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Article 

Darwinian Evolution as a Product of the Second Law: 
Biotic Entropy Production in the Universe † 
Charles H. Lineweaver 

charley.lineweaver@anu.edu.au 
† Contribution to a Special Issue of Entropy: Thermodynamics of Dissipative Structures and Related 

Emergent Phenomena edt R. Niven and H Ozawa. (Draft due 31 Oct, 2024) 
www.mdpi.com/journal/entropy/special_issues/3DE4NPRXMK. 

Abstract: There is much confusion about the apparent opposition between Darwinian evolution and 
the second law of thermodynamics. Entropy and entropy production play a more important role in 
the origin of life and Darwinian evolution than is generally recognized. Here I argue that (i) 
Darwinian evolution is a product of the second law, in that life forms are far from equilibrium 
dissipative systems that have come into existence because of gradients in the universe, and that (ii) 
life enhances the 2nd law by increasing entropy production. Since the 2nd law involves entropy 
increase, we go beyond it with an hypothesis that involves the increase of entropy production. 
Gould proposed a wall of minimal complexity to explain an apparent increase in biological 
complexity. I show that a tendency for entropy production to increase offers a better explanation for 
the simultaneous increase of both biological complexity and simplicity. I review a simple universe-
in-a-cup-of-coffee model and propose an alternative operational definition of complexity that it is 
proportional to entropy production. Finally, I sketch the cosmic history of entropy production and 
use it to evaluate the effectiveness of the hypothesis that there is a tendency for entropy production 
to increase. 

Keywords: entropy; entropy production; Darwinian evolution; complexity 
 

1. Biologists on Entropy 

Despite Schrödinger’s efforts, most biologists ignore entropy because they see little or no 
connection between Darwinian evolution and the 2nd law of thermodynamics. NASA astrobiologists, 
however, are looking for life beyond the Earth, so they need a definition of life. Here is NASA’s: Life 
is a “self-sustaining chemical system capable of Darwinian evolution” (Benner 2010). The word “self” 
is problematic since there is no such thing as a “self-sustaining chemical system”. Sustained chemical 
reactions take place when the Gibbs free energy is negative, ΔG(t) < 0, and this sustained negativity 
can only come from sources of free energy outside the life form.  

Life’s openness allows free energy in, but neither a closed-self nor an open-self can supply a 
continuous source of free energy. So “self-sustaining” is an oxymoron. Also, since the Gibbs free 
energy G = U – TS, and S is entropy, entropy must play a fundamental role in life just as Schrödinger 
(1948) suggested. 

Understanding the relationship between entropy and life involves understanding how non-life 
became life – how chemistry became biology. This transition does not involve the improvement or 
the refinement of our definitions of life. It involves their deconstruction. In other words, as we trace 
the evolution of life back through time and try to find its abiotic purely chemical origins, we should 
expect our definitions of life to become more and more inappropriate. So, we will necessarily have to 
deconstruct the current apparent boundary between non-life and life to understand the transition 
from chemistry to biology. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2024 doi:10.20944/preprints202411.0269.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202411.0269.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

What is important in the origin of life field is understanding the transitions that led from 
chemistry to biology. So far, I have not seen that efforts to define life have contributed at all to that 
understanding. (Szostak 2012). 

More specifically, what is important is understanding the role of entropy in the transitions that 
led from chemistry to biology. Entropy and entropy production play a more important role in (i) the 
origin of life and (ii) Darwinian evolution than is generally recognized by biologists. In most 
authoritative books on evolution, entropy is not even mentioned. There is no entry for “entropy” in 
the indexes of The Origins of Life (Smith & Szathmary 1999), The Structure of Evolutionary Theory (Gould 
2002) or Evolution: The first Four Billion Years (Ruse & Travis 2009). The definition of entropy in What 
is Evolution (Mayr 2001) is a crude afterthought: 

Entropy The degradation of matter and energy in the universe to an ultimate state of inert 
uniformity. Entropy can be reached only in a closed system. 

Mayr is confusing entropy with three other concepts: (1) the production of entropy (2) the heat 
death of the universe and (3) the maximum entropy of a closed system. One of the main goals of this 
paper is to clarify the differences between these concepts and relate them to Darwinian evolution. 

Trying to understand the origin and evolution of life without understanding its fundamental 
dependence on the second law of thermodynamics and entropy production is like trying to 
understand the origin and development of the United States of America without understanding the 
role of England or George Washington. It’s blinkered and futile. Yet, it persists. We need to do a better 
job of convincing our colleagues of the fundamental constructive role entropy plays in the origin of 
life and Darwinian evolution. 

