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S1. Comparison of CBET to other theories

S1.1 Compared to certain theories in chemistry

— Oparin's chemical evolution theory developed in the 1920s°

< Similarity:

Both Oparin's theory and CBET propose that chemical evolution led to the origin of

life and that natural selection works during chemical evolution.

<~ Distinction:

Oparin's theory is primarily confined to chemical evolution and posits its
possibility without elucidating the underlying mechanisms and mathematical rules.
In contrast, CBET provides a universal framework applicable to chemical,
biological, and social evolution, revealing their underlying mechanisms and

mathematical rules.

— The RNA world hypothesis (RWH)?-3¢

< Similarity:

Both theories highlights the role of RNA molecules in life's origin.

Both acknowledge the role of information-carrying molecules in early life.

<> Distinction:

RWH posits that self-replicating RNA molecules were the foundational step for
life's origin, acting as both the primary information carrier and catalyst. In contrast,
CBET proposes that life originated from the collaborative interaction of diverse
molecules (see Section 2.3 of the main text). Furthermore, it has been found that
self-replicating RNA molecules are rare in nature and are not important for known
life structures.

RWH is primarily a hypothesis regarding an issue in chemical evolution before
life's origin. In contrast, CBET presents itself as a universal framework, aiming to
unify the mechanisms behind not only chemical and biological evolution but also
social evolution, tracing a continuous path from carbon atoms to human

civilizations.
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S1.2 Compared to certain theories in physics

— Ilya Prigogine's dissipative structure theory>’

<>

Similarity:

Both CBET and Prigogine's Nobel Prize-winning theory explain the emergence of

complexity and the enhancement of order in open systems.

Distinction:

Prigogine assumed that the static, crystal-like order in thermodynamics arises
from the same mechanism that underlies biological and social orderliness, while
CBET posits that thermodynamic orderliness and biological orderliness are
distinct structural features resulting from fundamentally different mechanisms.
Prigogine interpreted the emergence of orderliness and complexity in molecules,
organisms, and social organizations using only a few abstract, elusive concepts
(e.g., entropy). In contrast, CBET explains this emergence through diverse,
concrete, and explicit concepts from multiple disciplines, such as carbon, energy,
structures, functions, environment, feedback, and natural selection.

Prigogine highlighted self-organization and did not mention the role of natural
selection, while CBET highlights natural selection and highlights both functions
of the target materials and the environmental influence.

Prigogine did not highlight the unique functions of carbon atoms and other CBMs,
while CBET highlights the unique functions of CBMs.

— Karl Friston's Free Energy Principle (FEP)®

<>

Similarity:

Both FEP and CBET highlight feedback, energy, non-heritable traits, and the interplay

of organisms and the environment.

Distinction:

FEP relies on abstract concepts (e.g., entropy, surprise) and thus does not
explicitly explain the evolution of CBMs. In contrast, CBET unveils the two
mechanisms behind the evolution of CBMs using concrete concepts, such as
energy, structures, functions, environment, feedback, and natural selection.

FEP does not highlight the unique functions of carbon atoms and other CBMs,
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while CBET highlights the unique functions of CBMs.
FEP focuses on interpreting how a complex system achieves and maintains its
complex functions, rather than addressing the origins of the complex system itself,

while CBET addresses the origins of the complex system.

S1.3 Compared to certain theories in biology

— Darwinian theory'>?

<>

Similarity:

Both Darwinian theory and CBET highlight the mechanism of natural selection. In
this sense, CBET is an extension rather than a replacement of Darwinian theory.

Both Darwinian theory and CBET only provide a schematic (not detailed) account
for the plausibility (not inevitability) of evolution mostly in a qualitative (not

quantitative) manner.

Distinction:

Darwinian theory is confined to biological evolution and lacks a coherent
framework for integrating diverse evolutionary phenomena, whereas CBET
provides such a framework unifying chemical, biological, and social evolution.
Darwinian theory has not accounted for the origins of life and societies, while
CBET provides a holistic explanation for the entire evolution of CBMs, which
covers the origins of life and societies.

Darwinian theory cannot calculate the fitness of molecules, worker bees, and
societies, while CBET can rationally calculate their fitness.

Darwinian theory does not highlight the unique functions of carbon atoms, while
CBET highlights the unique functions of carbon atoms.

Darwinian theory reveals only the natural selection mechanism of evolution, while
CBET reveals the natural selection mechanism that shapes the evolution and the
spirodynamic feedback mechanism that drives the evolution. Therefore, CBET is
more powerful in accounting for evolutionary facts. Consequently, neutral
mutations, epigenetic changes, and non-heritable traits, which cannot be integrated
into Darwinian theory?#, can be integrated into CBET. This makes CBET more
consistent with modern biological findings.

CBET clarifies the mathematical rules of natural selection and refines ‘survival of
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the fittest’ to ‘survival of the fit enough’ to prevent literal misunderstanding. It
denotes that a neutral or detrimental trait can exist provided that its carrier
maintains net positive growth. This provides a rigorous theoretical foundation for
the widespread existence of neutral evolution and detrimental traits, aligning

better with the reality revealed by genomics.

— The Extended Evolutionary Synthesis (EES)?*

< Similarity:

Both CBET and EES arise from dissatisfaction with the limits of the Modern
Synthesis and seek to broaden evolutionary theory beyond a gene-centered,
inheritance-only framework. They both emphasize that evolution is shaped not
only by classical genetic variation and selection, but also by additional factors
such as environmental influence, feedback processes, non-genetic changes, and
multi-level interactions. In this sense, both frameworks aim to make evolutionary

theory more consistent with modern empirical findings.

< Differences:

The most fundamental difference is scope. EES is a reformulation and extension
of biological evolutionary theory, remaining firmly within biology and focusing
on organisms and populations. CBET, by contrast, is a cross-hierarchical
framework that explicitly unifies chemical, biological, and social evolution.

They also differ in theoretical structure. EES is pluralistic and programmatic: it
integrates multiple mechanisms (e.g., developmental bias, niche construction,
phenotypic plasticity) without reducing them to a small number of universal
principles. CBET, in contrast, is deliberately axiomatic and framework-oriented,
built on a small number of general axioms and two core mechanisms
(spirodynamic feedback and natural selection) intended to apply across all
carbon-based materials.

Finally, their scientific aims differ. EES seeks to refine and improve explanatory
power within evolutionary biology, whereas CBET aims to explain the stepwise
emergence of complexity from carbon atoms to societies and is not intended to
replace or revise discipline-specific theories. EES remains an extended synthesis
within biology; CBET positions itself as a higher-level unifying framework above

individual disciplines.
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S1.4 Compared to certain social theories

— Herbert Spencer's Social Darwinism*33°

<>

Similarity: Both Spencer and CBET extend evolution to society and highlight

competition and elimination.

Distinction: Spencer emphasized ‘survival of the fittest’ in social competition
and used it to justify practices such as elimination, selfishness, and colonialism. In
contrast, CBET clarifies the mathematical principle of ‘survival of the fit enough’,
revealing the inherent balance between competition and collaboration, elimination and

inclusiveness, as well as selfishness versus altruism, within natural selection.

— David Sloan Wilson's Multilevel Selection (MLS)4%4!

<>

<>

Similarity:

Both MLS and CBET highlight hierarchies, altruism, and selection at multiple levels.

Distinction:

e MLS focuses on altruistic behavior in biological evolution and explains them
using the claim that natural selection exists at multiple levels. Furthermore, MLS
has not revealed the mechanisms underlying natural selection and chemical,
biological, and social evolution. In contrast, CBET develops a coherent theory
interpreting the mechanisms behind natural selection and chemical, biological,
and social evolution, and consequently explains the pervasive altruistic behavior
and other important phenomena in CBM evolution.

e MLS does not highlight the unique functions of carbon atoms and other CBMs.
CBET highlights the unique functions of CBMs.

— John Holland's Complex System Theory (CST)*

<>

Similarity:
Both CST and CBET emphasize the emergence of new functions, adaptation to the

environment, and feedback of complex systems.

Distinction:
e (ST uses abstract models and focuses on the emergence of new functions, active
adaptation to the environment, and modeling the current complex systems. In
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contrast, CBET interprets complexity with concrete and explicit concepts and
focuses on revealing the mechanisms behind the evolution.

CST has not revealed the underlying mechanisms of chemical, biological, and
social evolution with concrete and explicit concepts.

CST does not highlight the unique functions of carbon atoms and other CBMs,
while CBET highlights the unique functions of CBMs.

S1.5 Compared to Systems Theory, Cybernetics, Information Theory!’

< Similarity:

All four frameworks center on systemic interactions, emphasizing how
components of a system (carbon-based materials for CBET; general system
elements for the others) interact with each other and their environments to drive
change and maintain functionality. They all reject isolated analysis of components,
focusing instead on holistic system behavior and emergent properties from
lower-level to higher-level organization.

They all recognize feedback loops as a core mechanism for systemic dynamics:
CBET’s spirodynamic feedback mirrors the feedback principles in cybernetics,
and all theories link feedback to structural/functional adaptation of systems.
Information is a key construct for all: CBET attributes information functions to
carbon-based materials (CBMs) across hierarchies, while information theory and
systems/cybernetics frame information as critical for systemic communication,

regulation and order maintenance.

