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3c[ii]: 20th Century: The New Physics


Teacher Resource Sheet 4: Complex systems

Complex chaos

The study of complex systems is a very modern part of science that has grown out of the insights gained by work in chaos. 

Although it is a catchy name, chaos does not do justice to this branch of physics. A chaotic system is one that shows a remarkable degree of sensitivity to its surroundings. This is not a quantum effect. Although the inability to isolate a chaotic system from the context in which it is found is certainly a feature that is shared with quantum systems, this arises from totally different physics. 

The behaviour of a chaotic system is, in principle, completely determined by applying Newton’s laws
. They are not random or chaotic in the common usage of the term.

The problem is that when the details are worked out, the exact future behaviour of a chaotic system is found to depend precisely on how its components parts are set out.

For example, if you were to attempt to follow the sequence of collisions between molecules in a moderately massive gas, then the predictions would start to go wrong after less than a hundred such collisions. Any attempt to refine the predictions further would hinge on having exact knowledge of the starting positions and motions of every molecule in the gas. The degree of accuracy required would be such that the movement of an electron more than a galaxy’s distance away would gravitationally disturb the molecules in the gas sufficiently to throw the predictions off. Clearly in such a case we could never be in possession of sufficient information to predict the precise future of the system
. 
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In practice in this case we are rescued by the fact that the overall properties of the gas are loosely determined by the exact pattern of motion of the molecules within it. There are many possible ways in which the molecules can be arranged which are indistinguishable to a macroscopic view.  

Executive physics

Another feature of chaotic systems is their ability to manifest strikingly complex patterns of behaviour. Several executive toys constructed out of collections of jointed rods follow this pattern – a complex sequence of movements that seemingly never repeat themselves. 

Figure 1 – a typical executive toy based on the application of chaos
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Given the inherent sensitivity of such systems to their environment, it is impossible to set them off on exactly the same pattern twice; hence their ability to entertain certain executives! However, the movement does display a degree of regularity in that a set of patterns can be nearly the same and the system show a tendency to fall into one of these patterns. 
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[image: image4..pict]Figure 2 [left] – an advert for a chaotic pendulum. The bob contains a magnet that is attracted to the magnets on the base. It is impossible to get the pendulum to repeat the same motion twice, as this would require it to be released from exactly the same position repeatedly. 

[image from http://www.physlink.com/]

Figure 3 [right] – a magnetically triggered chaotic pendulum
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The existence of such a set of similar but not identical patterns of motion is called a strange attractor and is found to be a feature of many chaotic systems. Strange attractors gather together collections of complex behaviours that do not differ in terms of the energy that they require
. The actual pattern of motion selected from the set depends on the exact details of the initial situation, details that will not be specifiable in sufficient detail for an accurate prediction to be made. 

Order, order

Another striking aspect of complex systems that has been revealed by experimental work and computer simulations is their ability to generate surprising degrees of orderly motion. 

[image: image5..pict]A commonly quoted example of this is the behaviour of molecules within a liquid trapped between two metal plates. Warming the bottom plate sets up convection currents within the liquid. 

Figure 4 – the thermal processes in a convection current – heat is being put into the system from the bottom.

This happens due to the liquid in contact with the hot metal expanding and being lifted up towards the top sheet by the denser cooler liquid. Once the warm liquid reaches the top surface it cools and sinks again. This repeated motion is called a convection current. 

[image: image6..pict]The surprising feature of this example is the manner in which convection cells are quickly set up – regions across the surface of the sheets in which localized convection processes take place. This requires a remarkable degree of orchestration across very large distances in molecular terms. The process is completely explainable in terms of the local interactions between molecules. What is surprising is the remarkably complex large-scale behaviour that these simple local interactions generate.

Figure 5 – convection cells 
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Another fascinating example of the order generating features of complex systems is the Belousov-Zhabotinsky reaction. 

[image: image7..pict]Figure 6 – regions of the Belousov-Zhabotinsky reaction
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This complex chemical reaction involves two competing but linked processes that alternately dominate in different regions of the reaction vessel. The ‘cells’ formed in the reaction remain stable even as more and more of them are produced. 