Many authors still subscribe to the idea that there is some kind opposition between entropy and 
evolution. Darwin’s Dangerous Ideas: Evolution and the Meanings of Life (Dennett 1995) is an otherwise 
insightful description of our modern understanding of Darwinism and its importance, he writes: 

According to the Second Law, the universe is unwinding out of a more ordered state into the 
ultimately disordered state known as the heat death of the universe. What then, are living things? 
They are things that defy this crumbling into dust, at least for a while, by not being isolated – by 
taking in from their environment the wherewithal to keep life and limb together…Not just individual 
organisms, but the whole progress of evolution that creates them, thus, can be seen as fundamental 
physical phenomena running contrary to the large trend of cosmic time…It is not impossible to 
oppose the trend of the Second Law, but it is costly. (Dennett 1996, p 68-69) 

Here is another expression of the supposed opposition between life and entropy: 

…to stay alive we need to continually eat so as to combat the inevitable, destructive forces of entropy 
production. Entropy kills. (West 2017, p 14-15). 

The relationship between the 2nd law and Darwinian evolution is not “costly” as Dennett would 
have it. There is no real opposition between life and entropy, but incomplete descriptions of life 
invoke an apparent opposition between life and entropy. This apparent opposition stems from a long 
tradition of separating life from non-life, biotic from abiotic and viewing life forms as beings 
independent and more important than the dead physical environment. Thus, when it comes time to 
tally up the entropy budget, the focus is on tallying up the low entropy inside the life form, not its 
overcompensation by the higher entropy exported to the environment. The apparent opposition 
between life and entropy comes from ignoring the fact that life forms are embedded in, depend on, 
and coevolved with, the biosphere and Earth’s environment. If we want to understand what is going 
on, we need to keep track of the total entropy. By explaining this clearly, Mayr redeems himself: 
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It is sometimes claimed that evolution, by producing order, is in conflict with the “law of entropy” 
of physics, according to which evolutionary change should produce an increase of disorder. Actually, 
there is no conflict, because the law of entropy is valid only for closed systems, whereas the evolution 
of a species of organisms takes place in an open system in which organisms can reduce entropy at the 
expense of the environment and the sun supplies a continuing input of energy. Mayr (2001).  

Not only does the evolution of life not oppose the 2nd law, life has come into existence because 
of entropy. And while it exists, life enhances the 2nd law since the existence of life increases entropy 
production in the universe. Some authors want to finesse a compromise between life and entropy: 

…Life violates the spirit but not the letter of the second law. (Brown 1999, p 74). 

The simplest metaphor for the role of life in the universe is a refrigerator. A refrigerator runs on 
free energy. You have to plug it in. The low entropy inside a refrigerator comes at the expense of 
increasing the entropy outside the refrigerator. This is easily tested. On a hot summer day in a sealed 
room, try to cool the room by opening the refrigerator door. 

Make sure the heat from the back of the refrigerator does not leave the room through some vent. 
The more refrigerators you turn on, the hotter the room gets and the more entropy is produced. And 
the colder you make the refrigerators, the more watts they need, the hotter the room gets and the 
more entropy they produce. 

2. What Is the Connection Between Entropy and Biology? Going Beyond the Second Law 

Rudolf Clausius (1865) coined the word “entropy” and the second law of thermodynamics: “The 
entropy of the universe tends to a maximum” or dS ≥ 0. The 2nd law is the only law of physics that has a 
“≥” instead of a “=”. The passage of time – even the definition of time – has been attributed to this 
“≥” and the irreversibility it represents. Does the second law need extending? If so, how can we 
extend it? The phrase “tends to a maximum” begs the question: How strong is this tendency? How 
quickly does entropy tend to a maximum? What controls the rate of entropy increase dS/dt? 
Researchers have discussed the connection between entropy and biology (e.g. Prigogine & Stengers 
1984, Brooks & Wiley 1988, Weber et al 1990). And over the past few decades a group of researchers 
has explored the landscape beyond the second law (e.g. Kleidon & Lorenz 2005, Dewar 2005, 
Martyshev & Seleznev 2006, Dewar 2009, Kleidon 2010a,b, Dewar et al 2014a). 

Is there anything useful and fundamental that we can say about the rate of entropy increase?  
In other words, can we go beyond Clausius’ second law: 

(2A) The entropy of the universe tends to a maximum. (i.e. dS/dt ≥ 0 ) 

and hypothesize instead that: 

(2B) The entropy production dS/dt of the universe tends to a maximum (i.e. d2S/dt2 ≥ 0). 

