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Boulders do not spontaneously propel themselves into space against the force of gravity. 
Hot water left in a cool room does not stay warm. Living things die. 
All of these phenomena are explained by the second law of thermodynamics, which says 
that energy tends to disperse from a greater to a lesser state of concentration or 
organization. Of its own initiative, energy does not flow from the environment to 
concentrate in boulders or water or once-living beings. We know this as the natural order 
of things, and if it were reversed it would seem wrong to us, like a movie run backward.  
  
But there is more to the natural order than that, says Robert Hazen, Senior Research 
Scientist at the Geophysical Laboratory of the Carnegie Institution of Washington, and 
Clarence Robinson Professor of Earth Science at George Mason University. At a NASA 
and Templeton Foundation funded gathering of scientists, theologians, philosophers and 
ethicists, hosted by the Dialogue on Science, Ethics, and Religion of the American 
Association for the Advancement of Science, Hazen said that the world is replete with 
systems that spontaneously accrue energy and complexity. These systems are known as 
emergent phenomena, and scientists are studying them to learn about how life began.  
 
As an experimental scientist, one of Hazen’s concerns in studying life’s origins has been 
to craft a research strategy addressing the two central questions in the new field of 
astrobiology: How did life arise? And how is it distributed in the universe? Emergence 
theory, said Hazen, which was introduced to him by biophysicist Harold Morowitz, offers 
a framework for developing appropriate research instruments. 
 

 
 
What are emergent phenomena? They are structures, behaviors, events, or patterns that 
arise only when a large number of individual agents, such as sand grains, molecules, 
stars, cells, or organisms somehow aggregate. Unless a critical number of agents act 
together, the phenomenon does not occur.  
 

                                                           
1 Refer to CD for accompanying presentation slides 
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For example, slime mold (Dictyostelium), a single-celled organism, given the right 
chemical conditions, will crawl across a forest floor to join with other slime mold cells. 
When enough cells have gathered in one spot they together produce a set of standing 
structures that release new spores—and then return to single-celled form. “No single cell 
has any awareness that it is doing this,” said Hazen. “It is only responding to the local 
environment.” 
 
Ant colonies are another example. An individual ant is only aware of its local 
surroundings. A dozen or so chemical signals, or pheromones, lead it to tend the young 
(or other organisms, such as aphids), gather food, build anthills, and more, without being 
aware of the global activities of the ant colony. The complex behavior that an aggregation 
of ants produces in a colony is an emergent phenomenon. 
 
In our brains, neurons (nerve cells) hook up to one another by electrical connections, 
thereby producing a conscious mind of immense complexity. In space, rings aggregate 
around planets and galaxies form spiral arms. On Earth, emergent patterns occur in 
crystals and in piles of sand grains. Molecules organize themselves into complex 
formations. Collective human behavior brings into being orchestras, sports events, and 
large-scale agriculture, emergent phenomena that no individual could create alone.  
 
Hazen looks for similarities among emergent systems, even if they cannot be quantified, 
and uses what he observes to guide experiments in the laboratory. “What we are trying to 
do is create emergence in a test tube—to get a system to start simple and become 
complex. So what parameters in your experiment might you vary in order to accomplish 
that goal?”  
 
A wide range of scientists, such as John Holland and Stuart Kaufman, has developed 
diverse ideas about emergence. All their theories have commonalities, but in important 
ways they differ. Hazen offered three categories to characterize the various study 
approaches: Some examine the selection rules governing an emergent system; some use 
an “edge of chaos” scheme to describe emergent phenomena; a third group analyzes how 
energy gradients influence the development of complexity.  
 
The selection rule study approach identifies rules that control how agents interact with 
each other. These rules are often expressed as mathematical constructs, as in games and 
computer models. A small number of simple rules can generate systems of surprising 
complexity. The computer program “Boids” by Craig Reynolds, for example, models the 
flocking behavior of birds by coding three selection rules—separation, alignment, and 
cohesion—to govern the behavior of a collection of points gliding across a screen. Many 
fantasy movies have used this computer program to create the special effect of swarming 
or flocking animals.  
 
