evade the annihilating plasma state of the universe
in the past [7,8].

From Atoms to Life: Exploiting Gradients

After the formation of atoms and gravitational magnification of
initial density fluctuations, the universe became thermodynamically
heterogeneous. The presence of galaxies, stars, and planets led
to thermodynamic heterogeneities such as large contrasts in
temperature, density, and chemical potential [9]. The rate of star
formation has been observed to increase rapidly and peak during
a period referred to as cosmic noon before gradually decreasing
over time [9]. Stars and supernovae contributed to the chemical
foundations for rocky planets and complex organic chemistry [10].
Life is a far-from-equilibrium steady state sustained by external
thermodynamic coupling to energy sources such as star radiation.
In this regard, life can be seen as a thermodynamic phenomenon
and not a violation of thermodynamic laws. Recent theories
indicate that driven systems far from thermodynamic equilibrium
can spontaneously form structures that can dissipate energy
efficiently, giving rise to a possible solution to the emergence of
life and self-organization [4,11]. This leads to the emergence of
cognition, or matter that can process and represent information
about its surroundings. However, it is worth noting that the same
environment that allows for cognition to emerge imposes limits on
how far it can extend into space.

Cognition in a Cooling Universe

In this sense, human cognitive ability can be seen as an empirical
manifestation of matter’s capacity for self-referential information
processing. Yet, cosmology does not necessitate the emergence of
intelligence at any particular epoch within the universe’s history.
Indeed, some models imply that the probability of life might be
greater in the far future, located near low-mass stars that live longer
than Sun-like stars by orders of magnitude [12]. The universe is,
however, unequivocally evolving toward colder temperatures
and less intense gradients of temperature. Observational data, as
well as ACDM-based models, demonstrate that the rate of star
formation has been decreasing since redshifts of 1-2, radiation
is continuously red shifting, and matter is becoming increasingly
dilute [9,1,12,13]. Seen in this context, cognitive ability itself
may be evolving toward a cold-phase regime of evolution, where
efficiency, information compression, and dissipation lessness
become increasingly significant.

This cooling-based picture of the universe also offers a new
perspective on one of the most debated issues: the problem
of cosmic silence, which can be explained not by the rarity of
intelligent civilizations but by the overwhelming physical distances
between civilizations within an evolving universe (Figure 1). If
the universe is progressively “budget-constrained” by cooling and
by diminishing free-energy gradients, then the emergence and
persistence of intelligence must be evaluated not only as a local
bio spheric phenomenon but also as a cosmologically conditioned
phase of matter. In such a regime, the same physical facts that drive
cognition toward efficiency (finite energy throughput, irreversible
computation costs, and horizon-limited resources) also tend to
suppress large-scale, wasteful endeavors such as routine interstellar
travel. Consequently, “cosmic silence” can be interpreted as a
thermodynamic and relativistic outcome: advanced agents may
be rare in any one epoch, short-lived on astronomical timescales,
energetically disincentivized to traverse interstellar distances, or
strategically delayed until colder eras optimize computation per
unit energy [14-21].
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Figure 1: Hybrid Cognition, Cosmic Time, and the Fermi Paradox. Conceptual schematic illustrating the transition from biologically
constrained cognition to hybrid cognitive systems that integrate biological neural dynamics with artificial intelligence. The illustration
also depicts biological neural substrates and engineered computational architectures converging into distributed, energy-efficient hybrid
cognition capable of scalability, durability, and self-directed evolution. This transition within cosmic time and the Fermi Paradox,
contrasting the possibility that humanity is an early emergent technological civilization with the aestivation hypothesis, in which
advanced hybrid civilizations defer large-scale computation until the universe cools to maximize thermodynamic efficiency. The bottom
arrow represents cosmic evolution from a hot, high-gradient universe to a colder, low-gradient future, emphasizing computation,
cognition, and intelligence as processes constrained—and shaped—by universal thermodynamic limits.

Physical Limits to Interstellar Contact

The silence that has always filled the night sky has been a source
of speculation regarding the presence or absence of intelligent
life in the universe. Physicist Richard Feynman has always
been keen to note that if one is willing to observe the laws of
physics, the silence in the universe is not so mysterious [22].
The universe has hundreds of billions of galaxies and potentially
habitable planets, yet the distances between stars are so great
that the nearest star, Proxima Centauri, is over four light-years
away from Earth. If we are talking in terms of the Milky Way,
which is 100,000 light-years in diameter, the probability that
two technologically advanced civilizations will physically meet
is minuscule [19,23]. The speed of light is a constraint that is a
part of the fabric of space and time, according to Einstein’s theory
of special relativity [24]. The closer we get to the speed of light,
the more energy we must exert to accelerate further, and so even
advanced civilizations are still restricted by relativistic limitations
that constrain travel and communication over vast distances in