These are distinct, independent statements. Just as there is an important distinction between 
position x, velocity dx/dt, and acceleration d2x/dt2, there is an equally important distinction between 
entropy S, entropy production dS/dt, and changes to entropy production d2S/dt2. If position x is 
increasing then dx/dt is positive. But that says nothing about the rate of change of dx/dt. On a bike 
ride to the store you can have a positive velocity dx/dt > 0, but you can go fast, then slow, then speed 
up and still have a positive velocity. Sometimes you push harder on the pedals and sometimes you 
brake. These changes in velocity are described by acceleration: d2x/dt2. Speeding up (d2x/dt2 > 0) and 
slowing down (d2x/dt2 < 0 ) are changes in the sign of d2x/dt2. Similarly, statement 2B above is about 
d2S/dt2 ≥ 0. It is distinct from statement 2A (which is the 2nd law about dS/dt ≥ 0). Statement 2B is a 
distinct hypothesis that goes beyond the second law. To some, statement 2B seems obvious: 
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In the jargon of thermodynamics, the formation of patterns in these systems [far from equilibrium 
dissipative systems] helps to speed up the dissipation of energy as mandated by the second law. 
(Hazen 2005, p 13) 

In this quote, “dissipation of energy” means dS/dt > 0 and is the second law. But to “speed up 
the dissipation of energy” is different and is the subject of hypothesis 2B. 2B involves the second 
derivative d2S/dt2 not the first derivative dS/dt. An increase in entropy dS/dt > 0 is different from an 
increase in entropy production d2S/dt2 > 0. Thus, Hazen is assuming ideas about thermodynamics that 
go beyond the 2nd law. I agree with him that far from equilibrium dissipative systems (“FFEDS”, 
Prigogine 1978) increase dS/dt, but I disagree that this is expressed in the second law. The second law 
is completely silent on the second derivative of entropy. In Clausius’ description of the 2nd law, the 
entropy of the universe tends to a maximum, there is nothing about far from equilibrium dissipative 
systems (FFEDS) and specifically nothing about speeding up the dissipation of energy. The 
“dissipation of energy” involves dS/dt > 0 while “speeding up the dissipation of energy” involves 
d2S/dt2 > 0. No part of the second law is about speeding up the rate of entropy production. If going 
beyond the second law involves speeding up the rate of entropy production, then hypothesis 2B is a 
compact way to say it. 

In addition, the second law dS/dt ≥ 0 says nothing about the connection between the rate of 
entropy production dS/dt and the steepness of the gradient, the complexity of the FFEDS or the 
derivative of the Gibbs free energy (except to say that in equilibrium when there are no gradients, 
dS/dt = 0). Similarly, 2B says nothing about the connection between the increase in the rate of entropy 
production d2S/dt2 > 0 and the steepness of the gradient or the complexity of the FFEDS (except that 
in equilibrium when there are no gradients d2S/dt2 = 0). Presumably, at equilibrium all higher 
derivatives of S are also zero. 

There are several other problems involved with efforts to go beyond the second law. 
A) Physicist often insist that the entropy of a system can only be defined in equilibrium. If the 

concept of entropy only makes sense in equilibrium, we can only talk about the difference of the 
entropy between two equilibrium states: ΔS = S2 – S1, or about near-equilibrium states (Onsager 
1931ab, Dewar 2005, Kondepudi & Prigogine 2006, Ben-Naim 2019, see also Zupanovic et al 2010). 

B) A diversity of mathematical notations, an acronym soup (MEP, MaxEP, MinEP, MaxEnt), and 
attempts to generalize to the widest range of applications, all contribute to making things 
complicated. See for example Dewar et al 2014b, specifically Table 1, Figure 1.1 and their use of the 
dissipation function <Ω> to mathematically explore the landscape beyond the second law.  

C) “Life forms don’t just obey the second law, they enhance its operation” Schneider & Sagan (2005, p 
xv). This agrees with Hazen above. There seems to be agreement that life forms enhance the operation 
of the second law. That is, biotic FFEDS make dS/dt larger than it would be without them. But trying 
to quantify this enhancement is a work in progress (Dewar et al 2014a, and papers in this issue of 
Entropy). 

3. Paradigm Shift from “We-Eat-Food” to “Food-Has-Produced-Us-To-Eat-It” 

There is more to the relationship between life and entropy than life not violating the 2nd law. 
Some researchers have argued that a paradigm shift is needed to more accurately describe the 
relationship between life and entropy – a paradigm shift from the conventional life-centered view of 
“we-eat-food” to a more objective gradient-centered view of “food-has-created-us-to-eat-it” (e.g. 
Schneider & Kay 1994, Schneider & Sagan 2005, Lineweaver & Egan 2008, Vallino 2014). 

