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Abstract

The thermodynamic evolution of the universe is characterized by the gradual dissipation of large-scale energy gradients while
simultaneously enabling the emergence of chemical complexity, life, and cognition. This apparent paradox reflects the role of localized,
work-extracting disequilibria that sustain ordered structures even as the universe trends toward equilibrium. Within these transient
energetic niches, matter organizes into increasingly complex systems, culminating in biological and cognitive phenomena. The
widespread presence of organic precursors suggests that prebiotic chemistry is a natural consequence of thermodynamic conditions
wherever suitable gradients persist. Across scales, a unifying principle emerges in which energy flow and information processing are
coupled through conserved molecular interactions, including conformational matching. As cosmic evolution proceeds—marked by
declining star formation since cosmic noon and continued cooling—complex systems appear increasingly dependent on energetic
efficiency rather than abundance. In this context, cognition and computation may represent advanced thermodynamic strategies for
optimizing residual energy gradients. Intelligence thus emerges as a transient yet profound phase in the evolutionary trajectory of

matter.
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Introduction

The evolution of the universe can be understood through
thermodynamic principles governing energy distribution and
transformation. Following cosmic expansion, matter and energy
became dispersed across spacetime, initiating a long-term
trajectory toward equilibrium [1,2]. Despite this global trend,
localized regions of disequilibrium persist and provide the
conditions necessary for the emergence of structured complexity.
A central concept in this process is that of work-extracting energy

gradients, defined as physical disequilibria capable of performing
work. These include thermal, chemical, redox, gravitational,
and radiative gradients. Such gradients sustain ordered systems
consistent with dissipative structures described by Prigogine [3].
Recent developments in statistical physics indicate that systems far
from equilibrium evolve toward configurations that enhance energy
dissipation, thereby promoting self-organization and replication
[4]. Within this framework, biological systems emerge as natural
consequences of thermodynamic processes. The heterogeneous
environments generated by stellar nucleosynthesis, gravitational
evolution, and planetary formation create energetic landscapes
that support increasing complexity [5-7]. Life and cognition can
thus be interpreted as higher-order dissipative structures, although
constrained to localized domains by thermodynamic limits [7,8]
(Figure 1).
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Figure 1: Thermodynamic progression from energy gradients to cognition and technological systems.

This schematic illustrates the hierarchical emergence of complexity driven by work-extracting energy gradients. Initial physicochemical
gradients, including thermal, chemical, redox, gravitational, and radiative sources, enable prebiotic chemical interactions and
molecular assembly. Coacervate-like systems provide localized environments for molecular concentration and stabilization, facilitating
conformational matching as a fundamental mechanism of molecular recognition. These processes support the emergence of biological
systems characterized by metabolism, replication, and cellular organization. Increasing complexity gives rise to cognitive systems
capable of information processing and adaptive response. At higher levels, integration of biological cognition with technological systems
enables large-scale reorganization of energy flows. Across all stages, system persistence is constrained by cosmic limits, including
progressive energy dissipation, universal cooling, and relativistic boundaries. This framework positions cognition and technological
intelligence as thermodynamically grounded extensions of matter evolution.
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Energy Gradients and Chemical Complexity

The chemical evolution of the universe began with light element
formation followed by stellar nucleosynthesis producing heavier
elements required for complex chemistry [5]. As the universe
cooled, these elements combined into molecules, enabling
increasingly sophisticated chemical interactions. Cosmochemical
studies demonstrate that precursors of life are widespread.
Analyses of asteroid Bennu samples have revealed ammonia,
organic compounds, and prebiotic molecules, supporting the
view that chemical complexity emerges naturally under suitable
thermodynamic conditions [9,10]. As star formation declines
following cosmic noon, total energy throughput decreases [6,11].
However, lower-energy environments may favor molecular
stability, supporting the persistence and evolution of complex
chemical systems [6,7].