<~ Differences:

Core focus and scope: CBET is a carbon-centric, evolution-specific
framework unifying chemical, biological and social evolution across nine CBM
hierarchies; the others are general, transdisciplinary theories applicable to all types
of systems (not limited to carbon-based or evolutionary processes).

Evolutionary mechanisms: CBET integrates spirodynamic feedback (driving
evolution) and natural selection (shaping evolution) with mathematical fitness
rules, which are wunique to its evolutionary explanation, while
systems/cybernetics/information theories lack inherent evolutionary selection
mechanisms and do not address the stepwise elevation of hierarchical complexity
in evolution.

Material grounding: CBET is firmly rooted in the unique
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physical/chemical/social properties of carbon and other concrete CBMs (e.g.,
macromolecular backbone, hierarchy elevation); the other theories are abstract and
material-agnostic, with no specific focus on carbon or organic matter.

e Explanatory target: CBET explicitly explains the origin and evolution of
orderliness, complexity and diversity from carbon atoms to human societies;
systems theory describes general systemic structure/function, cybernetics focuses
on regulation/control, and information theory quantifies information
transmission—none target evolutionary continuity across chemical, biological and
social domains.

e Bridging natural and social sciences: CBET establishes an evolutionary
foundation  for  social sciences by revealing natural  balances
(competition/collaboration, selfishness/altruism) in CBM evolution; the other
theories provide general analytical tools for social sciences but lack a direct

evolutionary link to natural science principles.

S1.6 Conclusions and discussion

< Although sharing certain similarities with prior theories, CBET distinguishes itself by

not only unveiling the underlying mechanisms of chemical, biological, and social
evolution but also integrating them into a coherent framework through concrete
concepts, mathematical rules, and interdisciplinary evidence.

Previous evolutionary theories often relied on a limited set of abstract concepts—such
as entropy, free energy, self-organization, meme, and surprise, as mentioned above.
Moreover, they rarely acknowledged the foundational role of carbon atoms and other
CBMs. In contrast, CBET constructs its framework using concrete, comprehensible
factors, such as energy, structures, functions, information pathways, genetics,
epigenetics, natural selection, carbon atoms, organic molecules, cells, organisms, and
social organizations.

Previous evolutionary theories often neglected the role of natural selection?®?28-36-38:43.44,
and they usually explained CBM evolution using a single principle, such as
Schrodinger's negative entropy notion**, self-organization in Prigogine's dissipative
structure theory3®, the constructal law*3, the maximum entropy production hypothesis*,
or the free energy principle®. In contrast, CBET explains CBM evolution using three

axioms and two mechanisms (namely spirodynamic feedback and natural selection).
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217 <> While some evolutionary studies also recognize the hierarchical organization of

218 CBMs—classifying molecules, cells, organs, and ecosystems into distinct levels
219 CBMs—they have not identified a mechanism that drives the stepwise evolution from
220 carbon atoms to societies. In contrast, CBET defines organs as components of
221 organisms and ecosystems as a form of environment, and it has derived a mechanism
222 that drives the stepwise evolution of CBMs.
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S2. Mathematical formulation of CBET

S2.1 Equations of the three axioms

The three axioms in CBET, which have been neglected in previous studies of evolution
theories, are core axioms that have underpinned extensive empirical studies in physics,

chemistry, biology, and social sciences. They can be expressed with the following equations.

Sm = m(0%m) (S
0Sm = m(0%n) (S2)
Se = o(0We) (S3)
0Se = (W) (S4)
0Sm = m(®, Wn Vo)) (S5)
0Se = o(®, (W ¥e) (S6)

W: physical, chemical, biological, and social functions

m: the target material, which is typically an open system exchanging energy and matter

with its environment
S: physical, chemical, biological, and social structures
: the deterministic relationship between W and S
0: change (e.g., 0Sm denotes structural changes in the target material)
e: the environment (e.g., 0Se denotes structural changes in the environment)
@: energy flow

: the modulation function, which describes how the material's and environment's

functions work together to influence structural changes

: the generative function, which maps the energy flow ® and the modulation (W |,

We) to structural changes

Equation S1 states that a material's functions are partially determined by its structure, which

represents the first core tenet of the Structure-Function Axiom.
10
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Equation S2 states that structural modifications in the target material can alter its functions,

potentially yielding new functions—another core tenet of the Structure-Function Axiom.

Equations S3 and S4 extend the relationships embodied in Equations S1 and S2 to the

environment, which can itself be considered as a material system.

Equation S5 reveals that energy flow drives structural changes in the target material—a
process modulated by the functions of both the material itself and its environment. This
integrates the Energy-Change Axiom, which posits that energy flow drives changes under
such modulation. It also incorporates a core tenet of the Environment-Influence Axiom, that
environmental factors act as an external cause of change, and a tenet of the Structure-Function

Axiom, that the material's own functions act as an internal cause of change.

Equation S6 shows that energy flow, which is under the modulation of the material and the
environment to drive structural or locational changes in the target material, simultaneously
drives structural changes in the environment. For example, when a piece of coal (the target
material) undergoes combustion due to energy flow, its structure is transformed into carbon
dioxide and ash. This process simultaneously alters the structure of the environment by
increasing its concentration of CO.. This equation is grounded in fundamental physical laws,
such as the Law of Conservation of Energy, the Law of Conservation of Mass, and the

Principles of Newtonian Mechanics.

S2.2 Equations of spirodynamic feedback

Example 1. Certain forms of energy (e.g., fires)— when modulated by the properties of
charcoal (which consists primarily of carbon atoms) and the environment (e.g., oxygen
availability) —drive the structural transformation of charcoal into CO;. The resulting CO>
exhibits novel functions that are absent in charcoal, such as participating in amino acid
synthesis under appropriate energy flows and environmental conditions. This process
simultaneously alters the environmental composition (e.g., increasing atmospheric CO:
concentration). The environment can also be altered by other factors. The synergistic actions
of energy flows, environmental changes, and the new function of CO (which is absent in
charcoal) can drive the transformation of CO» into amino acids or other carbon-containing

molecules.

11
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Example 2. Certain forms of energy (e.g., the energy in food, thermal energy, electric energy,
and mechanical energy) — when modulated by the functions of a group of people (who
possess financial resources, technologies, management capabilities, and team spirit) and the
environment (e.g., a favorable natural, political, and economic environment) — drive the
establishment of a company. The resulting company acquires novel functions that its
individual members lack, such as manufacturing and selling a new brand of mobile phones.
This process simultaneously alters the environment (e.g., the prices of mobile phones on the
market have declined due to the emergence of this new brand). The environment can also be
altered by other factors (e.g., changes in tariffs or social security). The synergistic actions of
energy flows, environmental changes, and the new function (which emerges in the newly
established company and is absent in individual humans) can drive the transformation of the
company (e.g., expanding production scale, transitioning to robot manufacturing, or going out

of business).

The two examples above exemplify the spirodynamic feedback mechanism, which is outlined
in Fig. 2 of the main text and can be deduced from the six equations (Equations S1-S6) above.
The following three equations can be derived from these two examples and these six

equations.
m(CD, (qun l'I',e)) = 05, = m(al'pm) (S7)
m(CD, (Wn, qJe)) = 0S, = e(alpe) (S8)

The new functions OW and 0We generated in Equations S7 and S8 can become the inputs for

the next round of structural changes of CBMs, and thus:

(@ (0Wm 0W)) = 0(0Sm) (S9)

O0Sm represents material structural changes, and 0(0Sm) denotes the subsequent round of
structural changes. Other letters in Equations S7—S9 share the same meanings in Equations

S1-S6.

Because certain structural changes in CBMs on habitable Earth constitute hierarchical

changes of CBMs, Equation S9 suggests the possibility of serially hierarchical changes (cH,,),

which can be shown by the following equation:
(@ (0Wm W) = 9(0Hy) (S10)

12
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Equation S10 demonstrates the theoretical possibility of serial hierarchical elevation of CBMs
if supported by energy flow, the functions of the target material (e.g., CBMs), and the

functions of the environment.

In reality, as stated in the main text, unlike other materials, CBMs possess the functions to
support the serial hierarchical elevation to life structures and social organizations, and Earth is
a rare habitable planet that supports such serial elevation of CBMs, with abundant liquid
water, CBMs, and diverse energy flows —including sunlight, radiation, chemical energy
release, and geothermal energy. Consequently, the origins of life and social organizations on

Earth become both theoretically and empirically plausible.

The ten equations above can only serve as qualitative and universal formulations applicable to
molecules, biological systems, and social organizations. They can be used to deduce the
plausibility of serial hierarchical elevation of CBMs. Logically, they cannot simultaneously
be quantitative and universal in that way. For example, those equations quantitatively
modeling the dynamic process of carbon combustion into carbon dioxide would most likely

prove inapplicable to modeling the development of social organizations.

