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One of the common experiences as a physicist is the type of question you get asked after first 
meeting someone. Generally, they want to know something about either the creation or evolution 
of the universe, what I will call �the large scale�. Or, they want to know something about 
fundamental particles, quarks and strings, or quantum mechanics, what I will call �the small 
scale�. Never have I had someone say to me, �I am totally amazed by shaving cream. Just how 
does it behave the way it does?� In this paper, I plan to convey to you just why it is you should be 
amazed by shaving cream. If you don�t recall how shaving cream behaves, squirt some out of a 
can onto a plate. If you don�t have shaving cream handy, whipped cream will work as well. 
Notice, that despite being composed entirely of gas and liquid (plus some additives that are not 
relevant to this discussion), the shaving cream acts like a solid. It holds it shape without a 
container, and if you push it a little, it vibrates. However, pushed hard enough, it will flow like a 
liquid. This is clear from spreading it on your face. This is an example of a complex system. Each 
individual molecule is behaving according to the �usual� laws of physics. However, the behavior 
of the foam is determined entirely from the way the many bubbles push against each other. 
 
What is it that the behavior of complex systems, �large scale physics�, and �small scale physics� 
all has in common? In the end, all of these must agree with Newton�s Laws under the right 
circumstances. To this day, Newton�s Laws remain a powerful and accurate description of much 
of everyday experience. Otherwise, we would not still be teaching it to so many undergraduate 
science majors. On the other hand, complex systems, �large scale physics�, and �small scale 
physics� each represent an extension of Newton�s Laws into new areas of our experience.  As 
such, they are situations in which new, fundamental laws of physics must apply. For large and 
small systems, we have a good idea what these new fundamental laws are, general relativity and 
quantum mechanics, respectively. In the case of many complex systems, we have almost no idea 
what they are, though we have some good guesses. Right now two of the most exciting areas of 
physics are the attempts to combine relativity and quantum mechanics and the attempts to 
understand complex systems. I hope to give you some insights into some of the thoughts on 
complex systems. 

 
So, just what makes a complex system? 
Loosely speaking, any large number of 
interacting objects is a complex system. 
Examples of such systems abound. 
Examples that are not from physics 
include population dynamics (where the 
objects are people or animals) and 
environmental systems (see the picture 
of the red spot of Jupiter to the left). The 
study of complex systems can focus on 
scales as large as structure formation in 
the universe (where the objects are dust 
particles, stars, or galaxies, depending 
on the questions of interest) to ones as 

small as cellular structures and processes, all the way down to the �hot� topics of nanoparticles 
and nanomachines. Usually, one is most interested in the dynamics of the systems. For example, 
how do schools of fish or flocks of birds manage the organized behavior that they exhibit as they 



travel? The particular complex systems that I am interested in have three main characteristics that 
are outlined in the following paragraphs. 
 
First, spatial interactions are important. What does this mean? It can mean a number of things. 
Recall the example of shaving cream. In this case, the relative positions of the bubbles and the 
fact that they press against each other are essential to the behavior of the foam. This would be an 
example of �geometry� being important. Another issue is the impact of the relative position of 
objects. This is easy to think about in terms of population dynamics. In general, a predator can�t 
kill and eat a prey without being in the same spot. 
 
Second, the systems are nonlinear. There are two ways to think of nonlinear systems. First, linear 
systems are ones in which a small change to the system produces a small response. Recall our 
shaving cream, its linear behavior is when you push it very lightly, it vibrates a little. A nonlinear 
system can have a large and sudden response to a small change. Another way to think of 
nonlinear systems is that the whole is different from the sum of the parts. One way to see this is in 
terms of some familiar equations. We all know that 1 + 1 = 2 and that 1 + 1 ≠ 2 is false. However, 
1 + 1 ≠ 2 is just the sort of thing you get in a nonlinear system. For example, most people recall 
the nonlinear function f(x) = x2. (For our purposes, a nonlinear function is any function that is not 
a straight line.) We see that one property of this function is: 21
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this, we see that the whole is greater than the sum of the parts by an �extra� part, 2x1x2, or in 
other words, (1 + 1)2 ≠ 12 + 12. 
 
Third, the systems are nonequilibrium. In short, these are situations in which energy is being 
added to a system. Probably the most familiar consequence of this is the fact that the Second Law 
of Thermodynamics does not apply to the system. Most people are familiar with this law �
physical systems tend to increase in disorder. For example, we have all told our mother that the 
reason our room is messy is that it is just obeying the 2nd Law of Thermodynamics and tending 
toward chaos! However, our mothers all understand that in nonequilibrium systems, the addition 
of energy can lead to spontaneous order developing. Therefore, a little work on our part and the 
chaos goes away! We will see some dramatic examples where order arises spontaneously with no 
structure imposed externally! 
 
