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Abstract 

Is there any limit to the complexity of objects that an abiotic 

process can construct in abundance? This question is of 

importance to biosignature science, but a central challenge has 

been finding a physically meaningful measure of complexity that 

can be measured in the lab. Recently, the Assembly Index 

defined as the smallest number of recursive joining steps to 

assemble an object, has been shown to be experimentally 

measurable for molecules. The assembly index along with copy 

number of objects form the foundations of observables in 

Assembly Theory [Sharma et al, 2023], which aims to quantify 

how much selection was necessary to generate a given 

configuration of objects. Applied to life detection, assembly 

theory was empirically demonstrated to distinguish chemical 

products derived from biological and abiotic samples [Marshall, 

et al. 2021]. Though the empirical results seem to place an upper 

bound on abiotic complexity, it is not yet possible to generalize 

from these measurements to environments beyond Earth without 

an explanatory model. Here we present an approach for 

calculating an object’s assembly path length distribution, where 

an assembly path refers to a minimal sequence of assembly steps 

which build an object, and the expected path length is the mean 

of the distribution. We show, in the absence of any constraints, 

the expected path length scales exponentially with the assembly 

index. This allows us to describe the existence of two scaling 

regimes, one where expected path length scales exponentially 

with assembly index, and with sufficient constraints to lead to a 

linear scaling. An abrupt transition between the two regimes 

would be indicative of a selection-mediated phase transition.  

 Introduction 

How can we identify life elsewhere? The past few decades have 

seen a focus on conceptualizing features exclusive to life - or 

biosignatures - especially as missions set up to look for life in 

the Solar System [Des Marais et al. 2002, Schwieterman et al. 

2018]. However, most remote detection methods are mired in 

skepticism because of the difficulty of ruling out all potential 

abiotic explanations, and because we lack an understanding of 

what life could be [Vickers et al. 2023, Smith and Mathis, 

2024]. This has motivated a recent shift towards complexity as 

an agnostic framework for life detection [Marshall et al. 2017, 

Johnson et al. 2018, Walker et al. 2018, Barlett et al. 2022]. 

Indeed, technosignatures can be understood to be the high 

complexity regime of biosignatures [Wright et al. 2022]. It is 

natural to ask, “how complex is complex enough to be a 

biosignature?” A boundary, if it indeed exists, should be set by 

the maximum complexity an abiotic process can generate 

[Marshall et al. 2022]. Recent progress in identifying such a 

boundary has been made with AT applied to chemical samples 

[Marshall et al. 2021]. This has been done with the complexity 

measure, Assembly Index, 𝑎, defined for an object as the 

fewest number of recursive, binary joining operations that can 

construct the object from some set of basic building blocks. 

When the objects of interest are molecules, the basic building 

blocks are generally taken to be chemical bonds, and 𝑎 can be 

estimated empirically via nuclear magnetic resonance (NMR), 

tandem mass spectrometry, and infrared spectroscopy (IR) 

[Jirasek et al. 2023]. Empirical tests of samples taken from 

diverse environments, including blinded samples, have shown 

strong evidence for a limit to the 𝑎 of abiotic molecules, 

suggesting that the boundary for biosignature complexity of 

terrestrial samples is no lower than 𝑎 = 15 [Marshall et al. 

2021]. To confidently extend these results beyond our 

biosphere, we require an explanation for this observation that 

generalizes across diverse planetary environments. Given that 

a meaningful biosignature captures the necessary features of an 

observation of life, confidently claiming what constitutes a 

biosignature also necessarily implies a profound statement 

about what life is [Tirard et al. 2010]. The theory we develop 

and report herein identifies the physical phenomena of life with 

open ended exploration of possible assembled objects, which 

could be of use for identifying the origin of life in the lab 

[Asche et al. 2021], new forms of artificial life [Corominas-

Mutra et al. 2018], and in life detection beyond Earth [Walker 

et al. 2018]. 