…gradients, when steep enough, give rise to far from equilibrium dissipative structures (e.g., 
galaxies, stars, black holes, hurricanes and life) which emerge spontaneously to hasten the destruction 
of the gradients which spawned them. This represents a paradigm shift from “we eat food” to “food 
has produced us to eat it. (Lineweaver & Egan 2008). 
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In the “we-eat-food” paradigm, food costs us something and organisms that have evolved by 
Darwinian evolution are fighting against the increase of entropy to stay alive. In contrast, the “food-
has-created-us-to-eat-it” paradigm marginalizes the apparent opposition between Darwinian 
evolution and the 2nd law. Instead, it sees life (and abiotic FFEDS as well) as the dependent offspring 
of an entropy-driven process. Life forms and FFEDS emerge from gradients. We owe our existence 
to gradients. And the reason for our existence is to destroy the gradients that gave birth to us 
(Schneider and Sagan 2005). Abiotic FFEDS can easily be interpreted this way. Destroying their 
reason for being is what hurricanes are doing in the Caribbean, what convection cells are doing on 
the surface of the Sun and what forest fires are doing in the Pacific Northwest (destroying thermal 
gradients and a redox gradient). 

Our existence, and the existence of far from equilibrium dissipative systems in general, (both 
abiotic and biotic) increase the entropy production of the universe over and above what it would be 
if life did not exist. This non-flattering new paradigm goes beyond the 2nd law and is an expression 
of hypothesis 2B above. (I call it “hypothesis 2B” because the “B” can stand for “Beyond” and because 
the 3rd law of thermodynamics has already been taken to define the absolute temperature scale). 

In this new paradigm, life is not costly. Life forms are created by gradients to destroy those 
gradients and in the process produce more entropy than would be the case without them. To 
paraphrase Lovelock and Margulis (1974): Life exists “by and for” entropy production. 

Hoffman (2012) has a slightly different idea: 

Life does not exist despite the second law of thermodynamics; instead, life has evolved to take full 
advantage of the second law wherever it can. 

This is an expression of the conventional “we-eat-food” paradigm and differs from food-has-
created-us-to-eat-it. For Hoffman, life is a free agent with free will that can take advantage of a 
situation. For the “food-has-created-us-to-eat-it” paradigm, life is more of a puppet. It has to do what 
it does. To underline how fundamental a change in perspective this paradigm shift is, consider how 
Dyson in his well-cited article “Energy in the Universe” described the role of life in the universe: 

…life may have a larger role to play then we have yet imagined. Life may succeed against all odds in 
molding the universe to its own purposes. (Dyson 1971, p 51) 

In contrast to Dyson, I am arguing that not only may entropy succeed, entropy has already 
succeeded (with odds in its favour because that is what entropy is) in molding life to its own 
purposes.  

4. Enhancement Compared to What? 

FFEDS can be divided into two classes; (1) abiotic and (2) biotic. Examples of abiotic FFEDS 
include convection cells, hurricanes, whirlpools, lightning, stars and galactic bars. These are 
produced by gradients of various kinds; thermal, pressure, humidity, photochemical, electric, 
chemical redox and gravitational. Biotic FFEDS or life forms were produced originally as 
chemoautotrophs by chemical gradients, which had been produced by gravitational gradients. Life 
is currently powered by chemical gradients and photon-energy gradients. A hierarchy of 
transductions transfers power from one gradient to another (Kleidon 2010 a, b). When confined to 
biotic FFEDS, the hierarchy of transductions is called a trophic pyramid. 

Both abiotc and biotic FFEDS are born from gradients. Both produce entropy. Despite the 
entropy production of abiotic FFEDS, it is problematic to say that they increase the entropy of the 
universe over and above what it would be in their absence. We have no idea what a universe without 
convection, turbulence, hurricanes, fires or stars would be like. Thus, it makes little sense to entertain 
such a contrafactual universe to calibrate abiotic FFEDS entropy production. And it makes little sense 
to say that abiotic FFEDS increase the entropy of the universe over and above what it would be in 
their absence. 
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However, we can more easily imagine a universe without life – without biotic FFEDS. Thus, it 
does make sense to say that biotic FFEDS (microbes, humans) increase the entropy of the universe 
over and above what it would be in their absence. It seems less problematic to say that compared to 
an abiotic universe, a biotic universe will have a larger entropy, since such a universe non-obligatorily 
contains evolving, free-energy-tapping, entropy-producing machines who, despite their internal low 
entropy, contribute a net positive tally to the total entropy of the universe. This is illustrated in Figs. 
3 & 4 by the difference between the black lines (without life) and the green lines (with life). 