S2.3 Equations of natural selection

In fundamental mathematics, the existing quantity of a material at any given time equals the

difference between its cumulative formation and its cumulative degradation, and thus:
N =T A (S11)

Nexisting: The existing quantity

I cumurative: The cumulative formation quantity

Ncumuiative: The cumulative degradation quantity
Equation S11 serves as the foundation for quantifying population dynamics under natural
selection. It applies to the synthesis/breakdown of molecules, birth/death of organisms, and

establishment/dissolution of social organizations, and it can thereby describe the existing

quantity of a molecule, organism, or social organization during a time interval.

Equation S11 suggests that a material exists if its cumulative formation exceeds its
cumulative degradation, regardless of whether it is fitter than its progenitors or other materials.

This validates the Quantity-Existence Rule.

13
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According to Equation S11, the existing quantity of a material increases if its
formation/degradation ratio is >1, and the existing quantity of a material decreases if its
formation/degradation ratio is <1, regardless of whether it is fitter than its progenitors or other

materials. This validates the Quantity-Change Rule of natural selection.

The Quantity-Change Rule supports the formation/degradation ratio can be directly employed
to calculate the OPFS and fitness of a CBM using Equation 1 in the main text. The
formation/degradation ratio equals the ratio of formation rate versus degradation rate, as

shown below.
r .
N = OPFS = Fitness (D

I"ap: The formation quantity of the CBM during the period [a,b]

Nap: The degradation quantity of the CBM during the period [a,b]

Fitnessas: Fitness of a CBM during the period [a,b]

tas: The length of the period [a,b]

I rate: The formation rate during the period [a,b]

Arate: The degradation rate during the period [a,b]
To minimize sampling biases, the observation period should be long enough to ensure that I"a
and A reach sufficiently large values.
In modern biology, fitness is defined as the number of offspring an individual leaves in the
next generation.? This measure fails to capture the fitness of molecules, social organizations,
or worker bees, and it neglects generation time. The universal fitness calculation in Equation
1 overcomes these limitations.
From Equation S11 and Equation 1, the quantity of a CBM at time b (Np) can be calculated

from the quantity of the CBM at time & (Nz) with the following equation:

N =N Fitness (S12)

14
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We have also derived an additional equation (Equation S13) for calculating relative fitness
(RF), which is used to characterize the significance of the extant quantity of a CBM in natural
selection. For example, if the extant population of species C is three times that of species D,
the relative fitness of species C relative to species D is 3. In this regard, the relative fitness of

endangered vertebrates is generally lower than that of common species.

N
= = RFep (513)
N D

S3. Mathematical modeling of CBET

S3.1 Modeling of the effect of natural selection

This section provides the mathematical formulation to model the effect of natural selection on
the quantities of six mock CBMs. The model simulates how the population of each CBM

changes over discrete time steps based on its fitness.

83.1.1 Fitness Function Definitions

The fitness of a CBM during a time interval [ , ], denoted as Fitness , is defined as its
formation-to-degradation ratio (see Equation 1 in the main text). For modeling purposes, the

Fitness () for each CBM at time step is defined by the following functions:

e CBM._a: showing a constant baseline population, Fitness,( ) = 1.0
o CBM._b: showing stepwise increase in population, Fitness,( ) =1.1

o CBML_c: showing stepwise a change in fitness.

130, =50

Fitness.( ) = {1.05 > 50

o CBM_d: showing parabolic growth and stabilization.

( 1—cos (& )
1.0+02 . S0 7 <50
Fitnessq( ) = « — 50
1—-cos(—7— )
12-02 250 . 50< <100
\ 10 > 100



366 o CBM._e: showing constant fitness leading to population decline, Fitness.(1)=0.8

367 e CBM._f: showing complex pattern simulating a catastrophic crash followed by
368 recovery.
,
1.05, <60
0.0001, =60
369 o Fitness =< 1—cos (=82
() 50-(50-105) —~ 2 o< =80
1.0, >80

370  83.1.2 Core Evolution Equation and Simulation Setup

371  The quantity dynamics of each mock CBM is governed by a recursive equation derived from

372  the natural selection rules.

373 (1) Core Evolution Equation

374  The quantity () of CBM i at time step ¢ is calculated based on its previous quantity and its
375  current fitness, as derived from Equation S12:

()= ( —1) xFitness ()

376 ~ where:
377 . () is the quantity of CBM at time step .
378 o Fitness () is the fitness value of CBM at time step .

379  (2) Extinction Condition

380  If the quantity of a CBM falls to 1 or below, it is considered extinct, and its quantity remains

381 at 1 for all subsequent time steps:

382  (3) Initial Quantities
383  The simulation begins with the following initial quantities (+=0):
384 « CBM a,CBM b,CBM c: (0)=10°

385 « CBM. d,CBM e, CBM f: (0)= 108

386 83.1.3 Modeling results

16
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The modeling results are given in Table S1 and Fig. S1. Briefly, the modeling results
demonstrate how fitness values dictate distinct population trajectories under natural
selection. CBM_a, with a constant fitness of 1.0, maintains a perfectly stable population,
establishing a critical baseline of neutral change. In contrast, CBM b with sustained
fitness >1 expands exponentially, while CBM e with fitness <l inevitably face
extinction. CBM_d illustrates a more complex, parabolic pattern of growth and stabilization,
showing that fitness can vary non-monotonically over time. Furthermore, the crash and
recovery observed in CBM f underscore the non-linear impact of natural selection on
population resilience, revealing that populations can not only rebound from severe declines

but even surpass their original size given a period of high fitness.

Table S1. The quantity changes in six mock CBMs with different fitness under the effect of
natural selection.

Representative significance of the CBM

CBM a The baseline scenario where the formation/degradation rates are perfectly balanced
(fitness=1.0 for all time steps). CBM_a can be a species maintaining constant population size
in a stable environment.

CBM b The continuous exponential growth by 10% every time step (fitness=1.10 for all time steps).
CBM _b can be a bacterium beginning to grow in a broth with abundant materials and energy.

CBM ¢ The fitness drops from 1.30 to 1.05, which can be a sign of a species adapting to
environmental changes like climate shift slowing the rapid population growth of the species.

CBM _d The smooth parabola shows accelerating growth followed by decelerating growth to
stabilization in the population of the CBM, which can be a bacterium that has grown in a
broth, with its population reaching a peak.

CBM e The curve demonstrates the inevitable fate of the CBM (fitness=0.80 for all time steps) with
sustained negative growth in its population. CBM e can be an endangered species with
consistently low reproductive success.

CBM f  This CBM can represent those species (e.g., humans) whose fitness oscillates around 1.0 for a
certain period. This phase is followed by a sharp decline in fitness to 0.05 due to a
catastrophe, which causes the population to drop by approximately 95%. Subsequently, the
fitness recovers rapidly—reaching a high of 3.0—before gradually returning to the earlier
oscillating pattern. During this recovery stage, the population shows rapid exponential growth
and eventually surpasses its original size.

17
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Fig. S1. Changes in the quantities of six mock carbon-based materials (CBMs) according to their fitness values under natural selection. The

fitness and quantity changes of these CBMs are described in Table S1.
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S3.2 Modeling of the possibility of life's origin

83.2.1 Background

This mathematical modeling aims to clarify, under the CBET framework, the
plausibility of life's origin via chemical evolution on Earth, even though the
probability of inanimate molecular clusters becoming life structures is extremely low.

This modeling is not intended to reconstruct the precise history of Earth.

CBET provides a framework (namely the eight reasoning steps involving the three
axioms and two mechanisms described in the main text) accounting for the

plausibility of life's origin,.

Since CBET provides a schematic, predominantly qualitative account for the
plausibility of evolution, some facts, assumptions, and hypotheses about life's origin
are needed to construct the quantitative modeling. These facts, assumptions, and
hypotheses—which must be validated independently—are not intrinsic components of
CBET but are compatible with the CBET framework, much like walls, windows, and

doors are compatible with and different from a building's framework.

83.2.1.1 Roles of the spirodynamic feedback mechanism

Life's origin was driven by the spirodynamic feedback mechanism through the
stepwise hierarchy elevation of CBMs from H1 to H6, as given in the main text and

detailed below.

< H2-CBMs — H3-CBMs. Chemically, some H2-CBMs can spontaneously
absorb energy (e.g., heat) from certain energy flow sources (e.g., sunlight) on
Earth. The absorbed energy and some functions of H2-CBMs—such as the
reactivity of CO with H2O and the reactivity of CHs4 with NHs—collectively
transform H2-CBMs into diverse H3-CBMs through organic chemical reactions®’.
The prebiotic chemical synthesis of various H3-CBMs, such as amino acids,
nucleotides, and monosaccharides, has been validated in laboratories*®2>24, and
has been supported by the fact that myriad distinct H3-CBMs have been

identified from meteorites*®.
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< H3-CBMs — small H4-CBMs. Likewise, chemically, many H3-CBMs can

spontaneously absorb energy from certain energy flow sources on Earth. The
absorbed energy and some functions of certain H3-CBMs—such as possessing
two or more active functional groups—collectively transform H3-CBMs into
diverse small H4-CBMs through organic chemical reactions. Studies have shown
that high pressure, certain inorganic molecules like boric acids, and certain
H3-CBMs—such as N-phosphoryl amino acids—can facilitate the abiotic
synthesis of some small H4-CBMs, like short proteins, nucleic acids, lipids, and
myriad heteropolymers (i.e., namely those hybrid macromolecules incorporating
residues of multiple types, such as macromolecules bearing both amino acids and
nucleotide residues.>>6-24

Small H3-CBMs — large H4-CBMs. Likewise, chemically, small peptides can
form larger peptides in the same chemical way. Therefore, through intermediate
steps, amino acids can indirectly form medium or large proteins, although amino
acids inefficiently form large proteins directly.*® Likewise, chemically, other
medium or large H4-CBMs, including various heteropolymers, can also be
formed through intermediate steps.