space [25]. Propulsion physics also supports the limitations that
have been set forth. The equation for propulsion, derived by
Konstantin Tsiolkovsky, indicates that the fuel necessary to propel
a spacecraft to higher velocities increases exponentially as the
velocity of the spacecraft is increased. Even the most advanced
propulsion systems, such as those derived from nuclear fusion or
antimatter, require vast energy reserves comparable to those of a
star [26, 27]. Another set of limitations that impact the probability
of interstellar communication is derived from the biological and
technological limitations that have been established for life in the
universe. The conditions that life has developed in throughout
the history of the universe have been limited to those of the
planet Earth, where gravity, atmospheric shielding, and magnetic
protection combine to create a stable environment in which life
can develop. However, exposure to long-term radiation, zero
gravity, and isolation pose significant physiological challenges to
both human and robotic systems. Even technological systems can
fail as a result of exposure to space radiation, micrometeoroids,
and thermodynamic breakdown [23]. Another factor that impacts
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the probability of interstellar communication is the temporal
factor that has been established by the development of human
civilization. The time that human civilization has been emitting
detectable radio signals into space has been approximately 100
years, giving us a communication sphere of 100 light-years in
radius. The probability that the development of intelligent life has
been synchronized in such a fashion that both civilizations have
developed simultaneously in the same time frame, within the same
communication sphere, may be extremely low in the vastness of
the universe that is 50,000 light-years in radius [20,28].

Cosmic End-States and “Nothingness”

As far as standard ACDM models are concerned, the most popular
final state of the universe is heat death, or Big Freeze, wherein
eventually all structure formation will cease and the universe will
come to a state of thermodynamic equilibrium [1]. There are a
number of processes that will eventually lead to this final state. One
such process is proton decay, which could eventually lead to the
complete elimination of baryonic matter on a very long timescale
[29]. Black holes will eventually evaporate via Hawking radiation
[30]. The final state of the universe will also depend on the nature
of dark energy. So far, observations are still consistent with a
cosmological constant, but other models are also being explored
[31,32]. Other models that have been proposed include a Big Rip
scenario if phantom energy or vacuum decay is a reality [33,34].
In any case, as far as thermodynamics are concerned, nothingness
or the final state of the universe is not a matter of annihilation but
a matter of losing the usable energy gradients.

Intelligence, Computation, and Thermodynamic Limits

Cognition, whether it is biological or artificial, is ultimately a
physical process that stores and processes information. According
to Landauer’s principle, there is a minimum thermodynamic
cost of logically irreversible cognitive processes [16]. Quantum
computing is a new emerging technology that has the potential to
exploit the power of quantum superpositions and entanglements
[36-42]. However, it has the problems of scaling and error
correction. The possibility of artificial consciousness is still in
the realm of hypothesis and will remain there until a theory of
consciousness is developed (Figure 1) [43, 44]. As the biological
cognitive systems are approaching their energetic and structural
limits, a new paradigm of hybrid cognition could emerge, in which
biological neural systems are enhanced with artificial intelligence
systems, which could potentially provide a more efficient,
scalable, and durable system of intelligence compared with
the biological systems (Figure 1). However, the most advanced
hybrid intelligences will ultimately remain bound by the same
laws of thermodynamics that bound the possibilities of interstellar
communication and computation. The Fermi paradox, or the lack
of extraterrestrial intelligent life, could have a number of other,

possibly more fundamental, thermodynamic or evolutionary
explanations (Figure 1). One possibility is that we are living too
early in the history of the universe, before the emergence of the
extremely large-scale intelligences [18]. Another possibility is the
aestivation theory, which postulates that advanced civilizations
are waiting until the universe cools enough to provide the most
efficient computation per unit of energy (Figure 1) [20,21].

Conclusion
Intelligence In The Thermodynamic Story Of Matter

According to classical reasoning, it might last forever in an endless
universe by slowing down metabolic and computational processes
proportionally to decreasing temperatures [14]. On the other hand,
it has been suggested that, in a universe dominated by dark energy,
stringent limits exist on available energy within a certain horizon
[15]. So, to summarize, we have seen how, from the perspective
of the evolution of the universe, the prospects for intelligent life
might be considered to fall into three categories: survival through
extreme efficiency, survival through new sources of energy, and
survival through cosmological changes. Intelligence, from the
perspective of the overall thermodynamic history sketched out
above, appears to be a transitory but impressive phenomenon in
the evolution of matter. The physical laws which permit matter
to evolve into intelligent life also seem to be those which will
prevent it from communicating over vast distances through space
and which might ultimately prevent it from surviving for any
great period of time. Intelligent civilizations might be ubiquitous
throughout the universe, but forever be out of touch with each
other, briefly participating in the thermodynamic evolution of the
universe before the gradual dissipation of energy gradients which
sustain intelligent phenomena.
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