5. The Emergence and Evolution of Abiotic and Biotic FFEDS  

Abiotic FFEDS emerge or develop, (some even say “evolve”, e.g. Bejan 2006, Bejan & Lorente 
2011) from gradients. Some emerge rapidly like the branching patterns of a lightning bolt. Some more 
slowly like the turbulent whirls as cream mixes with coffee (Figure 3). Some emerge and develop on 
longer time scales of days or thousands of years (hurricanes, river basins, Jupiter’s great red spot). 
However, unlike biotic FFEDS they do not accumulate information. They have no coded DNA. They 
have inertia, but no controllable stored energy. They are the result of gradients. If they “evolve” they 
evolve deterministically, not as a result of Darwinian evolution. For example, the relationships 
between hurricane formation and thermal, density, pressure and humidity gradients are the same 
now as they were 100 million or a billion years ago. Ditto for dust devils, convection cells on stellar 
surfaces and the fusion of H into He inside stars. 

Biotic FFEDS are different. They store information and free energy. Their populations have 
differential reproduction and contain variety—the raw material that natural selection sculpts. As a 
result, they evolve through Darwinian evolution and accumulate adaptive coded information 
(Darwin 1859, Godfrey-Smith 2009). Life forms (i.e. biotic FFEDS) can be understood as catalysts that, 
as they evolve, lower the activation energies for their metabolic reactions (Dobovisek et al 2014, Weng 
2013). Evolving catalysts increase entropy by more efficiently accessing available free energy, or by 
discovering ways to access new sources of free energy – free energy that eventually gets converted 
into entropy as heat.  

6. Increasing Complexity or Increasing Entropy Production as the Direction of Evolution? 

Some widely recognized large-scale biological patterns are difficult to explain within standard 
Darwinian evolution with its focus on the individual as the unit of selection (Gould 2002, Godfrey-
Smith 2009, Wilson 2019). These include ecological successions, the increasing complexity of 
ecological networks, adaptive radiations after extinction events, increasing species diversity that 
make ecosystems more stable, pole-to-equator increase in the diversity of species and, more 
generally, the apparent increase of complexity. 

Hypothesis 2B above (“The entropy production dS/dt of the universe tends to a maximum (i.e. d2S/dt2 
≥ 0)”) may be able to explain this wide variety of tendencies. All the ecosystem-level patterns above 
are associated with entropy increase and may also be associated with an increase in entropy 
production. Entropy production could tend to a maximum if such an increase resulted in more 
probable outcomes, i.e. macrostate outcomes with a larger number of pathways leading to them 
(Dewar et al 2014b). If an ecosystem has access to a variety of values of dS/dt, and the larger values of 
dS/dt produce more probable outcomes, this would suggest that an increase in entropy production 
would be entropically-driven. That is what 2B hypothesizes. In other words, the evolution of catalytic 
enzymes and the phylogenetic divergence of species, produce a variety of dS/dt values. The larger 
ones give more efficient access to free energy and/or access to a larger number of sources of free 
energy. This can be seen as a generalization of entropic drive (Branscomb & Russell 2013): entropy 
increases as the system moves from a macrostate-with-fewer-microstates to a macrostate-with-more-
microstates. This can be reworded for a higher trophic level: an ecosystem in a macrostate-with-
fewer-species-and-less-diverse-species-that-produce-less-entropy spontaneously becomes (= is 
entropically-driven to) a macrostate-with-more-species-and-more-diverse-species-that-produce-
more-entropy. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 November 2024 doi:10.20944/preprints202411.0269.v1

https://doi.org/10.20944/preprints202411.0269.v1


 7 

 

7. Hypothesis 2B May Also Explain the Simultaneous Evolution of Increasing Complexity and 
Increasing Simplicity 

Although complexity is difficult to define and many definitions of complexity exist (e.g. 
Lineweaver et al 2013) many biologists and most people think Darwinian evolution has an inbuilt 
direction towards increasing complexity.  

Stars are the power plants that drive life’s development toward increasing complexity. (Adams, 
2002, p 159).  

Most people are convinced that contrary to what one would expect from the second law, the 
complexity of the universe is increasing. This increase in complexity is usually associated with the 
evolution of multicellular life forms and the other “major transitions” in the evolution of life (Smith 
and Szathmary 1999). Darwin, however, seems to have been non-committal about whether evolution 
had a direction towards increased complexity (Ruse 2013).  

To many, the human brain is the most complicated thing in the universe, followed close behind 
by our computers, cities and social networks. “Once there were bacteria, now there is New York” (Conway 
Morris 2014). One problem with this view is that the complexity of some species increases while the 
complexity of other species decreases. For example, for every complex multicellular organism, a 
dozen species have evolved to become simpler and parasitic, and live off of the multicellular 
organism with its convenient flow of free energy. If we are counting the difference between the 
number of life forms that have become simpler and the number that have become more complex, the 
number getting simpler is easily larger. Ignoring parasites and paying more attention to the evolution 
of the most complex organisms has given many people the impression that complexity is, on average, 
increasing. 