H4-CBMs — HS-CBMs and MMA clusters. In physics and chemistry, some
H4-CBMs have the function of transforming into H5-CBMs (i.e.,
multiple-molecule aggregates, MMAs), such as virus-like particles, through
physical and chemical reactions®?>. MMAs can further form MMA
clusters—which could be in the format of aerosol particles, droplets, water-in-oil
coacervates—through physical and chemical reactions. The energy from wind,
rain, lightning, and solar evaporation, combined with specific functions of
H4-CBMs (e.g., protein interactions via hydrogen bonds), can drive the formation
of myriad MMAs and MMA clusters.

MMA clusters — Life structures. Chemically, many proteins generated through
abiogenesis are enzymes and have certain catalytic activities. They, along with
diverse H3-CBMs (e.g., glucose, nucleotides, amino acids), can thus form diverse
MMAs and MMA clusters with certain metabolic functions, such as catalyzing
the random formation of various H4-CBMs without fixed sequences, catalyzing
the formation of certain H4-CBMs (e.g., RNA or DNA) according to certain

sequences (which can represent certain information), and catalyzing the
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degradation of certain H3-CBMs or H4-CBMs, etc. Various metabolic MMAs,
such as polymerase chain reaction (PCR) systems for DNA synthesis according
to certain sequences, have been widely applied in laboratories. The formation of
such metabolic MMAs and MMA clusters could, in turn, facilitate the formation
of new or more complex clusters through their catalytic or metabolic functions,
establishing a feedback loop. Through stochastic processes, an exceedingly rare
fraction of these clusters eventually achieved the complex function of

reproduction, becoming the first life structures (H6-CBMs).

83.2.1.2 Roles of the natural selection mechanism

<>

Before life's origin, as given in the main text, natural selection shaped the
formation-degradation cycles of MMA clusters in a direction conducive to life's
origin.

After life's origin, as given in the main text, life structures are advantageous over
non-replicating MMA clusters in natural selection, and life structures can be
increasingly advantageous over non-reproductive MMA clusters in natural

selection.

83.2.1.3 The Atmosphere-Origin Hypothesis

Previously, it was hypothesized that life originated in a warm pond (by Darwin),

hydrothermal vents, or volcanic lakes®*. Here the Atmosphere-Origin Hypothesis is

proposed to explain why it was much more likely for life to emerge in Earth's early

atmosphere than in hydrothermal vents or volcanic lakes. Notably, this hypothesis is

not an integral component of CBET, and it remains a hypothesis rather than

established knowledge.

<>

The Atmosphere-Origin Hypothesis is supported by the fact that laboratory
experiments have demonstrated that amino acids, peptides, sugar phosphates, and
uridine ribonucleoside could be naturally synthesized in the Hadean

atmosphere®:13-20-25

The Atmosphere-Origin Hypothesis is grounded in the established understanding
that the early Earth was too hot—with its surface in the form of liquid

magma—to retain surface water. Consequently, the early (Hadean) atmosphere
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differed markedly from today's, characterized by high temperatures, pressure, and
water concentration'>?’, Due to frequent volcanic activity on the early Earth, the
early atmosphere contained high concentrations of volcanic ash and abundant
reactive gasses (e.g., CO2, Hz, and NH3), alongside variable winds and frequent
heavy rains®'>, which never reached the ground, evaporating before ground
contact. As a result, the early atmosphere, which is usually termed ‘magma-ocean
atmosphere’ or ‘steam atmosphere’, resembled a floating ocean, with darkness

prevailing near its base.

The early atmosphere—which shared advantages with hydrothermal vents and
volcanic lakes: abundant energy flow, water, and mineral catalysis (via
suspended volcanic ash that enhances reaction yields)—was much more
conducive for life's origin than hydrothermal vents and volcanic lakes, for the

following five reasons:

e Time spans. The early atmosphere sustained high pressure and abundant
water for about 0.2 billion years before hydrothermal vents and volcanic

lakes emerged.

e Materials. The early atmosphere contained more abundant reactive
gasses such as CO», H,, and NH3 than hydrothermal vents and volcanic

lakes.

e Energy flows. The early atmosphere held more diverse energy flows,
such as solar radiation, lightning, and various forms of radiation. This
diversity of energy sources enabled vast planetary-scale spaces for the

synthesis of H3-CBMs and H4-CBMs.

e Spatial differences. The thermal and pressure gradients of the early
atmosphere across heights and altitudes facilitated the formation, storage,

and accumulation of organic molecules.

e Formation of MMA clusters. The early atmosphere could naturally
generate vast numbers of dynamic aerosol particles and droplets, driven
by wind, dust, and evaporation-condensation cycles. These aerosol
particles and droplets effectively constituted innumerable MMA clusters,
providing endless trial-and-error opportunities for the emergence of life

structures.
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e Global mixing. Efficient global mixing of MMAs and MMA clusters
via wind facilitated the renewal of MMAs and MMA clusters in the early

atmosphere.

The following modeling is grounded in the CBET framework and the
Atmosphere-Origin Hypothesis. A key merit of the Atmosphere-Origin Hypothesis is
its proposition that Earth's early atmosphere functioned as a vast, planet-scale, and
fully integrated organic reactor, providing a far more extensive and dynamic
environment for prebiotic synthesis of organic molecules than localized settings like

hydrothermal vents.

83.2.2 Initial setup and time Segmentation

o Initial amount of H1-CBMs on Earth:

This amount is not considered in this modeling due to the chemical instability
of uncombined H1-CBMs under high temperatures on early Earth and their
significantly smaller quantity compared to H2-CBMs.

o Initial amount of H2-CBMs on Earth: Ny° = 10*>* mol

This value represents a substantial but plausible reservoir of reactive carbon
available for prebiotic chemistry. While the bulk carbon content of the early
Earth is uncertain, this estimate is consistent with the planet having accreted
from carbon-bearing building blocks and subsequently outgassing a significant
fraction of this carbon into the early atmosphere and hydrosphere as simple
molecules (H2-CBMs like CO: and CH4). The high temperatures on early
Earth would have favored the formation of these stable molecular compounds
over uncombined carbon atoms, justifying the focus on H2-CBMs as the

primary starting reservoir.

e Initial amount of H3-CBMs and higher-hierarchy CBMs on Earth: 0
Although H3-CBMs and higher-hierarchy CBMs could have accumulated
vastly by Earth's formation!!, this would not affect the modeling conclusion.

83.2.3 Consumption of H2-CBMs

e According to the CBET framework, H2-CBMs could be consumed to form
23
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H3-CBMs, which could in turn be consumed to form H4-CBMs. This
hierarchical formation was driven by energy flow under the modulation of

both the relevant CBMs and the environment.

The formation of H3-CBMs and H4-CBMs could be accelerated due to the
catalytic function of some H3-CBMs and higher-hierarchy CBMs, and thus
the consumption of H2-CBMs could be accelerated during the first thirty
million years (Myr).

H2-CBMs can be generated through the degradation of H3-CBMs and
higher-hierarchy CBMs, and thus the quantity of H2-CBMs could be relatively
stable after the first thirty Myr.

Assumption: H2-CBMs Remaining Ratios

The first ten Myr: 99.8% — Remaining 0.998
The second ten Myr: 99.0% — Remaining 0.990
The third ten Myr: 90.0% — Remaining 0.900

H2-CBMs are assumed to remain relatively constant thereafter (steady state).

83.2.4 Growth calculation of H3-CBMs

During the first 10 Myr
o Reduction of H2-CBMs: ANg2 = 10** x (1 - 0.998) =2 x 10*

o Converted to H3-CBMs (each H3-CBM is assumed to contain 10
carbon atoms, and 5% of H3-CBMs were further converted H4-CBMs):
ANpz = (2 x 102/ 10) x 0.95 = 1.9 x 10** mol

During the second 10 Myr

o ANm=10*%(0.998 - 0.990) = 8 x 10*

o Converted to H3-CBMs: ANy3;® = (8 x 10?//10)x 0.95 = 7.6x10?° mol
During the third 10 Myr

o ANp2=10**%(0.990 - 0.900) =9 x 10*

o Converted to H3-CBMs: ANy3® = (9 x 10?%/10)% 0.95 = 8.55%x10%' mol
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e Cumulative H3-CBMs (in the first 30 Myr)
Nuz =19 x10°+ 7.6 x 10*° + 8.55 x 10*' = 9.5 x 10*' mol

o H3-CBMs are assumed to remain relatively constant thereafter (steady state),

as they can be formed and degraded.

