11 September 2025 - CC-BY 4.0 Qe iO S

Peer Review

Review of: "A Non-Ergodic Framework for
Understanding Emergent Capabilities in
Large Language Models"

Alexandru Téabuscal

1. Romanian-American University, Romania

SUMMARY

The paper proposes a novel theoretical framework for understanding emergent capabilities in large
language models (LLMs) by positioning them as non-ergodic systems. Drawing from Stuart Kauffman's
Theory of the Adjacent Possible (TAP), the author introduces a mathematical formulation to explain how
constraints (architectural, training, and contextual) interact to shape capability emergence via phase
transitions in semantic space. Empirical evidence is provided through experiments with three mid-sized
open-source LLMs (GPT-2 XL, OPT-1.3B, Pythia-1.4B), tested on the MMLU benchmark. The paper claims
to demonstrate that emergent abilities arise discretely, governed by constraint interactions and path-

dependent exploration.

The paper seems to be quite original, theoretically rigorous, and (very) properly referenced. No ethical or
integrity issues are apparent. The use of open-source models and standard datasets ensures transparency

and reproducibility.
QUALITY

The theoretical exposition is highly ambitious and integrates insights from theoretical biology, complex
adaptive systems, and statistical mechanics. The mathematical derivations are quite detailed, though at
times extremely dense, which may limit accessibility. The empirical validation, while thoughtfully
designed, is relatively limited in scope: testing on one benchmark (MMLU) and three models restricts

generalizability. Still, the combination of theory and experiment is commendable.

NOVELTY
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The claim that LLMs are non-ergodic and that TAP can explain capability emergence is original and
potentially impactful. The paper goes beyond descriptive scaling laws and attempts to provide a unifying
framework that could guide future model design. This conceptual contribution stands out in a field

dominated by empirical scaling studies.
IMPACT

If substantiated, the framework could have significant implications for how researchers conceptualize
LLM behavior and plan architectures. The interdisciplinary perspective bridges biology and AI theory in a
novel way. However, broader validation across tasks, scales, and architectures would strengthen its

impact.
LANGUAGE and CONTENT ORGANIZATION

The manuscript is generally well-written but highly technical, with long sections of mathematical
formalism that might overwhelm readers outside of theoretical physics or complexity science. The
introduction and motivation are clear, but later sections could benefit from more concise explanations
and illustrative diagrams to complement equations. A more balanced integration of empirical and

theoretical sections would enhance readability, especially for non-expert readers.

RECOMMENDATIONS

o Clarify accessibility: provide more intuitive explanations and concrete examples alongside
mathematical derivations.

« Expand empirical validation: include diverse tasks (e.g., reasoning, translation, commonsense) beyond
MMLU to test generality.

e Benchmark comparison: contrast TAP predictions with existing scaling law models to highlight
distinct explanatory power.

 Figures & visuals: add schematic diagrams of TAP applied to LLMs to aid comprehension.

» Limitations: explicitly discuss boundaries of the framework, e.g., whether it applies equally to

multimodal or smaller models.

FINAL THOUGHTS

If T were to rate the generic categories usually used for scientific paper reviews, I would go with the

following situation:
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Clarity - 3/5, clear in motivation, but overly dense in math exposition

Quality - 4/5, strong theoretical foundation, modest empirical scope

Novelty - 5/5, highly original (at least from my knowledge) integration of non-ergodicity and TAP

Impact - 4/5, potentially significant, but pending further validation

Overall - 4/5, excellent theoretical contribution, needs broader empirical support to become a real

benchmark reference for future similar works

The paper is a bold and thought-provoking work that advances a non-ergodic framework for LLM
emergence, integrating biology-inspired theory with AI practice. While very demanding in its
mathematical detail, it offers genuine conceptual innovation. With expanded empirical support and a

more accessible presentation, it could become a cornerstone reference for theoretical Al research.
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