Music is an auditory phenomenon produced by the application of selection rules to a 
sequence of notes. When notes are selected according to fixed rules, such as harmony and 
counterpoint, we hear the sequence as music, which, to our ears and minds, greatly differs 
from a series of isolated notes.  
 

http://www.red3d.com/cwr/boids
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“We see emergent properties everywhere we look,” Hazen said. “It is part of the natural 
world. But as a scientist, even if I know it when I see it, what is it? Is there a missing 
natural law—or a corollary to the laws of thermodynamics that would tell you something 
about it? How do you quantify it? I know that my brain is complex, but how complex? Or 
an ant colony, sand dune or the spiral arms of a galaxy?”  
 
Whatever it is, he emphasized, complexity is not the same as information. “Information 
content is the length of a complete description of a system. Effective complexity is the 
length of the set of selection rules that describes the behavior of the system—and that’s 
different.”  
 
Some living systems have self-regulating feedback loops, which are an important kind of 
selection rule. This mechanism helps an organism adapt to changing conditions. For 
example, when an enzyme within an organism produces enough of a substance to meet 
the organism’s immediate needs, a feedback loop generates a second enzyme that stops 
the reaction. When more is needed, the second enzyme stops being generated. The first 
enzyme reactivates, and the cycle repeats.  
 
A system with a fixed set of selection rules is known as a “direct adaptative system.” 
Hazen likened the fixed selection rules to a thermostat set to a steady temperature. “If the 
temperature goes above a certain level then the air conditioner goes on. If it goes below, 
the air conditioner goes off.” The “boids” construct is another example of a direct 
adaptation system. The information content of a thousand points moving across a screen 
is huge—but the selection rules governing them are simple and unchanging.  
 
In some systems, known as “complex adaptative systems,” the selection rules can evolve. 
Consider the human immune system, said Hazen. “You get a vaccination and your body 
learns to recognize a new set of compounds, and the immune system is not what it was 
before. It is a learning process. Any definition of life I can imagine has to involve 
complex adaptation. There has to be some way for life to evolve, to change.” 
 
Well-chosen selection rules are key tools in scientists’ arsenal. A classic challenge posed 
to the Darwinist theory of evolution is the rhetorical question, “Of what use is half an 
eye?” In 1994 Daniel E. Nilsson and Suzanne Pelger answered that question using an 
elegant and simple computer system that applied two selection rules. Starting with a flat, 
three-layered eye spot similar to those common in simple multicellular organisms, the 
program randomly varied by plus or minus one percent the curvature of the aperture. 
Following the path of the most successful adaptations (those that improve the organism’s 
visual acuity), in about 1,000 steps the flat eye spot gained a smaller aperture and a 
curved, almost circular cross-section. When the program randomly changed the refraction 
properties of the clear top layer of the rounded eye and selected the most successful 
adaptations, a lens formed, and an almost perfect ideal eye emerged. “That is 
remarkable,” said Hazen. “You just use two selection rules and let it run. This becomes a 
very interesting model for the kinds of things that happen in nature.” 
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A second approach to the study of emergence, the edge of chaos approach, regards the 
emergent phenomenon as a phase transition from a simple “ordered” regime to a complex 
regime to a chaotic regime. “Think about birds that are sitting in a row on a wire. Then 
they flock, merging with each other according to the usual rules of flocking behavior. A 
predator attacks the flock and they scatter—and it’s chaos. That intermediate [flocking] 
regime represents emergent complexity.”  
 
Sand dunes offer another example. A flat plain of sand is unchanged in the absence of 
wind, but a gentle wind across the desert reorders the sand into more complex ripples and 
dunes of various kinds. A very hard-blowing wind whips up a sandstorm, which is 
chaotic.  
 