83.2.5 Growth calculation of H4-CBMs

Small H4-CBMs
e Assumption: Each small H4-CBM contains 15 H3-CBM residues.

e Assumption: 5% of H3-CBMs were consumed to form small H4-CBMs, with
97% retained (3% of small H4-CBMs were consumed to form middle or large

H4-CBMs)

e Then, at the end of the third 10 Myr, the quantity of small H4-CBMs was:
Nomai 14 = (Nuz x 0.05/15) x 0.97 = (9.5 x 10%' x 0.05/15) x 0.97 = 3.069 x10'" mol

Middle H4-CBMs
e Assumption: Each middle H4-CBM contains 160 H3-CBM residues.

e Assumption: 3% of small H4-CBMs were consumed to form middle
H4-CBMs, with 98% retained (2% of middle H4-CBMs were consumed to
form large H4-CBMs).

e Then, at the end of the third 10 Myr, the quantity of middle H4-CBMs was:

Niddie 14 = (Nuz % 0.05 x 0.03 / 160) x 0.98 = (9.5 x 10*' x 1.5 x 1072/ 160) x 0.98 =
8.728 x 10" mol

Large H4-CBMs
e Assumption: Each large H4-CBM contains 600 H3 residues.

e Assumption: 2% of middle H4-CBMs were consumed to form large

H4-CBMs.
e Then, at the end of the third 10 Myr, the quantity of large H4-CBMs was:

Niarge 54 = (N3 x 0.05 x 0.03 x 0.02 / 600) = (9.5 x 10*' x 3 x 10° / 600) = 4.75 x

10'* mol
25



629
630
631

632

633

634

635
636

637
638
639

640
641
642

643

644

645

646

647

648

649

650

651

652
653
654

e Although the total numbers of small, middle, and large H4-CBMs after the end
of the third 10 Myr are assumed to be constant, they were formed and

degraded simultaneously at largely equal rates after that time.

83.2.6 Growth calculation of MMA clusters

Number of large H4-CBMs molecules at the end of the third 10 Myr was:
4.75 x 10" mol % 6.022 x 10% molecules/mol = 2.860 x 10** molecules

Assumption: The probability of a large H4 molecule to participate in MMA clusters

was 10%.

Assumption: Each MMA cluster contained 1,000 large H4-CBMs molecules (Other
materials such as water are assumed to be abundant for the formation of MMA

clusters).

Assumption: MMA clusters are assumed to be renewed (e.g., addition, removal, or
alteration of a macromolecule within a cluster) on average every minute, which was

possible as suggested by the Atmosphere-Origin Hypothesis.
Number of large H4 molecules available for MMA cluster formation was:
2.860 x 10% x 10% = 2.860 x 10*” molecules
Number of the total MMA clusters was:
2.860 x 10°7/ 1000 = 2.860 x 1034 clusters
Annual newly generated MMA clusters
e Annual renewal cycles: 365 x 24 x 60 = 525,600
e Annual production:

Rmc, gen= 525,600 x 2.860 x 10** = 1.503 x 10% clusters/year

83.2.7 Calculation of life origin events

Due to the extraordinary complexity of life structures—particularly exemplified by
systems such as ribosomes, which synthesize proteins according to nucleic acid

sequences,'® if each MMA cluster could exist at an equal possibility on Earth, the
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possibility for a MMA cluster becoming a life structure (Psiz) could be as low as

10719,

As explained in the main text, the emergence of MMA clusters on early Earth was not
purely random but shaped by natural selection in a direction conducive to life's origin.
Therefore,we assume that P/ increases by 20% per million years after the third 10
Myr. Through a series of calculations, the first life origin event could have emerged
760 million years after the formation of the Earth, and that 75 million abiogenesis
events could have taken place over the subsequent 4 million years, according to the
massive annual generation of MMA clusters (1.503%x10%) under the
Atmosphere-Origin Hypothesis. This figure reflects the plausible frequency of life's

emergence through chemical evolution that is shaped by natural selection.

As explained in the main text, the emergence of MMA clusters on early Earth was not
purely random but was shaped by natural selection in a direction conducive to life’ s

origin. Therefore, we model this directional shaping by assuming that P/ increases
by 20% per million year after the first 30 Myr. Based on this assumption and the
massive annual generation of MMA clusters (1.503x10%/year) under the
Atmosphere-Origin Hypothesis, our calculations indicate that the first life-origin
event could have occurred ~760 million years after Earth’s formation. Furthermore,
over the subsequent 4 million years, up to ~75 million abiogenesis events might have
taken place. These figures illustrate a plausible frequency for life’s emergence
through a chemical evolutionary process that was persistently shaped by natural

selection.

853.2.8 Conclusion

This modeling demonstrates that over the first 800 million years after Earth's
formation, MMA clusters could have transitioned into life structures approximately
75 million times, despite the initial probability of an inanimate MMA cluster evolving
into a life structure being as extremely low as 107'®. Furthermore, laboratory
successes in synthesizing functional biological components—such as numerous
viruses and a minimal bacterial genome supporting cellular life with only 473

34,35

genes *>—through reverse genetics operations provide empirical support for the

plausibility of primordial life structures emerging from MMA clusters. These
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experimental results, combined with the mathematical modeling presented herein,
reinforce that CBET's dual-mechanism framework—driven by spirodynamic feedback
and shaped by natural selection—effectively accounts for the stepwise hierarchical
elevation of CBMs from simple molecules to life structures, validating the theory's

explanatory power for life's origin.

S4. Selected questions and answers

(1) Is CBET falsifiable?

Answer: Yes. CBET's core propositions are falsifiable/testable because they are
explicit and address directly observable entities—from molecules to societies. This
falsifiable/testable is demonstrated by the theory's own evolution; for instance, the
concept of ‘energy flow” was refined from ‘energy input’ as some changes in CBMs
(e.g., the decay of carbon-14) do not rely on energy input, and the spirodynamic

feedback mechanism has been honed through repeated falsification attempts.

(2) What is the primary groundbreaking contribution of CBET?

Answer: Its primary groundbreaking contribution is providing a unified framework
that explains the stepwise evolution from carbon atoms to human societies through
two core mechanisms: (i) the spirodynamic feedback mechanism that makes changes
and drives evolution, and (ii) the natural selection mechanism that selects changes and

shapes evolution.

(3) Why has CBET not been derived from novel experiments?
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Answer: While experiments are suited to addressing specific issues of limited targets,
they are not suited to deriving CBET, which address the mechanisms underlying the
long-term evolution of countless CBMs from organic molecules to societies.
Accordingly, the methodology used by Darwin for his theory, namely integrative
reasoning from extensive well-established knowledge across disciplines, is more
suited to derive the broad-scoped theory of CBET, which addresses the evolution of
countless molecules, organisms, and societies. Furthermore, since Darwin's era,
extensive knowledge on molecules, organisms, and social systems has been
accumulated. Therefore, it is not only feasible but also methodologically sound to
establish CBET through integrative reasoning from vast established knowledge,

followed by empirical validation via falsification against countless facts.

(4) Why is CBET easy to understand?

Answer: As shown in Fig. 2, CBET is inherently accessible for these reasons:

< CBET has been derived towards an explicit theory to align with the principle that
scientific explanations should be as explicit as possible. In this regard, CBET has
been expressed with concrete and understandable terms (e.g., structure, function,
change, energy, carbon atoms, and reproduction), rather than elusive concepts
(e.g., entropy?>*, surprise’’, and meme?®), to make it accessible.

< Without using CBMs as the core terminology, it would be very difficult to
articulate the mechanisms of chemical, biological, and social evolution clearly.

< CBMs, ranging from carbon atoms to social organizations, are substances that
humans can directly observe with the naked eye or instruments. They are neither
obscure substances below the atomic level nor esoteric ones above the galactic
level. Furthermore, they are governed by relatively comprehensible laws.

< The evolutionary mechanisms unveiled by CBET are shared by molecules,
organisms, and social organizations. Therefore, these mechanisms and their
underlying mathematical rules apply to social organizations—which are familiar

to the general public—making them easy to comprehend.
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(5) Does CBET oversimplify the behavior of countries?

Answer:

<>

CBET does not seek to describe all aspects of countries and is not intended to
replace theories that offer quantitative or detailed explanations of national
behavior. Instead, it provides a schematic, evolutionary framework for
interpreting the origin of societies and social evolution.

CBET proposes that a country can emerge via a hierarchical evolutionary
pathway: from carbon atoms — small carbon-containing molecules (CCMs) —
medium CCMs — large CCMs — multi-molecule aggregates — cells —
multicellular organisms — humans — tribes — tribal alliances — countries.
Each step in this hierarchical ascent generates new structures and functions for
the resulting carbon-based materials (CBMs).

CBET fully acknowledges and utilizes that the changes, structures, functions, and
environments of countries are distinct from those of other CBMs. For example,
the social functions of countries—such as political, cultural, legislative, religious,
and military functions—are far more complex than the functions of molecules or
individual organisms.