The apparently opposite directions of increased complexity vs increased simplicity, are not 
contradictions. They both can be explained by the unifying concept of evolution as the tendency to 
increase dS/dt (hypothesis 2B). The increasing variety and complexity of the beaks of Darwin’s finches 
gives them easier access to a wider variety of nuts. Simultaneously, the increasing variety and 
simplicity of parasites on these finches (tapeworms, ticks and microbiomes) gives these parasites 
access to a flow of free energy from which they are able to extract a larger portion of free energy from 
the food than the finch could have without these simpler life forms. The end result of these 
simultaneous changes towards complexity and simplicity is the conversion of more free energy and 
the increase of entropy production. In the case of evolution towards the more complex and the more 
simple, entropy increases (dS/dt > 0) and entropy production increases (dS2/dt2 > 0). This is the 
tendency described in hypothesis 2B. Thus, the evolution of ecosystems and possibly the entire 
biosphere (Toniazzo et al 2005) – can be understood as 2B and the tendency for entropy production 
to increase. 

8. Gould’s Wall of Minimal Complexity 

The idea that the complexity of life is increasing is a conventional – even dominant view – of 
how Darwinian evolution works. In an effort to push back on this idea Gould (1994) introduced the 
idea of a wall of minimum complexity (the red brick wall in panels B and C of Figure 1). 

For reasons related to the chemistry of life’s origin and the physics of self-organization, the first living 
things arose at the lower limit of life’s conceivable preservable complexity. Call this lower limit the 
‘left wall’ for an architecture of complexity. Since so little space exists between the left wall and life’s 
initial bacterial mode in the fossil record, only one direction for future increment exists – toward 
treater complexity at the right. Gould 1994 
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Figure 1. Questioning Gould’s wall of minimal complexity. Gould (1994) introduced the idea of a wall of 
minimum complexity (panels B and C) to explain that, although Darwinian evolution diverged towards both 
more complexity and more simplicity, it seemed to produce only increasing complexity. In Panel A, the Hadean 
period about 4 billion years ago represents the idea that there was no minimum wall of complexity. In the text I 
argue that there never was and there currently isn’t such a wall. 

Gould’s view was that such a one-sided wall left nothing else for a diversity-prone evolutionary 
process to do but extend to the right. This wall of minimal complexity was effectively a wall of 
irreversibility in the sense that early life could evolve through it going from left to right, but evolved 
life could not go back. This wall is a visual expression of Dollo’s law (Dollo 1893) which influenced 
Gould early in his career (Gould 1970). 

There are several problems with this wall of minimum complexity. One is that since there are 
many ways of being complex (Lineweaver et al 2013), complexity should not be represented as one-
dimensional (as it is in Figure 1). One-dimensional representations of “intelligence” are similarly 
misleading (Gould 1981). Another problem is since we don’t know how life emerged 4 billion years 
ago in the Hadean, we don’t know that the emergence was irreversible. Abiotic FFEDS seem to be 
able to form and disappear – to become more complex and less complex with no concern for any wall 
of minimal irreversible complexity preventing them from from disappearing. Any one-way wall at 
some minimal-complexity- required-for-life, would depend on life not being able to reduce the 
amount of accumulated information. However, four billion years ago, when the amount of 
accumulated information in the earliest biotic FFEDS was small, the degree of irreversibility would 
also have been small. Since Dollo’s law (Dollo 1893, Gould 1970) must depend on the amount of 
accumulated information, the strength of any irreversibility would have been diminished in the 
Hadean. 
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Another problem. To justify the wall Gould invoked the idea that “so little space exists between the 
left wall and life’s initial bacterial mode”. In Gould’s world of Cambrian and post-Cambrian 
paleontology there may be “little space” between the wall and bacteria, but in the past few decades 
microbiology has filled this “little space” with a huge variety of organisms at the boundaries between 
life and non-life. These include a major new branch of largely symbiotic and episymbiotic bacteria 
(Hug et al 2016, Castelle & Banfield 2018) as well as new types of viruses: mimiviruses and mega 
phages (Al-Shayeb et al 2020, Lineweaver 2020, Hou et al 2023). Half of biologists think viruses are 
alive while the other half think they are not. Whatever they are, they are the most abundant organisms 
on Earth and were possibly fundamentally involved with the origin of life (Nasir & Caetano-Anolles 
2015, youtube.com/watch?v=Orf_cbXyZHo&t=468s). Do we put them to the left or right of the wall 
of minimal complexity? And what about free-living viroids (Diener 1971)? Are McClintock’s 
transposons (= jumping genes) alive or not alive? “Every component of the organism is as much of an 
organism as every other part” (Keller 1983). Along with the Hadean RNA world (Gilbert 1986, Neveu 
et al 2013) there is a large unexplored and unappreciated extant RNA world (Cech 2012, Koonin & 
Dolja 2014). 