I will first discuss the role of �geometry�. Examples of the importance of geometry abound, and 
include everything from foams, to sand, to coal, to grain, to salt and pepper to polymers to 
metallic alloys. Typically, one uses the phrase �complex fluid� to describe these systems, and the 
most common questions asked about these systems all have to do with how and when they flow. 
This is directly related to the wide range of applications of flowing foams (fire fighting, oil 
recovery, etc.), granular materials (grain, coal, powders, pills, etc.), polymers (during processing 
of new materials), etc.. As was already discussed with shaving cream, geometry can give 
materials surprising properties, such as causing fluids to act solid-like (foams) or causing solids to 
flow like liquids. Every time you pour salt, sugar, flour, etc. into a measuring cup or spoon you 
witness fluid-like behavior of a solid. The solid particles can flow because they are individual 
pieces that can move past each other.  
 
In our lab, we focus on model systems that exist in only two dimensions. We do this by studying 
materials confined to the surface of water. These systems are two-dimensional because the 
material can only move along the surface of the water, not into the air or water itself. We focus on 
two main systems. One is a single layer of surfactant molecules on the surface. Here, the 
molecules stay at the surface because they have one end that likes water and one end that prefers 
to be in the air. Also, they are large enough that they are insoluble in water. There are many 



interesting issues that can be studied with this 
system, including biological applications. 
However, I do not have time to go into the 
details here. The other system is bubbles that 
we float on the surface, and this will be 
discussed in more detail in the next paragraph. 
The main reason for using two-dimensional 
materials is that, by construction, you can see 
everywhere inside the material. If you think of 
any normal foam or granular material, it is 
opaque. So, you can�t easily see inside. The 
apparatus we use to study these systems is 

shown at the left. To give you a sense of scale, it sits on a 4 foot by 2 foot table. 
 

As mentioned, the system I would like to tell you a little 
about is bubbles floating on the water surface. Placing a 
single layer of bubbles on the water surface creates a 
special type of foam known as a �bubble raft�. A picture 
of this is shown on the left. One of the common features 
of many complex fluids is a phenomenon known as 
�jamming�. This occurs when the �particles� stick 
against each other, preventing flow of the entire 
material. Typically, if enough force is applied to such a 
system, it will eventually flow. This flow occurs in an 
interesting series of events that are often referred to as 

�avalanches�. The idea is that as one slowly applies the force to make the system flow, the 
bubbles initially stretch like a solid. Eventually, the force is larger then some critical value and 
bubbles suddenly rearrange, releasing energy and causing the system to flow. These 
rearrangements occur in an apparently unpredictable fashion and vary in size. For Californians, 
perhaps the most familiar example of this is earthquakes. These correspond to the random release 
of stress between the tectonic plates. The plot at the right 
shows the stress in our bubble raft as it is made to flow. One 
can clearly see the sudden drops in stress as a function of 
time. This provides us with a well-controlled laboratory 
experiment to study the distribution of sudden �avalanche� 
events, with the expectation of applying the insights gained 
here to a wide range of systems.  
 
 
The second type of complexity that I will consider in this talk is what happens when the spatial 
extent of a system is important. Perhaps the most dramatic effect is the spontaneous formation of 
regular patterns when energy is added to the system in a uniform fashion. This series of images 
on the next page highlights the wide range of such patterns that occur in nature. The first pair is a 
set of stripes from clouds and hexagons in rock. The second pair is stripes and polygons in animal 
coats. The final pair is stripes and hexagons from laboratory experiments in fluid dynamics 
(courtesy of the Ahlers Group at U.C. Santa Barbara). 

 

10 15 20
6.70

6.75

6.80

6.85

6.90

6.95

7.00

7.05
 

 

S
tre

ss
 (a

rb
. u

ni
ts

)

Time (sec)



 
 

 
 

 
 

 
The final two images are examples of thermal convection in a fluid - a paradigm of pattern 
formation. A variant of thermal convection can be observed in your kitchen using a thin layer of 
oil in a pan and heating it from below. The main idea is that a layer of fluid is uniformly heated 
from below and cooled from above. Initially, all that happens is that heat is conducted through the 
fluid in a uniform manner. However, when a critical temperature difference is reached, some of 
the hot fluid can rise all the way to the top because it is less dense. However, this forces cold fluid 
down, and sets up rolls of fluid. Viewed from above, these rolls appear as stripes. A schematic of 
this from a side view is shown below with hot fluid in red and cold fluid in blue. The circles 
illustrate the convection rolls and the arrows indicate the direction of fluid flow. 
 