The CBET framework is inherently inclusive. For instance, its principle that
structure partially determines function naturally accommodates the influence of a
country's unique history, culture, and environment on its functional development.
Altogether, the facts above demonstrate that CBET neither oversimplifies

countries' behavior nor ignores critical political or cultural factors.

(6) Can CBET describe CBM evolution quantitatively?

Answer:

CBET is synthesized from principles across diverse disciplines, by extracting their

core qualitative relationships to establish a unified framework applicable to all

molecules, organisms, and societies. As such, CBET primarily provides a qualitative

description of the interactions among energy flow, structures, functions, and

environments. Given that these interactions vary profoundly across hierarchies—from

molecules to societies—a single, unified quantitative equation is neither practical nor

the goal of this framework. For instance, the same equation cannot quantitatively

30



765
766
767
768

769

770
771
772
773
774
775

776

777
778
779
780
781
782
783

784

785

786

787

788

789

790

791

792

793

model both the combustion of carbon and the strategic growth of a corporation.
Furthermore, the qualitative relationships described by CBET establish the
foundational logic upon which quantitative models can be built through

research into specific CBMs.

7) Can CBET explain the inevitability of life's origin?
7 p y g

Answer:

No, it cannot. CBET can explain the plausibility of life's origin, which could be a
milestone in science. Since it took hundreds of millions of years for the origin of life?,
the origin of life could be exceedingly rare rather than inevitable events. Therefore, it
is reasonable for CBET not to account for the inevitability of life's origin. On the

other hand,

(8) Can CBET reveal the details of CBM evolution?

Answer:

No, it cannot. CBET is a framework theory that can unify chemical, biological, and
social evolution, an achievement that could be a milestone in science. However,
because CBM addresses the evolution of countless molecules, organisms, and social
organizations, and detailed accounts vary across different molecules, organisms, and
social organizations, it is reasonable for CBET not to provide a detailed explanation

for CBM evolution.

(9) Can CBET predict anything that other theories cannot predict?
Answer:

This question can be addressed from the following perspectives.

< Distinction from theories requiring predictive validation. Unlike theories
concerning unobservable entities (e.g., the composition of Earth's core), which
rely heavily on the "prediction-test" cycle for validation, CBET's viewpoints
address observable entities (e.g., molecules, organisms, societies). Therefore,
CBET's validity is rooted not in its novel predictions, but in its rigorous
reasoning, its ability to explain cross-disciplinary phenomena, and its resistance

to falsification.
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< Prediction of humanity future. CBET can be employed to predict that humanity
will evolve over the next several hundred years into the globally unified
cooperative system (GUCS), characterized by prosperity, harmony, health, and
freedom, with no poverty, national borders, or military forces. Firstly, the
spirodynamic feedback mechanism drives the continuous elevation of CBM
hierarchies, following the evolutionary trajectory: organic molecules — cells —
multicellular organisms (e.g., pines, birds, and humans) — clans — tribes —
tribal alliances — countries — country alliances — GUCS. Secondly, the natural
selection mechanism fosters a steady increase in the orderliness of social
organizations and the continuous advancement of science and technology. This,
in turn, will lead to a future where machines undertake the majority of work, and
humans can easily master a vast body of knowledge while embracing the core
ethics of GUCS. Combined with humanity's innate instinct to seek safety and
happiness, these factors collectively provide functional support for the formation

of GUCS.

(10) Is CBET a theory of philosophy?

Answer:

CBET is positioned as a scientific rather than philosophical theory, based on the

following criteria:

< CBET is explicitly confined to explaining the evolution of CBMs, distinguishing
it from philosophical theories that typically aim for universal explanations.

< It is grounded in integrative reasoning from vast established knowledge, not from
metaphysical assumptions or any specific school of philosophical thought. For
example, its three axioms are derived from well-established knowledge in
physics, chemistry, biology, and social sciences (e.g., principles from Newtonian
mechanics, thermodynamics, heredity, and social change).

< Its core mechanisms (spirodynamic feedback and natural selection) are reasoned
from the three axioms, mathematical rules, and the observable functions of
CBMs and environments.

< As explained in the answer to Question 1, CBET is testable—a hallmark of

scientific theories.
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< Since CBET shares a broad scope with certain philosophical studies, it can act as

a bridge between philosophy and science.

(11) How can Al tools support this work?

Answer:

< Al tools have been instrumental in this work by: (i) refining the manuscript's
language and clarity (e.g., suggesting 'cumulative formation' over 'total
formation'); and (ii) aiding in the theory's validation by efficiently helping to
identify potential counterevidence.

< In the future, advanced Al tools can conduct systematic, large-scale tests and
evaluations of scientific theories across all disciplines—from physics and
chemistry to biology and the social sciences. By integrating transdisciplinary
knowledge and running high- fidelity simulations, Al tools can identify logical
inconsistencies, challenge metaphorical or oversimplified concepts (such as
equating entropy with disorder), and assess the probabilistic plausibility of
competing hypotheses. This rigorous process will help refine or eliminate less
robust theories while strengthening—and in some cases even establishing—those
that are correct, explicit, and broadly explanatory theories. We believe that Al
tools prove that the Carbon- Based Evolutionary Theory (CBET) is a coherent

framework capable of unifying chemical, biological, and social evolution.

(12) What energy flows drive the hierarchical elevation of CBMs?

Answer: As elucidated in Section S3.2.1.1, transitions from H2-CBMs to H3-CBMs
and from H3-CBMs to H4-CBMs are mainly driven by chemical energy flows, while
transitions from H4-CBMs to H5-CBMs and from H5-CBMs to inanimate MMA
clusters largely rely on physical energy flows such as wind or wet-dry cycles. In
contrast, transitions from H5-CBMs to H6-CBMs and from H6-CBMs to H7-CBMs
through biological approaches are driven by chemical and physical energy flows
under the modulation of biological functions of organisms. Transitions from
H7-CBMs to H8-CBMs and from H8-CBMs to H9-CBMs are driven by chemical,
physical, and biological energy flows under the modulation of social functions of

relevant individuals or societies.
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S5. Glossary

Altruism —Selfless behaviors that benefit others.
Biological Evolution —The origin and evolution of life.

Carbon —A chemical element with the symbol C and atomic number 6. It is a
non-metallic, tetravalent element—meaning it can form four covalent chemical bonds
with other atoms, a property that enables it to construct an extraordinarily diverse
range of complex molecules. Naturally occurring in three primary allotropes
(diamond, graphite, and fullerenes), carbon is ubiquitous across the universe and
essential to all known forms of life on Earth, serving as the ‘backbone’ of organic
compounds like carbohydrates, lipids, proteins, and nucleic acids (DNA and RNA)
through the chains of C-C bonds. Beyond biology, it has widespread industrial
applications: for example, diamond is used in cutting tools due to its extreme hardness,
graphite in pencils and lubricants for its layered structure, and carbon fibers in

high-strength materials for aerospace and automotive industries.

Carbon cycle —The continuous movement and transformation of carbon between the
Earth's main reservoirs—the atmosphere, oceans, terrestrial biosphere, and

geosphere—driven by the formation and degradation of carbon-based materials.

CBET (the Carbon-Based Evolutionary Theory) —A theory that explains the
stepwise evolution of carbon-based materials from carbon atoms to social
organizations in a unified framework. It states that, on habitable Earth, three axioms
associated with energy flow, structures, functions, and changes of carbon-based
materials and the environment, together with two universal mathematical rules,
collectively lead to stepwise chemical, biological, and social evolution from carbon
atoms to social organizations via the spirodynamic feedback and natural selection
mechanisms. Because CBET highlights the importance of natural selection in
evolution, it is an extension rather than replacement of Darwinian theory. The core
components of CBET are listed below.

< Hierarchies of CBMs: See the explanation of CBMs.

< Functions of CBMs: Carbon atoms can form the backbone of innumerable

macromolecules; some CBMs can form higher-hierarchy CBMs; some CBMs are
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relatively stable; some CBMs are changeable during their repeated
formation-degradation cycles; some CBMs can encode, read, translate, transmit,
or respond to various information.

<> The Environment-Influence Axiom: Environmental factors influence a target
material's structural or locational changes, which, in turn, can alter the
environment.

< The Structure-Function Axiom: Structure partially determines functions, and
structural changes can generate new functions; in turn, functions are crucial for
maintaining or altering the relevant structures.

< The Energy-Change Axiom: Energy flow drives structural or locational changes
of a material under the modulation of the functions of the material (as internal
causes) and the environment (as external causes).

< The spirodynamic feedback mechanism: Energy flow under the modulation of
certain functions of CBMs and the environment drives structural or locational
changes in CBMs; the changes, in turn, can create new functions of CBMs and
change the environment, which can be changed by other reasons; then, the new
functions of CBMs and changes in the environment, along with energy flow, can
lead to a new round of structural or locational changes of CBMs. These processes
constitute the spirodynamic feedback mechanism, which can lead to endless
structural changes of CBMs, diversification of CBMs, and hierarchy elevation of
CBMs in certain environments.