The brain can also exhibit these phase changes. In deep sleep the brain has little electrical 
activity, but when awake, the neurons in the brain continually transmit electrical 
impulses, and the brain is in an active, conscious, intermediate state. But during an 
epileptic seizure, too much energy flows through the brain, producing chaos.  
 
The third approach to studying emergent phenomena, which Hazen regards as the most 
useful in his studies of the origin of life, is the energy gradient approach, which has been 
championed by by Harold Morowitz and others (see H.Morowitz, The Emergence of 
Everything Oxford 2003).  Morowitz notes that systems tend to become more complex 
and ordered when energy flows through them, from a source (such as the Sun) to a sink 
(such as space). Emergent systems thus arise in the presence of an energy gradient, 
whether the energy is gravitational, chemical, electrical, or something else. This rule only 
applies to physical particles such as sand grains, cells, atoms, and molecules, and not to 
abstract phenomena, such as “boids” or music.  
 
A desert with the lowest possible gravitational potential energy is just a flat bed of sand. 
If the sand also had the maximum entropy (degree of disorder), all different sand 
particles—black, white, large, small—are randomly mixed together. Wind serves as the 
energy interface that makes the sand grains rearrange themselves into emergent 
structures. Emergence also occurs with gravitational gradients in the collections of stars, 
with chemical gradients in collections of cells, and with electrical gradients in the 
neurons of the human brain.  
 
The four variables that can influence the complexity of a system, Hazen said, include: 
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• 

• 
• 
• 

Number and density of interacting agents (a large number dispersed in space will not 
produce enough interaction to generate complexity) 
Energy flowing through the system 
Cycling of the energy, or the timed variations in the energy 
Nature of the interaction of the physical particles themselves.  

Hazen’s ideas about these four variables are still developing, particularly in regard to the 
last item, the nature of particle interaction. “I have spent a lot of time thinking about this 
while walking on the Chesapeake Bay where there is a smooth, slippery kind of rock 
called blue marl. It has small amounts of sand coating parts of it. You can watch as the 
wave action laps across these sand grains. What I’ve done is measure [the density of] 
these sand grains.” 
 

 
 
Hazen found that as the number of sand grains per square centimeter increased, patterns 
of increasing complexity developed. The most complex and organized state was reached 
at a density of about 10,000 sand grains per square centimeter, when the sand formed 
highly ordered ridges with darker grains concentrated along the top. But when the density 
increased by a factor of 10 to about 100,000 sand grains per square centimeter, no new 
structure appeared. “You need 109 stars to get the spiral arms of a galaxy, but at 1011 or 
1012 stars, you still have spiral arms, not a new structure.”  
 
A similar rule of density seems to pertain to ant colonies: In those with 80,000 ants or 
more, a new behavior emerges. The ants of that colony become aggressive, and begin 
attacking adjacent ant colonies. A colony containing fewer than that number of ants will 
stay within its immediate territory.  
 
These empirical observations indicate that origin-of-life experiments require a certain 
concentration of ingredients to produce structures of increased complexity, and that the 
amount of energy flowing through the system also affects the complexity of a system. In 
the desert analogy, if the wind (energy) is too low, no patterns develop in the sand. But 
when the flow of energy reaches a critical level, structure very quickly develops. Too 
much energy produces a sandstorm that destroys all patterns.  
 
What, then, is the right flux of energy to lead to the formation of biomolecules?  How 
much ultraviolet radiation is going to be excessive or too little for the kinds of polymers 
needed to make life begin?  
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The cycling of an energy flow is another factor that increases complexity in some 
systems. Tidal cycles, wetting and drying cycles, thermal cycles of warmer daytime and 
cooler nighttimes, may affect some of the chemical processes that the development of life 
requires. 
  