In describing his wall, Gould writes: “Since so little space exists between the left wall and life’s initial 
bacterial mode in the fossil record.” But the pre-Cambrian fossil record is so sparse as to be irrelevant. 
Bacteria do not preserve well. We have almost no fossils of LUCA and don’t expect to find any. Our 
ideas about the time span between the origins of life and LUCA are speculative. However, most 
literature on the topic admits that LUCA was already so complicated (e.g. Weiss et al 2016, Moody et 
al 2024) that a substantial amount of time would have been required for the evolution of such 
complexity. We also need to consider pre-cellular life. Do organisms need cell walls, DNA or RNA to 
be on the right of the wall? Do metabolism first models live only on the left (Segre & Lancet 1999, 
Dyson 1999)? In the absence of a wall of minimal complexity, our entropy-production explanations 
for the simultaneous increase of complexity and simplicity seem more plausible. For alternative 
views on the apparent increase of complexity and entropy production see McShea & Brandon 2010 
and Chaisson 2002. 

9. Techno FFEDS 

We humans learned to control fire. This gave us the ability to cook and access more free energy 
in a wider variety of foods (Wrangham 2009). This new free energy probably freed the energy-
intensive brain from some energy constraints. Our brains got bigger and figured out how to burn 
hydrocarbons, make solar panels, wind mills and atomic fission reactors (Haff 2014). Soon fusion 
reactors may tap into the free energy of hydrogen as abiotic FFEDS (stars) began doing 13.6 billion 
years ago. Eventually we may extract free energy from rotating black holes via the Penrose 
mechanism (Penrose & Floyd 1971). These new sources of free energy may free energy-intensive 
silicon-based artificial intelligence (techno FFEDS) from some energy constraints. Kardashev Type I 
civilizations can access all the energy available on a planet, Type II can access all the energy available 
from its host star. Type III can access all the energy available from the hundreds of billions of stars in 
a galaxy (Kardashev 1964, 1997). With a much larger supply of free energy they/we will get bigger 
and figure out how to make anti-matter engines, build Dyson spheres and possibly whole universes. 

10. The Relationship Between Entropy Production and Complexity 

Although complexity is notoriously hard to define, here we propose a potentially useful 
operational definition: complexity = dS/dt. This definition is illustrated in the bottom panel in Figure 
2 and is quite different from the middle panel. To test which model is more correct one could take a 
video of this process and, using a file-compression algorithm, quantify the complexity of the 
turbulent swirls (Carroll 2017, p 232).  
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Figure 2. Coffee, Cream, Entropy and Complexity. The top panel shows three stages in the process of cream 
mixing with coffee (Aaronson et al 2014, Carroll 2017, Chapter 28). In the left image of the top panel the cream 
and coffee are separate and unmixed; low entropy. In the middle image of the top panel, complex convection, 
turbulent swirls and diffusion mix the cream and coffee. In the right image of the top panel the cream and coffee 
are completely mixed at equilibrium and at maximum entropy. Although complexity is famously hard to define 
just below the three photos is Carroll’s notional plot of the relationship between entropy and complexity during 
this cream/coffee mixing process. The entropy starts low and ends high. On the other hand, the complexity of 
the convective swirls starts low, reaches a maximum when the most complicated range of swirls is most 
effectively mixing the cream with the coffee, and then complexity decreases as the swirls disappear. The lowest 
plot is an alternative view of the relationship between entropy and complexity. It assumes that complexity is 
identical (or proportional to) entropy production: complexity = dS/dt. This plot is based on the idea that the 
more complex the convective swirls and fluid turbulence are, the more entropy is being produced -- both by the 
undoing of the concentration gradients by the swirls and by the free energy needed to maintain the swirls. Notice 
that in Carroll’s notional plot, dS/dt (the slope of the entropy curve) is a maximum at the very beginning of the 
mixing when most of the swirling convective complexity has not yet developed and decreases monotonically 
from that maximum. 

We assume that the universe started out at very low entropy. This is the “Past Hypothesis” 
(Albert 2000, Ainsworth 2008). We know almost nothing about the universe before inflation. Inflation 
expanded and cooled whatever was there. The first and steepest increase of the entropy of the 
universe when dS/dt was at its maximum value, happened at the end of inflation during reheating ~ 
10-35 seconds after the big bang. During reheating, the potential energy of the inflaton field decayed 
and became coupled to, and excited all the other quantum fields. The excitation of these fields was 
the creation of all the matter and energy in a hot dense universe. Thus, the one degree of freedom of 
the potential energy of the inflaton scalar field became distributed over all the particles in the 
universe. This spreading out of the potential energy to many more degrees of freedom is what 
increased the entropy of the universe. 
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After reheating, the second steepest increase in entropy (second largest value of dS/dt) occurred 
between 11 billion years ago and 9 billion years ago. Quasar observations suggest that this is the time 
of peak supermassive blackhole (SMBH) formation (Serjeant et al 2010). SMBHs are the largest 
reservoir of entropy in the universe (Egan & Lineweaver 2010). They did not exist at the big bang or 
at recombination so they acquired their large entropies more than a billion years after the big bang. 