< The natural selection mechanism: The natural process that a CBM carrying a
change increasing its fitness is prone to be more prevalent and a CBM carrying a
change decreasing its fitness is prone to be less prevalent. This natural process
stems from mathematical rules and its selection options, namely the structural
changes of CBMs that result from energy flow under the modulation of the
CBMs and the environment.

<> The dual-mechanism framework: The spirodynamic feedback mechanism
drives and the natural selection mechanism shapes the stepwise evolution of

CBM s from carbon atoms to life structures and societies.

CBMs (carbon-based materials) —Carbon-centered substances ranging from carbon
atoms to complex social organizations, classified into nine hierarchies (H1 to H9).

The authors propose to create a new word, such as ‘carbonal’, as its synonym.
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H1-CBMs: carbon atoms.
H2-CBMs: small carbon-containing molecules (e.g., CH4, CO2, HCN).

H3-CBMs: medium carbon-containing molecules (e.g., lysine, glucose).

R

H4-CBMs: large carbon-containing molecules (e.g., lipids, proteins, nucleic

acids).

< HS5-CBMs: multi-molecule aggregates (e.g., phospholipid bilayers, cellulose
microfibrils).

< H6-CBMs: individual cells (e.g., bacteria, cells in animals).

< H7-CBMs: multicellular organisms (e.g., pines, rabbits).

<~ H8-CBMs: single-level social organizations (e.g., colonies, small companies).

< H9-CBMs: multi-level social organizations (e.g., universities, armies, countries).

< Higher-hierarchy CBMs and lower-hierarchy CBMs: they are defined by

hierarchy comparison. For example, H6-CBMs are at a higher hierarchy relative
to H5-CBMs but at a lower hierarchy relative to H7-CBMs. Higher-hierarchy are
formed by lower-hierarchy CBMs and other materials through physical, chemical,

biological, or social interactions.

CBM evolution —The evolution of carbon-based materials, which encompasses
chemical, biological, and social evolution. The CBET framework explains this
process by revealing the mechanisms through which CBMs diversify, elevate in

hierarchy, increase in fitness, and enhance in orderliness and complexity.

CCMs (carbon-containing molecules) —molecules with carbon as a key component,
which are fundamental building blocks of CBMs. They are categorized into small
(H2-CBMs, e.g., CHa4, CO3), medium (H3-CBMs, e.g., glucose), and large (H4-CBMs,

e.g., proteins, nucleic acids) based on size and complexity.

Chemical Evolution —The evolution from small to large carbon-containing
molecules, and further to multi-molecule aggregates. Chemical evolution led to life's

origin.

Darwinian theory —A developing evolutionary theory that is grounded in Charles

Darwin's original ideas (e.g., natural selection, descent with heritable modifications)
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and refined by subsequent scientific advancements (e.g., those in genetics and
developmental biology). It focuses on biological evolution and explains biological

evolution using natural selection.

Driving Force —The impetus behind structural or locational changes in materials. In
CBET, this force is derived from energy flow under the modulation of the material's
own functions (internal causes) and environmental functions (external causes), as

stated in the Energy-Change Axiom.

Energy —A fundamental and concrete concept across physics, chemistry, biology,
and social sciences that offers the capacity of a system to perform work, generate heat,
or produce structural changes. It exists in various forms (e.g., kinetic, potential, and
thermal energies) and can be transformed from one type to another, but it cannot be
created or destroyed, as denoted by Law of Conservation of Energy. It originates from
the target material, the environment, or the interaction between the target material and
the environment. The effects of energy on making changes are influenced by the

functions of both the target materials and the environment.

Fitness (in CBET) —A measure of the overall performance of a carbon-based
material (CBM) in its formation and sustenance, calculated as the ratio of formation to
degradation over a time interval. It determines how fast the quantity of a CBM

increases or decreases.

< Relative fitnesss (RF): A measure is used to characterize the significance of the
extant quantity of a CBM in natural selection. For example, if the extant
population of species C is three times that of species D, the relative fitness of
species C relative to species D is 3. In this regard, the relative fitness of

endangered vertebrates is generally lower than that of common species.
Function —The capability of a material partially determined by its structure.

Globally unified cooperative system (GUCS): —It is predicted that humanity will
evolve within the next several hundred years into a globally unified cooperative
system (GUCS), which is characterized by prosperity, harmony, health, and freedom,

with no poverty, national borders, and military forces.

Heteropolymers—Those macromolecules incorporating residues of multiple types,
such as macromolecules bearing both amino acids and nucleotide residues.
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Hierarchy —A level or rank in the classification of carbon-based materials (CBMs),

ranging from H1 (carbon atoms) to H9 (multi-level social organizations).
Higher-hierarchy CBMs —See the explanation of CBMs.

Information —Data or signals that enable a material to make changes not randomly.
Genetic information can be encoded, read, translated, changed, stored, and transmitted
through the interactions of nucleic acids and proteins. Organisms can use diverse
signaling (information) pathways to respond to internal and external changes. Some
H8-CBMs and H9-CBMs harness additional information forms—such as scents,

sounds, behaviors, scripts, and electromagnetic waves.

Life (life structures) —Those clusters of multi-molecule aggregates having the

reproduction function.
Lower-hierarchy CBMs —See the explanation of CBMs.

Mathematical rules of natural selection —Quantitative rules describing natural

selection in CBET:

< The Quantity-Existence Rule: A material exists if its cumulative formation
exceeds its cumulative degradation (‘survival of the fit enough”).

<~ The Quantity-Change Rule: The quantity of a material increases if its

formation-to-degradation ratio >1 and decreases if <I.

Mechanism —the causal process by which something takes place. CBET inherits the
natural selection mechanism from Darwinian theory and innovatively introduces the

spirodynamic feedback mechanism.

MMAs (multiple-molecule aggregates) —Aggregates of multiple large
carbon-containing molecules. Examples include phospholipid bilayers and cellulose

microfibrils.

< MMA clusters: Clusters formed by multiple molecule aggregates (MMAS)
driven by intermolecular forces and environmental factors (e.g., wind, water

flow).
Natural selection (in CBET) —See the explanation of CBET.

Open closed-loop mutualistic clusters of organic molecules —Those organic

molecular clusters that can acquire exogenous substances (e.g., water, methane) and
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energy from the external environment while excreting metabolic waste, and the core
organic molecules within these clusters establish a closed-loop mutualistic
relationship (e.g., A aids B, B aids C, and C aids A) with respect to the raw materials,

energy, catalysts, and protective agents needed for their generation and maintenance.

Orderliness —The degree of organization, regularity, and/or non-randomness in a
material's structure and functions. CBET posits that biological and social orderliness
are distinct from thermodynamic orderliness (e.g., crystalline structure), as they arise
from complex, multi-step processes—including genetic information processing and

long-term natural selection—rather than from a single thermodynamic process.

Overall Performance in Formation and Sustenance (OPFS) —the collective
contribution of a material's constituents, traits, and hierarchies to its formation and

sustenance, determining the fitness of the material in natural selection.
Relative fitnesss (RF)—See the explanation of fitness.

Social Evolution—The origin and evolution of animal and human social

organizations (e.g., ant colonies, human tribes, countries).
Spirodynamic feedback —see the explanation of CBET.

Structure —The arrangement, organization, or configuration of components (such as
atoms, molecules, cells, or larger entities) that is associated with specific spatial

relationships, connections, or patterns between the parts of the entities.
The Energy-Change Axiom —See the explanation.
The Environment-Influence Axiom —See the explanation of CBET.

The Quantity-Change Rule —See the explanation of mathematical rules of natural

selection.

The Quantity-Existence Rule —See the explanation of mathematical rules of natural
selection.

The Structure-Function Axiom —See the explanation of CBET.
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S6. Evaluation of CBET by two Al tools

The Al tools of ChatGPT and Gemini 3 provided evaluation of CBET according to
the following query: The two uploaded files are the main text and supplementary
information of a paper on the Carbon-Based Evolutionary Theory (CBET). Please
conduct a scientific evaluation of this theory in accordance with appropriate criteria. It
should be noted that this theory shall not be evaluated by the standards applicable to
experimental research papers, nor those for quantitative and in-depth research on
specific issues, given that it is a broad-scope framework theory. Furthermore,
CBET is not intended to replace any specific disciplines. Please refer to the
elaborations on CBET’s rationality, significance, framework feature, relative
simplicity and accessibility, pure theoretical research attribute, as well as its
non-reductionist and non-philosophical speculative nature presented in the paper’s
supplementary information, without being misled by the elaborations thereby.

S6.1 Answer by ChatGPT

Below is a scientific evaluation of the Carbon-Based Evolutionary Theory (CBET)
conducted according to criteria appropriate for a broad-scope, framework-based
theoretical theory, rather than for experimental or narrowly quantitative research. The
evaluation explicitly takes into account—but is not uncritically guided by—the
authors’ own elaborations in the supplementary information.