The final factor influencing complexity is the nature of the interactions among the 
particles. Sand grains only come in physical contact with a few adjacent grains, and so 
sand and sand dunes are not very complicated. Stars, however, are widely separated. 
They exert gravitational potential upon many other stars, although their interactions are 
very weak. This interaction affects the number and shape of the spiral arms of galaxies, 
and when the gravitational potential of a galaxy changes, so do its spiral arms. Living 
organisms, such as ants, are even more complicated. Each ant has perhaps a dozen ways 
of interacting with its fellow ants, producing highly differentiated and complex behavior 
in an ant colony.  
 
Most complex of all is the network of neurons in the human brain. Each neuron can be 
physically linked to a thousand others, with varying flows of electric potential across the 
fibers that connect them. “The interactions are much more complex with each neuron, 
and there are trillions of them in the brain,” said Hazen. “This leads us to a fundamental 
characteristic of consciousness: It’s a much higher level of interconnectedness.”  
 
What are the implications of emergence theory for the study of the origin of life? Hazen 
says that he now thinks of life as beginning in a sequence of emergent phenomena. “It’s 
not one huge incomprehensible process but lots of little ones, each of which adds 
molecular complexity and self-organization, each of which can be modeled as a 
molecular experiment. This sequence reduces a complex process to a series of simple 
steps, each of which can be studied by empirical observation, theory and laboratory 
experiments.” 
 
Life begins with the emergence of biomolecules, followed by organized molecular 
systems, self-replicating molecular systems, and natural selection among those systems. 
Little molecules somehow react to form bigger molecules—and biomolecules. This 
happens in many environments. Fifty years ago Stanley Miller and Harold Urey found 
that when they combined hydrogen, ammonia, methane, and water, which together 
resemble the ocean-atmosphere interface of the ancient Earth, a large number of organic 
molecular compounds would spontaneously develop, increasing the complexity of the 
entire system. “We’ve seen this over and over again, in impact events, where you cause a 
huge increase in the diversity of biological molecules—and it’s also true in hydrothermal 
systems.” 
 
Hazen has been performing a series of experiments with very simple starting ingredients: 
a three-carbon molecule called pyruvic acid combined with water in a gold capsule. That 
combination produced tens of thousands of different kinds of molecules in just two hours. 
“So the argument here is that you can go from very simple ingredients, the kinds of 
things that would be available on a primitive planet or moon, and in any environment you 
can imagine, if you put energy into the system, you will see an explosion of 
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biomolecules.” The emergence of biomolecules, therefore, is a well-documented process, 
Hazen says, with a few important exceptions: “It’s difficult to know how exactly to make 
activated nucleotide monomers. But amino acids, the individual building blocks of RNA, 
have been generated in a variety of experiments that mimic prebiotic chemical 
processes.”  
 
But the step that follows, the generation of organized biomolecular systems, is tricky. 
Life is selective. “It doesn’t want to use a hundred kinds of sugar, it wants to use ribose. 
It doesn’t want to use the hundreds of different amino acids, it wants to use a discrete 
subset. So how do you select molecules out of this prebiotic embarrassment of riches?”   
 
Why does life choose left-handed amino acids and not right-handed amino acids, even in 
a prebiotic mixture that contains fifty percent of each? Hazen wants to select and 
concentrate molecules on mineral surfaces in hopes of enabling the molecules to attain 
higher levels of organization. David Deamer (University of California at Santa Cruz) has 
done similar experiments on mineral surfaces and shown that some kinds of molecules 
will self-organize, encapsulating themselves in vesicles to get away from water. The 
exact same kinds of vesicles formed in the products of Hazen’s pyruvic acid experiment, 
demonstrating that new structures can arise from this chemical complexity. 
 
The next step, Hazen says, is to get the molecules to replicate themselves repetitively. 
“We’ve been focusing on a very important metabolic cycle, called the ‘reductive citric 
acid cycle.’ We put each of the components in this process at high temperature and high 
pressure, simulating a deep hypothermal zone (extreme heat and pressure as exists deep 
in the earth), and supplied catalysts to promote these metabolic reactions. And what we 
found is, under special circumstances we’ve been able to get every single reaction in that 
cycle to go.”  
 