Prebiotic Chemistry and Conformational Matching

The transition from chemistry to biology likely occurred in
environments where energy gradients facilitated molecular
concentration and interaction. Coacervate-like systems provide
plausible microenvironments for stabilizing primitive biochemical
networks [12]. Within these systems, conformational matching,
structural compatibility between molecules, enables selective
interaction and molecular recognition [13]. This principle
represents a thermodynamically favorable mechanism through
which stable biochemical configurations emerge. Such interactions
provide a bridge from random chemistry to organized biological
systems capable of replication and information processing [12,13].

Biological Continuity and Molecular Interaction

\Biological evolution reflects a continuum of molecular interaction
and energy transfer rather than isolated events. Processes such
as horizontal gene transfer, viral integration, and endosymbiosis
demonstrate the interconnected nature of living systems [12].
This continuity extends from molecular to organismal scales
and is unified by conserved structural and energetic principles.
Conformational matching operates across these levels, enabling
communication and functional integration [13,14]. In neural
systems, these same principles underpin signaling specificity
and information processing, linking molecular interactions to
cognition.

Cognition, Cosmic Cooling and Intelligent Systems

Observational cosmology indicates that star formation peaked
approximately 8—12 billion years ago and has since declined [6,9],
while the universe continues to cool [2]. These changes reflect
a reduction in energy availability across cosmic time. Under
such conditions, the persistence of complex systems depends
increasingly on efficiency rather than abundance. Thermodynamic

gradients remain central drivers of organization, but systems
capable of optimizing energy utilization are favored. At the
planetary scale, intelligent civilizations reorganize energy flows
across biospheres [8]. Cognition and computation may therefore
represent advanced thermodynamic strategies, “cold cognition”,
optimized for low-energy environments [7]. However, relativistic
limits constrain communication and travel across cosmic distances
[15], and the energetic requirements for interstellar exploration
remain substantial [16,17]. Combined with evolutionary
asynchrony, these factors likely result in the isolation of intelligent
systems [18]. Thus, the absence of detectable extraterrestrial
intelligence may reflect thermodynamic and physical constraints
rather than true absence [7,19].

Conclusion

The thermodynamic evolution of the universe provides a coherent
framework for understanding the emergence of chemical
complexity, life, and cognition. At the moment of cosmic inflation,
energy dispersed with extraordinary rapidity, and as the universe
expanded and cooled, this energy progressively condensed into
structure—first into fundamental particles, then into atoms,
and ultimately into the elements that compose matter. This
transformation was not random; it was governed by underlying
energy gradients that directed how particles formed, interacted, and
stabilized. As global energy gradients declined over cosmic time,
local gradients persisted, enabling the emergence of increasingly
complex systems with the capacity to communicate, replicate, and
adapt. In parallel, these earliest processes established a fundamental
principle of organization—compatibility, or “fitting”—where
stability depended not only on energetic favorability but also on how
well structures aligned, an early manifestation of conformational
matching. From this foundation, increasing complexity unfolded
in a continuous and cumulative manner. Atoms combined into
molecules, molecules into more intricate chemical systems, and
ultimately into the precursors of biological organization. Each
stage built upon prior structures, constrained and enabled by the
same energy gradients and structural compatibilities established
in the earliest moments of the universe. The principle of
conformational matching thus explains how consistent molecular
structures facilitate communication among biochemical systems,
driving progressively complex biological organization. Prebiotic
systems in coacervate-like microenvironments may have provided
the initial setting in which primitive biochemical networks were
stabilized [12]. In this sense, biological evolution represents a
profound energetic and informational continuity rooted in shared
chemical origins and conserved interaction dynamics. As cosmic
energy gradients continue to diminish, the persistence of complex
systems increasingly depends on efficiency rather than abundance.
Biological systems exploit remaining gradients, adapting
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dynamically to fluctuations in energy availability while preserving
the principle of structural “fit.” Intelligence and technology may
therefore be understood as transient yet profound expressions
of matter’s capacity to organize and process information under
thermodynamic constraints. Within this framework, cognition
emerges not as an isolated phenomenon, but as a phase in the
broader evolution of matter—one in which the universe, through
organized complexity, attains the capacity to reflect upon itself [7].
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