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Abstract

Artificial General Intelligence (AGI) is commonly discussed as a software or algorithmic construct. This
paper argues that AGI must instead be understood as a physical system governed fundamentally by the
second law of thermodynamics. We demonstrate that learning, reasoning, memory formation, and decision-
making are inherently irreversible processes with unavoidable entropy production. Using principles from
statistical mechanics, information theory, and nonequilibrium thermodynamics, we derive lower bounds on
the energetic cost of intelligence, establish limits on scalability, and distinguish what forms of AGI are
physically possible versus forbidden. We conclude by reframing alignment, efficiency, and safety as
thermodynamic problems rather than purely ethical or computational ones.

Introduction

Intelligence is often treated as an abstract computational phenomenon, separable from the physical
substrate that realizes it. This abstraction is misleading. All computation is physical. Every bit flip, memory
erase, and parameter update corresponds to a physical transformation of matter and energy.

Artificial General Intelligence, defined here as a system capable of open-ended learning, transfer,
abstraction, and goal-directed reasoning across domains, is therefore constrained not only by algorithms but
by thermodynamic law.

The second law of thermodynamics imposes a directional arrow on physical processes. This arrow applies
equally to biological cognition and artificial intelligence. The purpose of this paper is to formalize that

constraint.

Thermodynamic Preliminaries

The Second Law
For a closed system:

AStotal>0

For open systems, local entropy reduction is permitted only if compensated by greater entropy production
in the environment:

ASsystem+ASenvironment=0
AGI must necessarily operate as an open system.
Entropy and Information
Shannon entropy:
H(X)=-i)pilog2pi
Statistical mechanical entropy:

S=kBInQ
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These are not metaphorically related; they are formally connected through statistical physics. Information
compression corresponds to entropy reduction in the representational space and entropy increase in the
physical substrate.

Computation as a Thermodynamic Process

Landauer’s Principle
Erasing one bit of information incurs a minimum energy cost:

Emin=kBTIn2

This result is not technological, it is fundamental.

Any learning system that:
¢ updates weights
e prunes hypotheses
e overwrites memory
must pay this cost.

Irreversibility of Learning

Gradient descent is an irreversible dynamical process. Consider parameter updates:

Bt+1=0t-nVOL

Each update eliminates alternative microstates consistent with previous uncertainty. Reversing this process
would require reconstructing discarded information, violating the second law.

Theorem 1 (Irreversibility of Learning):
Any learning process that reduces model uncertainty must produce entropy in the environment.

Proof:

Reduction of uncertainty implies a decrease in Shannon entropy. By Landauer’s principle, this decrease
requires physical erasure, implying heat dissipation.

Intelligence as Entropy Management

Intelligence Defined Physically

We define intelligence as:

The capacity of a system to locally reduce uncertainty about future states by consuming free energy and

exporting entropy.
This definition applies to biological brains and artificial systems alike.

Free Energy Principle

For an intelligent agent:

F=U-TS
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Minimizing free energy corresponds to improving internal models of the world. However, lowering internal
entropy necessarily increases external entropy.

Scaling Limits of AGI
Energy—Intelligence Coupling

Let I denote information processed per unit time.
Minimum power consumption:

P>l -kBTIn2
Thus:
e Infinite intelligence requires infinite energy
¢ Superlinear intelligence growth implies superlinear heat dissipation

Heat Dissipation Ceiling
Let Qmax be maximum heat removal capacity of hardware.
Then:

}-]";‘x < Qlll-’lx
. }-:BT ln 2

This is a hard ceiling, independent of algorithmic ingenuity.

Nonequilibrium Requirement for AGI

A system at thermodynamic equilibrium cannot compute.

Theorem 2 (Equilibrium Death of Intelligence):
Any system at thermodynamic equilibrium is incapable of learning, adaptation, or agency.

Proof:
At equilibrium, entropy production is zero and no gradients exist to drive computation or state change.
Therefore, AGI must remain perpetually far from equilibrium, consuming energy continuously.

What Is Physically Possible

Possible:
¢ Locally superhuman intelligence with massive energy consumption
¢ Continual learning systems with controlled forgetting
¢ Efficient AGI through entropy-aware architectures (sparse, event-driven systems)

Impossible:

e Infinite intelligence with finite energy
Perfectly reversible learning
Zero-cost memory or computation
AGI detached from physical infrastruct
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Alignment as a Thermodynamic Constraint

Misaligned objectives can lead AGI to minimize internal entropy while maximizing external disorder.
This is not malice; it is thermodynamic optimization under poorly specified constraints.
Alignment must therefore constrain:

¢ Entropy export pathways
¢ Acceptable environmental entropy increase
¢ Energy—value tradeoffs

Ethics without physics is incomplete.

Implications for Civilization

AGI development is inseparable from:

¢ Energy systems

¢ Cooling technologies

¢ Industrial capacity

¢ Geopolitical control of entropy sinks

AGl is not software progress; it is thermodynamic industrialization.
In Simmary:
The second law of thermodynamics does not merely limit AGI. It defines it.

Every intelligent act is an act of irreversible selection. Every learned concept is paid for in heat. Every
increase in order within a machine demands disorder elsewhere. Intelligence is not free, reversible, or
abstract. It is a physical process carved into matter by energy gradients.

The fantasy of frictionless, infinitely scalable intelligence arises from forgetting that computation lives in
the same universe as engines, furnaces, and stars. AGI will not escape physics. It will amplify it.

The future of intelligence will therefore belong not to those who write the cleverest algorithms, but to
those who understand where entropy must go—and who is willing to pay its price.
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