The emergence of natural selection follows logically. When two or more self-replicating 
cycles compete for the same set of ingredients, the system naturally tends to evolve 
through selection. The most efficient cycle wins—and there is a constant pressure for a 
cycle to become more efficient. “Ultimately we’d like to have a test tube in which that 
process kept going on in a natural geochemical environment.” 
 
What are the implications of emergence theory for the study of the origin of life? “First of 
all, what is life?” Hazen asked. “Defining life is a problem of taxonomy. You need a 
strict definition because if you’re going to Mars to look for life, you’ve got to know what 
you’re looking for. I would argue that there is a discrete group of emergent steps from 
nonliving to living. You have to go through several steps of increasing complexity, and 
where you draw the line between nonliving and living things becomes somewhat 
arbitrary. So if it’s arbitrary, maybe we need a richer taxonomy to describe these 
intermediate steps.”  
 
If each of these emergent steps produces characteristic structures, chemicals, isotopic 
signatures that can be measured, then when scientists go searching for life on another 
planet they must look for the molecules that serve as signatures of life, fossils of these 
transitional states. Mars may never have attained a state of cellular life with DNA and 
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proteins, but perhaps it had some earlier stage of a self-replicating cycle with distinct 
isotopic signatures. “It would be nice to decide whether it can be called life, or whether 
there’s some intermediate taxonomic classification that represents chemical evolution. 
That would be chemical complexity beyond the normal chemistry we see, which would 
have been destroyed by cellular life on Earth. I would argue that we should be looking for 
some of these ‘abiosignatures,’ signs of interesting but nonliving intermediate steps.” 
 
Emergence theory also offers a different perspective on our place in the cosmos. Since 
Copernicus and Darwin, scientists have placed Earth and human life in rather secondary 
positions in the larger order of things. Copernicus designated Earth as but one among a 
plethora of planets whirling around the sun, while Darwin’s theory located human beings 
among the myriad evolving species. These scientific ideas, Hazen said, have often drawn 
the attention (and occasionally ire) of theologians, ethicists, and philosophers, because 
they diverge so completely from traditional religious views ascribing to human beings 
and Earth a position of centrality and significance in the divine Creation. 
 
Hazen suggests that emergence provides scientists with a new way of thinking about the 
rightful place of human beings and Earth in the universe. “Suppose we suddenly switch 
away from our usual spatial and temporal perspective and instead say that what we value 
most in the universe are those local, very concentrated, focused domains that are most 
complex. That brings the center of the known universe right back to here.”  
 
Another speculative idea that has come out of these discussions is that human beings 
cannot always predict or describe the properties of emergent phenomena based on what 
we know from science. “No one I know has been able to imagine how to model 
consciousness just by understanding how a neuron works and how its connections work. 
So it is very conceivable that there may be unrecognized higher levels of emergence that 
the human brain can’t even conceive of, just like an ant can’t recognize the activities of 
its entire colony. Maybe we are just not programmed to do that.” 
 
Hazen holds out the possibility that some of these scientific ideas can resonate with 
nonscientists. Emergence theory describes how, if energy passes through a system in a 
controlled way, it can become a force for creation, for producing new phenomena that 
were not there before and would otherwise not have occurred. “This principle pervades 
the universe,” said Hazen. “I have to ask myself why scientists are so keen and eager and 
quick to see entropy and yet are so resistant to see the emergence of complexity as a 
fundamental principle, or something new. Most scientists look at this and say, well, that’s 
just part of the second law [of thermodynamics]. Yet most of us in our lives see forces for 
creation and forces for destruction in the universe. One amazing thing about having a 
conscious brain is that we can now of our own free will and conscious effort decide 
which of those paths to take.” 
 
By Nancy Ellen Roth, Science Writer 
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