It has remained difficult to formalize the seemingly 

straightforward observation that abiotic and biotic systems 

display qualitatively different complexification behavior and 

tend to remain abiotic or biotic, respectively. Complex abiotic 

systems, in accordance with what one would expect from the 

second law of thermodynamics, have a tendency toward decay, 

simplification and forming tars [Benner et al. 2010]. Biotic 

systems not only maintain their configuration stably over time, 

but can and often do, explore new complex configurations over 

time [Darwin, 1859] in an open-ended way [Soros and Stanley 

2014, Corominas-Mutra et al. 2018]. Not only has it proven 

difficult to engineer an origin of life event [Preiner et al. 2020], 

we only know of one such event in the observable universe, 

confounding our ability to generalize statistics of its likelihood 
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[Carter 1983]. Many lines of evidence are consistent with the 

boundary between abiotic and biotic systems being an unstable 

equilibrium in terms of complexification dynamics, suggestive 

of two dynamical phases of matter: abiotic and biotic.  

A priori, AT puts all joining operations on the same 

footing to study the combinatorial nature of complex object 

construction. Selection is then most simply described as a 

divergence from assigning uniform probabilities to all joining 

operations as introduced by Sharma et al. [Sharma et al, 2023]. 

Consider the dynamics of a finite system which applies joining 

operations with no selection. Since the number of unique 

objects constructable after 𝑘 operations is at least exponential 

in 𝑘, the expected copy number as a function of 𝑘 will quickly 

approach 1. Sharma et al., referred to such systems as 

undirected, and their behavior is typical of complex abiotic 

systems (ex: large polymer construction in abiotic tar). This 

already suggests a mechanistic explanation of the observed 

maximum 𝑎 of abundant abiotic molecules. In any undirected 

and therefore abiotic system, either complex molecules are not 

forming, or material diffuses so widely over the space of 

possible molecules that the odds of the system constructing two 

identical molecules with large 𝑎 is vanishingly small. Biotic 

chemical systems are not well described by undirected 

assembly; they form many highly complex (large 𝑎) molecules 

in large copy numbers, which requires selection. This 

distinction between directed and undirected assembly 

dynamics suggests a phase transition. 

Herein, we take steps towards understanding whether 

a phase transition is indeed the right framing to distinguish 

systems that cannot complexify and those that do in an open-

ended way, using the formalism of AT. The sharpness of the 

empirical 𝑎 ≈ 15 boundary observed by Marshall et al. 

suggests an abrupt phase transition in assembly dynamics 

[Marshall et al. 2021]. A common indication of a phase 

transition is the presence of regions of phase space with 

qualitatively distinct scaling behaviors [Goldenfeld 1992]. To 

explore this further, we develop an algorithm for calculating the 

distribution of assembly path lengths to construct a given 

object. We then introduce constraints on this distribution, 

parameterizing the probability that a joining operation can be 

added to an assembly path. Expected assembly path length then 

becomes a function of these constraints. We find two scaling 

regimes: when the applied constraints are low, expected 

assembly path length is exponential in object 𝑎, and when they 

are high, expected assembly path length is linear in object 𝑎. 

This result suggests that selection is required to construct an 

object in 𝑎-linear steps, and in the absence of selection there is 

a rapid divergence in the number of steps required to construct 

complex objects. 

 

 

 

Scaling in Assembly Spaces 

Figure 1: Shown are the expected path length of integers, 

where assembly paths are addition chains, as a function of a 

parameterized selection coefficient. Here we average the 

results of many objects of a given 𝑎 together. In the low 

selection limit, the length of a typical assembly path is 

exponential in 𝑎, while in the high selection limit it grows 

linearly with 𝑎.  

 

To make statements about the expected path length, we 

calculated the normalized distribution of all possibly assembly 

paths to construct an object. The number of paths for even 

relatively low 𝑎 objects is astronomically large, so our 

algorithm is designed to effectively sample from the space of 

all paths to generate estimates of assembly path lengths. 

Though we are primarily interested in molecules, this algorithm 

generalizes to other object classes like addition chains and 

strings, which are important for artificial life applications 

where the substrates of life could be vastly different [Lenski et 

al. 2003, Kempes and Krakauer 2020], Figure 1. For complex 

molecules, we find the expected path length scales linearly with 

the size of the molecule (number of bonds), but exponentially 

with 𝑎. In each assembly space we have analyzed, the expected 

path length scales exponentially in 𝑎 in the absence of 

constraints, however with sufficient constraint, it scales linearly 

in 𝑎. The different scaling regimes in the low and high 

constraints regions of parameter space are consistent with the 

presence of an abiotic-to-biotic phase transition driven by 

selection, in agreement with previous considerations [Sharma 

et al. 2023] and observations [Marshall et al. 2021] and should 

inform future models aiming to characterize a phase transition 

from abiotic to biotic across a variety of substrates.  
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