Comparing the black and green lines in Figure 3 illustrates the idea that lifeforms (abiotic FFEDS) 
increase the entropy of the universe more than would be the case if it didn’t exist. As suggested in 
the top right of Figure 3, the entropy produced by life initially makes a tiny contribution to the total 
entropy. See Egan & Lineweaver (2010) and Lineweaver (2013) for details of the abiotic history of 
entropy in the universe. 

 
Figure 3. The Universe in a Cup of Coffee. Top panel: The entropy of the universe as a function of time without 
life (black line) and with life (green line). This sketch is based on Figure 22.2 of Lineweaver 2014 and Figure 6 
of Egan & Lineweaver 2010. The universe starts out on the left at low entropy Smin and ends up on the right at 
an equilibrium heat death of maximum entropy Smax. ΔS(t) is a measure of the number of degrees of freedom 
which will eventually but have not yet, become accessible. I have assumed that the total number of eventually 
accessible degrees of freedom will not depend on whether life exists or not. As life evolves it becomes a more 
efficient catalyst, making more free energy available, thus increasing the entropy of the universe compared to a 
universe without life. Thus, a universe with life (green line) reaches a heat death (Smax) sooner than a universe 
without life. As the universe approaches the heat death, there are fewer gradients that can maintain life forms 
or the abiotic sources of entropy production. Thus, for both the green and black lines, the slope dS/dt  0 as the 
universe approaches its heat death. Bottom panel: this cream/coffee sequence from Figure 2 is a model for the 
past, present and future entropy production in the universe. The universe starts out at low entropy (unmixed 
cream and coffee). Then concentration, thermal and kinetic gradients between the cream and coffee produce a 
complex mixture of convective swirls which mix the cream and coffee, thus undoing the gradients. When these 
gradients are gone, we have an equilibrium or heat death in which there are no gradients to support FFEDS. A 
gaggle of the most advanced Kardeshev Type III civilizations might be responsible for the steepest slope (=, 
largest dS/dt) of the green line. 

In Figure 4 we see dS/dt going up and down, increasing and decreasing. Thus, hypothesis 2B 
doesn’t seem to describe abiotic FFEDS entropy production on cosmic time scales. However, the first 
few billion years of biotic FFEDS entropy production (which includes the survival of our techno 
FFEDS ancestors) does conform to hypothesis 2B in that over the first half of the green line, it increases 
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with time. However, since ΔS(t) in Figure 3 is a measure of the remaining free energy in the universe. 
And it goes to zero as the universe approaches the heat death, we can use it to add a free-energy-
availability constraint to 2B and call it 2B’ : 

(2B’) The entropy production dS/dt of the universe tends to a maximum (i.e. d2S/dt2 ≥ 0) 

subject to the constraint that entropy production must always be limited by: ௗௌௗ௧ ሺ𝑡ሻ ൏ ୗሺ୲ሻ௧೓೏ି௧ 
where ΔS(t) = Smax – S(t) in Figure 2 and thd is the time of the heat death. 

The time dependence of cosmic entropy production is sketched in Figure 4. Since hypothesis 
2B’clearly does not describe the cosmic history of abiotic entropy production, a better understanding 
of the constraints on abiotic FFEDS are needed. The universe starts out with only abiotic FFEDS. With 
the emergence of life, some become biotic FFEDS with an open-ended Darwinian evolution. And 
with the emergence of technology, some biotic FFEDS become techno FFEDS. Hypothesis 2B’ has 
more potential as a descriptor of the early history of biotic and techno FFEDS at least until the 
approach of the heat death becomes the limiting factor. 

 

Figure 4. Non-monotonic tendencies of cosmic entropy production. There are ups and downs in this plot 
associated with the increase and decrease in reheating, and with the formation of stars and blackholes. For details 
see Figs. 6 & 7 of Egan & Lineweaver 2010. Since dS/dt ≥ 0 everywhere in this plot, it conforms with the 2nd 
law. However, abiotic cosmic entropy production does not conform to hypothesis 2B. In this plot, the first few 
billion years of biotic FFEDS entropy production does conform to hypothesis 2B in that the slope of the green 
line increases with time. But then the approach of the heat death begins to turn off all supplies of free energy for 
both abiotic FFEDS and any advanced civilizations (techno FFEDS). 
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