Emergent properties

Putting these two threads together we note that complex systems can display striking order in situations where one might expect a disorganized mess. Note also  that chaotic systems have strange attractors from which exact initial conditions can select a specific pattern of motion. This opens up the possibility that systems such as biological cells or the human brain might exhibit genuinely emergent features. The massive complexity of the interactions in the brain defies our ability to simulate it adequately, but it is conceivable that it might show striking patterns of order and complex behaviour governed by some form of ‘strange attractor’. Some have suggested the possibility that this could be the manner in which mind manifests itself. Others, more cautiously, aver that it may be a partial insight into how mind might emerge – or it might not!

At the very least this may be an encouraging idea to pursue. Given the high level of mutual interaction between elements in the brain, work with complex and chaotic systems at least shows that it is rash to expect that the manner in which the brain works would be completely explainable in terms of isolatable objects such as neurons. Conceivably the pattern of the whole could influence the part. This is what is meant by ‘top-down causation’. Picking out a particular pattern of behaviour from the ‘strange attractor’ of the brain could be the role of the ‘whole brain’ pattern of electrical and chemical activity.

Such thinking is, of course, highly speculative but to many is a more hopeful approach than that afforded by quantum theory. John Polkinghorne has taken it a stage further by suggesting that Newton’s laws only approximately describe complex and chaotic systems. In his view Newton’s laws of motion are simplifications of more holistic laws that allow causal interactions by energy exchange (traditional physics) but also a role for active information, which forms patterns of behaviour. The behaviour of chaotic systems is seen as the first hints that something else is going on and as we progress to more and more complex systems with even higher levels of interaction and sensitivity to the environment, we will see these simplified laws break down. If this is the case, then all metaphysical bets are off. Intended human agency could well fit into such a world as pattern selecting information and God’s agency could be a higher level generalization of this. These are early days in this new research programme. As ever speculation is inversely proportional to the amount of experimental evidence we have! 

Summary

Modern physics has moved us on in several respects from Newton’s world. The philosophical view of a strictly causal clockwork universe that was so comfortably in tune with Newtonian mechanics of the last few hundred years no longer fits well with our current understanding. Complex and chaotic systems which seem to be adequately described by Newton’s laws show that the belief that we can explain the world in terms of separable chunks which are self determined cannot work in practice. Quantum theory shows us that strict causality does not apply at the roots of the world and that a more holistic and relational approach is necessary. This chimes in well with the features of complex systems that defy a simplistic approach of separating them from their environment. 

The philosophical implications of this change are still in flux. What is clear however is that we need no longer be content with an impoverished view of human nature simply to fit in with what physics says about the world. Really, we never should have been. Given what we experience about ourselves on a daily basis we should not have been hoodwinked by the beguiling nature of the map that even modern physics paints. If the physics does not adequately contain what we know of ourselves, then it is the (extrapolated) physics that is found wanting. 

Resources

· http://www.exploratorium.edu/snacks/pie_pan_convection/ how to set up convection in a pan and see the various convection cells forming.

· http://www.sunblock99.org.uk/sb99/people/KGalsgaa/convect.html - convection in the sun

· http://www.physiology.rwth-aachen.de/user/jaeger/diplom/index_e.html - another good site on convection cells and how they form

· http://metafysica.nl/dissipative_systems.html matters relating to the The Belousov-Zhabotinsky Reaction

· http://www.mathjmendl.org/chaos/ - an excellent introduction to chaos with links to other sites

· http://www.imho.com/grae/chaos/chaos.html - a single page introduction to chaos

· http://en.wikipedia.org/wiki/Chaos_theory - a free encyclopaedia article on chaos

· http://www.calresco.org/help.htm - an introduction to complex systems

� This is one way of thinking about chaotic systems, but it is not a unique way. Some writers, notably John Polkinghorne have argued that such systems may not be adequately described by Newtonian mechanics and that we should see their unpredictability as a symptom of a underlying set of holistic causal principles at work (see later).


� Of course this raises immediate questions as to possible limits to God’s foreknowledge.


� Earlier we saw that in a gas there are many different arrangements of particles in the gas that we can’t tell the difference between looking from our macroscopic point of view. In the strange attractor we have lots of different behaviours that have the same energy but depend on the details of the way in which the particles inside the object are arranged.. 
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