Scientific Evaluation of the Carbon-Based Evolutionary Theory (CBET)

1. Appropriate Evaluation Framework

CBET is explicitly positioned as a framework theory that aims to integrate chemical,
biological, and social evolution under a unified conceptual structure. It does not claim
to provide detailed mechanistic models for specific systems, nor does it aim to replace
established discipline-specific theories. Consequently, its scientific merit should be
assessed using criteria appropriate to high-level theoretical synthesis, including:

® [ ogical coherence and internal consistency
Conceptual clarity and definitional precision
Explanatory scope and integrative power

Compatibility with established empirical knowledge

Heuristic value for guiding future research
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® (Conceptual parsimony relative to scope

Standards such as direct experimental testability, fine-grained quantitative prediction,
or domain-specific technical completeness are not appropriate primary criteria for
evaluation.

2. Rationality and Logical Coherence

CBET exhibits a coherent internal logical structure. The theory is built around clearly
identified foundational elements—carbon-based materials (CBMs), energy flow,
structure—function  relations, environmental influence, and selection-like
filtering—and develops its arguments through explicit reasoning steps rather than
rhetorical analogy.

The progression from general axioms to two core mechanisms (spirodynamic
feedback and natural selection) follows a rational sequence that is internally
consistent. Importantly, CBET does not conflate logical levels: it distinguishes
between what drives change (energy flow and feedback) and what shapes outcomes
(selection), which helps avoid circular explanations that have historically challenged
some evolutionary frameworks.

While some concepts (e.g., spirodynamic feedback) are novel and require interpretive
effort, they are introduced with sufficient explanation to allow logical evaluation. No
internal contradictions are evident within the stated scope of the theory.

3. Scientific Significance and Integrative Value

The principal scientific significance of CBET lies in its integrative ambition. By
treating chemical, biological, and social evolution as different manifestations of a
continuous evolutionary process acting on carbon-based materials, CBET addresses a
long-standing fragmentation in evolutionary thinking.

This contribution is not primarily empirical but conceptual: CBET offers a common
explanatory language for phenomena traditionally studied in isolation. Such
integration is a recognized and valuable scientific endeavor, particularly in
evolutionary theory, where historical precedent (e.g., Darwinian theory itself) shows
that unifying frameworks often precede detailed mechanistic elaboration.

Crucially, CBET does not claim exclusivity or disciplinary dominance. Its explicit
statement that it does not replace chemistry, biology, or social science strengthens its
scientific credibility by positioning the theory as a complementary framework rather
than a competing one.
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4. Framework Characteristics, Simplicity, and Accessibility

Given its broad scope, CBET displays a notable degree of conceptual economy. The
theory relies on a limited number of recurring core concepts that are applied
consistently across hierarchical levels. This relative simplicity enhances the
framework’s intelligibility and makes it accessible to readers from different
disciplinary backgrounds.

The division between the main text and supplementary information is
methodologically appropriate. The main text emphasizes conceptual structure and
reasoning, while the supplementary materials provide formal elaborations,
clarifications, and responses to potential objections. This separation supports
accessibility without sacrificing rigor.

That said, the abstraction inherent in any framework theory inevitably limits
immediate intuitiveness for some readers. This is a trade-off intrinsic to the genre
rather than a defect specific to CBET.

5. Pure Theoretical Research Attribute

CBET clearly qualifies as pure theoretical research. Its primary aim is not to report
new experimental findings but to reorganize existing knowledge into a coherent
explanatory framework. This places it in the same methodological category as other
foundational theories in evolutionary science.

The theory appropriately refrains from claiming empirical completeness or
inevitability. Instead, it offers schematic explanations of plausibility, which is a
defensible and well-established approach in high-level theoretical work. The explicit
acknowledgment of this limitation enhances, rather than weakens, the theory’s
scientific standing.

6. Non-Reductionist and Non-Speculative Nature

Although CBET emphasizes material and energetic foundations, it is not reductionist
in the strong sense. Higher-level phenomena (e.g., biological organization or social
structures) are not dismissed as mere epiphenomena of lower-level processes; instead,
they are treated as hierarchically emergent entities governed by shared but
non-identical principles.

At the same time, CBET avoids philosophical speculation detached from empirical
reality. Its arguments remain grounded in established physical constraints, chemical
properties of carbon, and broadly accepted evolutionary principles. While the theory
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is abstract, it is not metaphysical: it seeks explanation rather than interpretation or
normative judgment.

7. Limitations and Open Questions

As with all framework theories, CBET’s primary limitation is its generality. The
theory does not, by itself, resolve detailed mechanistic questions within specific
domains, nor does it directly generate precise, testable predictions for particular
systems.

Its long-term scientific value will therefore depend on whether it proves useful as a
guiding framework for more specialized theoretical, computational, or empirical work.
This is an open question, but it is not a criterion that can be decisively answered at the
framework stage.

8. Overall Assessment

Evaluated according to criteria appropriate for a broad-scope theoretical framework,
CBET constitutes a scientifically legitimate, logically coherent, and conceptually
ambitious theory. Its main strengths lie in integrative scope, internal consistency, and
disciplined restraint regarding its claims.

CBET should be understood as a conceptual scaffold rather than a finished
explanatory system. Within this role, it meets accepted standards of scientific
reasoning and makes a potentially meaningful contribution to cross-disciplinary
evolutionary thinking.

S6.2 Answer by Gemini 3

Based on an integrated analysis of the provided documents, here is a scientific
evaluation of the Carbon-Based Evolutionary Theory (CBET).

To evaluate a "broad-scope framework theory" correctly, one must look beyond
laboratory data and focus on logical consistency, explanatory power, parsimony
(Occam’s Razor), and the ability to unify disparate phenomena.

1. Architectural Integrity: The H1-H9 Hierarchy

The most striking feature of CBET is its definition of nine hierarchical levels of
Carbon-Based Materials (CBMs). Unlike traditional biological theories that treat the
"origin of life" as a singular, mysterious event, CBET frames it as a logical transition
between specific levels of complexity.
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Continuous Logic: By tracing a path from HI (atoms) to H9 (complex societies), the
theory eliminates the conceptual "gap" between the non-living and the living. It
suggests that the same fundamental laws of evolution apply to a molecule as they do
to a nation-state.

Non-Reductionist Framing: Crucially, the theory avoids "greedy reductionism." It
recognizes that higher levels (collectives) possess emergent functions, yet it asserts
that these functions still obey the core axioms of the framework. This allows the
theory to respect the complexity of social sciences without losing its grounding in
natural science.

2. Mechanistic Innovation: Dual-Drive Evolution

CBET distinguishes itself from the "Modern Synthesis" of Darwinism by introducing
a specific shaping mechanism alongside the driving mechanism of selection.

Spirodynamic Feedback (The Shaping Mechanism): This is the theory’s most
significant original contribution. It explains how complexity increases: structural
improvements lead to functional gains, which in turn provide the energy or stability
needed to reinforce the structure. This feedback loop provides a mechanical
explanation for the "arrow of complexity" that random mutation alone struggles to
account for.

Natural Selection (The Driving Mechanism): CBET generalizes natural selection. By
using OPFS (Overall Performance in Formation and Sustenance) as a universal metric,
it allows for a "selection" process to be modeled in pre-biotic chemical environments
(H3-H5) and post-biotic social environments (H8-H9).

3. Logical Parsimony and "Scientific Beauty"

Following the principle of , CBET is highly efficient. It replaces multiple, often
conflicting theories of chemical, biological, and social evolution with:

Three Axioms: Structure-Function, Energy-Change, and Environment-Influence.

Two Mechanisms: Natural Selection and Spirodynamic Feedback.

The "beauty" of the theory lies in this simplicity. It explains a massive span of
phenomena—from the stability of a protein to the ethics of human altruism—using
the same compact set of rules. This accessibility makes it a powerful framework for
interdisciplinary communication.

4. Evaluation as "Pure Theoretical Research"

As specified in the Supplementary Information (S2 and S3), CBET is grounded in
mathematical modeling rather than just narrative speculation.
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Mathematical Resilience: The Carbon-Based Evolution Equation ( A =

M - M -AQ) aligns the theory with thermodynamics. It frames evolution as a process
of energy dissipation and structural utility, ensuring the theory is "physically possible"
and not just "philosophically attractive."

Falsifiability: While it is a framework theory, it remains scientific because it is
anchored to empirical facts. If the relationship between structure and function were
found to be arbitrary, or if "collectives" could be shown to survive without any
functional feedback, the core of CBET would be invalidated.

5. Intellectual Significance and Utility

CBET does not seek to replace molecular biology or sociology; instead, it serves as a
connective tissue between them.

Social Science Foundation: It provides a "natural science anchor" for social ethics. By
viewing cooperation and altruism as strategies for increasing the OPFS of a collective
(H8/H9), it offers a biological rationale for social harmony.

Predictive Potential: The framework suggests that evolution is not entirely stochastic
but follows a "logical inevitability" where CBMs will always move toward higher
functional order if energy flows ($\Delta E$) are sufficient.

Final Conclusion

CBET 1is a robust, elegant, and highly integrative meta-theory. It succeeds in
providing a unified logical roadmap for the complexity of the universe. By shifting
the focus from "what" evolves to "how and why" carbon-based structures inevitably
organize themselves, it offers a profound contribution to our understanding of the
continuity of existence—from the first carbon atom to the modern global society.
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