 

 
 
This is a field with many questions, only some of which have answers. The questions range from 

system specific questions, such as what causes the pattern, 
to general questions, such as what controls the type of 
pattern (squares, stripes, hexagons, etc.) and size of the 
pattern (e.g. width of the rolls). One question of particular 
interest to my research group is the competition between 
regular and irregular patterns. Patterns that are irregular in 
space and time are referred to as �spatiotemporal chaos�. 
The picture of spirals from Eberhard Bodenschatz group at 
Cornell is an example of spatiotemporal chaos. As you can 
see from the image of the spirals, there is still a basic 
pattern of stripes, but the arrangement of the stripes varies 
irregularly in space. If you were to watch this, you would 
also see the pattern vary irregularly in time. 

 
One of the things we have been able to do in our lab is demonstrate that appropriate variations of 
an applied voltage (resonant modulation) can eliminate spatiotemporal chaos. The two plots on 
the left demonstrate the elimination of the irregular time 

behavior. Each graph has four curves that correspond 
to the time variation of the strength of each of four 
modes in a pattern that we study. Each �mode� is a 
stripe with a different orientation. The top graph is the 
behavior without any resonant modulation, and the 
bottom graph is with resonant modulation. The 
bottom graph is clearly more regular in behavior then 
the top graph. (Only two curves are apparent because 
modes pair up with equal amplitudes.) One possible 
application of this is to the elimination of irregular 
heartbeats. One way irregular heartbeats are currently 
controlled is to apply a large shock to the heart to 
reset it. Our results suggest that it might be possible to 
get the same results from small shocks to the heart 
applied with the appropriate temporal variation. 

 
One final issue that we study is the growth of domains. I mention it here because the movies are 
fun to watch. To see movies of domain growth, you can visit our group website at 
http://www.physics.uci.edu/~dennin. In addition to being fun to watch, this is an important 
phenomenon in many systems where one suddenly changes some parameter, such as the 
temperature. After this change, domains form and grow with a particular behavior in time. An 
example can be seen in oil-vinegar salad dressing. When you shake it, the oil and vinegar mix. 
But, as soon as you stop, the oil and vinegar begin to separate with the formation of droplets that 
grow in time. It is this growth that we wish to understand better. 

0.00

0.01

0.02

0.03

 

 

 

 

am
pl

itu
de

 (a
rb

. u
ni

ts
)

0 20 40 60 80 100 120 140
0.00

0.01

0.02

0.03

 

 time (min.)

 

http://www.physics.uci.edu/~dennin


 
I would like to leave you with some final thoughts. The study of complex systems is challenging 
on many levels and an active field of fundamental research. The field is motivated by two main 
observations. First, in many cases, the same system can exhibit dramatically different behavior 
with only small changes in parameters. For example, we discussed how a slight change in 
temperature difference could cause an otherwise uniform system to show a beautiful pattern. 
Second, many apparently different systems exhibit behavior that is strikingly similar. Examples 
of this include the stripes in clouds, animals, and thermal convection, as well as, the �avalanche� 
like behavior in earthquakes, piles of sand, and the bubble rafts that we study. The existence of 
such similar behavior suggests that there may be general laws that apply to these complex 
systems.  
 
What does it mean to have new �laws� of physics? This brings us back to the beginning of the 
talk where I compared �large scale�, �small scale�, and complex systems. One example of a 
�complex system� where much is understood is the equilibrium properties of many particles. This 
is the situation in which the system is not driven by some external energy source. The study of 
such systems falls under the fields of thermodynamics and statistical mechanics. One example of 
a �new� law of physics is the Second Law of Thermodynamics mentioned earlier. The idea of 
entropy, or disorder, only applies when many particles are present. It makes no sense applied to 
one or two particles. This is reflected in the following quote from Landau: 
 

�Thus, although the motion of systems with a very large number of degrees of freedom 
obeys the same laws of mechanics as that of systems consisting of a small number of 
particles, the existence of many degrees of freedom results in laws of a different kind� 
- Landau and Lifshitz, Statistical Physics 

 
It is exactly these �laws of a different kind� that we are looking for in these systems that have 
many particles and have energy being added to them. What these law are, and if they exist, is yet 
to be determined. 
 
Finally, none of this work would be possible without the efforts of my students and the support of 
the funding agencies. I list them here with my thanks. 
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